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G. Bozzi20,21, J.D. Brandenburg5,30, N. Brei4, A. Bressan35,36,+, W.K. Brooks37,+, S. Bufalino9,38,
M.H.S. Bukhari39, V. Burkert4, N.H. Buttimore40, A. Camsonne4, A. Celentano24,+,

F.G. Celiberto20,41,42,43, W. Chang5,44, C. Chatterjee36, K. Chen5, T. Chetry19, T. Chiarusi11,
Y.-T. Chien30, M. Chiosso8,9, X. Chu5, E. Chudakov4,+, G. Cicala45,46, E. Cisbani47,10, I.C. Cloet13,
C. Cocuzza31, P.L. Cole48, D. Colella45,49, J.L. Collins II50, M. Constantinou31, M. Contalbrigo22,

G. Contin35,36, R. Corliss28,30, W. Cosyn51,+, A. Courtoy52, J. Crafts27, R. Cruz-Torres15,
R.C. Cuevas4, U. D’Alesio53,54, S. Dalla Torre36,∗,$, D. Das55, S.S. Dasgupta36, C. Da Silva56,

W. Deconinck57,$, M. Defurne18, W. DeGraw58, K. Dehmelt28,30, A. Del Dotto59, F. Delcarro4,
A. Deshpande28,5,30, W. Detmold60, R. De Vita24, M. Diefenthaler4,∗,$, C. Dilks61, D.U. Dixit58,
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C. Lorcé112, Z. Lu113, G. Lucero34, N.S. Lukow31, E. Lunghi114, R. Majka115, Y. Makris21,

I. Mandjavidze18, S. Mantry116, H. Mäntysaari105,106, F. Marhauser4, P. Markowitz51,
L. Marsicano24, A. Mastroserio117,45, V. Mathieu118, Y. Mehtar-Tani29, W. Melnitchouk4,

L. Mendez119,+, A. Metz31,∗,$, Z.-E. Meziani13, C. Mezrag18, M. Mihovilovič120, R. Milner60,$,
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64Université Paris-Saclay, CNRS - IJCLab, F-91406 Orsay, France
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Abstract

This report describes the physics case, the resulting detector requirements, and the
evolving detector concepts for the experimental program at the Electron-Ion Col-
lider (EIC). The EIC will be a powerful new high-luminosity facility in the United
States with the capability to collide high-energy electron beams with high-energy
proton and ion beams, providing access to those regions in the nucleon and nu-
clei where their structure is dominated by gluons. Moreover, polarized beams in
the EIC will give unprecedented access to the spatial and spin structure of the
proton, neutron, and light ions. The studies leading to this document were com-
missioned and organized by the EIC User Group with the objective of advancing
the state and detail of the physics program and developing detector concepts that
meet the emerging requirements in preparation for the realization of the EIC. The
effort aims to provide the basis for further development of concepts for experimen-
tal equipment best suited for the science needs, including the importance of two
complementary detectors and interaction regions.

This report consists of three volumes. Volume I is an executive summary of our
findings and developed concepts. In Volume II we describe studies of a wide range
of physics measurements and the emerging requirements on detector acceptance
and performance. Volume III discusses general-purpose detector concepts and the
underlying technologies to meet the physics requirements. These considerations
will form the basis for a world-class experimental program that aims to increase
our understanding of the fundamental structure of all visible matter.
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Chapter 1

The Electron-Ion Collider

The Electron-Ion Collider (EIC) is a new, innovative, large-scale particle accelerator
facility conceived by U.S. nuclear and accelerator physicists over two decades and
planned for construction at Brookhaven National Laboratory on Long Island, New
York by the U.S. Department of Energy in the 2020s. The EIC will study protons,
neutrons and atomic nuclei with the most powerful electron microscope, in terms
of versatility, resolving power and intensity, ever built. The resolution and inten-
sity is achieved by colliding high-energy electrons with high-energy protons or (a
range of different) ion beams. The EIC provides the capability of colliding beams
of polarized electrons with polarized beams of light ions, and this all at high in-
tensity. The EIC was established as the highest priority for new construction in
the 2015 US Nuclear Physics Long Range Plan, and was favorably endorsed by a
committee established by the National Academy of Sciences in 2018 to assess the
science case. In December 2019, the EIC was granted Critical Decision Zero (CD0)
by the US Department of Energy, which launched the EIC as an official project of
the US government.

The main design requirements of the EIC are:

• Highly polarized electron (∼70%) and proton (∼70%) beams

• Ion beams from deuterons to heavy nuclei such as gold, lead, or uranium

• Variable e+p center-of-mass energies from 20−100 GeV, upgradable to 140
GeV

• High collision electron-nucleon luminosity 1033−1034 cm−2 s−1

• Possibility to have more than one interaction region

Several of the above performance parameters will be realized for the first time at
EIC in a collider mode, such as the availability of nuclear beams and polarized nu-
cleon beams along with the operation at high collision luminosity. Shown schemat-
ically in Fig. 1.1, the EIC will collide bright, intense counter circulating beams of
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Figure 1.1: Schematic layout of the planned EIC accelerator based on the existing RHIC
complex at Brookhaven National Laboratory.

electrons and ions and use sophisticated, large detectors to identify specific reac-
tions whose precise measurement can yield previously unattainable insight into
the structure of the nucleon and nucleus. The EIC will open a new window into
the quantum world of the atomic nucleus and allow physicists access for the first
time to key, elusive aspects of nuclear structure in terms of the fundamental quark
and gluon constituents. Nuclear processes fuel the universe. Past research has
provided enormous benefit to society in terms of medicine, energy and other ap-
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plications. Particle accelerators and related technologies play a key role in the dis-
covery sciences and it is estimated that about 30,000 worldwide are operating in
industry. The EIC will probe the frontiers of nuclear science well into the twenty-
first century using one of the world’s most sophisticated particle accelerators and
large detectors that will utilize cutting-edge technology.

The realization of the EIC is led jointly by Brookhaven National Laboratory and
Thomas Jefferson National Accelerator Facility at Newport News, Virginia. It will
involve physicists and engineers from other laboratories and universities in the
U.S. and from around the world. This realization is expected to roughly take a
decade, with beam operations to start in the early 2030s.

The EIC Users Group (EICUG, www.eicug.org) was founded in 2016. It now con-
tains over 1200 members from 245 institutions located in 33 countries around the
world. Late in 2019, the EICUG decided to organize an intensive, year-long con-
sideration of the EIC physics measurements and scientific equipment by the mem-
bers of the user group. This Yellow Report (YR) summarizes these studies and the
conclusions that have been reached. The purpose of the Yellow Report Initiative
is to advance the state and detail of the documented community physics studies
(EIC White Paper, Institute for Nuclear Theory program proceedings) and detector
concepts (Detector and R&D Handbook) in preparation for the realization of the
EIC. The effort aims to provide the basis for further development of concepts for
experimental equipment best suited for science needs, including complementarity
of two detectors towards future Technical Design Reports. It is expected that this
YR will be the cornerstone on which detector proposals will be developed by user
collaborations beginning in 2021.

The work reported on here was organized by the EICUG at an in-person meet-
ing in December 12-13, 2019 at the Massachusetts Institute of Technology, Cam-
bridge, Massachusetts and was structured around four subsequent meetings in
2020: March 19-21, 2020 at Temple University, Philadelphia; May 20-22, 2020 at
University of Pavia, Pavia, Italy; September 16-18, 2020 at the Catholic University
of America, Washington, DC and November 19-21, 2020 at the University of Cal-
ifornia, Berkeley. This was a massive, international, sustained effort through the
year 2020 and was overseen by 8 conveners and 41 sub-conveners. Because of the
restrictions due to the pandemic, all of the EICUG meetings and interactions in
2020 were carried out remotely.

The EIC will be one of the largest and most sophisticated new accelerator projects
worldwide in the next few decades, and the only planned for construction in the
United States. It will address profound open questions in the fundamental struc-
ture of matter and attract new generations of young people into the pursuit of
careers in science and technology. Its high design luminosity and highly polar-
ized beams are beyond state-of-the-art and its realization will likewise push the
frontiers of particle accelerator science and technology.



Chapter 2

Physics Measurements and
Requirements

2.1 Introduction

The Electron-Ion Collider (EIC) will address some of the most fundamental ques-
tions in science regarding the visible world, including the origin of the nucleon
mass, the nucleon spin, and the emergent properties of a dense system of glu-
ons. The science program has been reviewed by the National Academy of Sciences
(NAS) which concluded that ”the EIC science is compelling, fundamental, and
timely.” [1]. The NAS review was based on a series of workshops hosted by the
Institute of Nuclear Theory (INT) culminating in a whitepaper in 2012 and an up-
date in 2014 entitled ”Understanding the glue that binds us all” [2]. The desire and
need to construct a new collider facility were prominently featured in the 2015 US
Long-Range Plan for Nuclear Science [3].

In this executive section, we present a selection of crucial physics topics that led to
the recommendation for the construction of an EIC, and summarize the machine
parameters and detector requirements needed to address them.

Key science questions that the EIC will address are:

• How do the nucleonic properties such as mass and spin emerge from partons
and their underlying interactions?

• How are partons inside the nucleon distributed in both momentum and po-
sition space?

• How do color-charged quarks and gluons, and jets, interact with a nuclear
medium? How do the confined hadronic states emerge from these quarks
and gluons? How do the quark-gluon interactions create nuclear binding?

6
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Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e′), neutrino (ν), photon
(γ), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A −→ e′ + X;
for this process, it is essential to detect the scattered
electron, e′, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e eʹ

γ∗

⎫
⎬
⎭

Charged-current Inclusive DIS: e + p/A −→ ν + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e ν

W

X
⎫
⎬
⎭

Semi-inclusive DIS: e+ p/A −→ e′+ h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

e eʹ

γ∗
h, …
⎫

⎬
⎭

p X

Exclusive DIS: e+ p/A −→ e′+ p′/A′+ γ/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e eʹ

γ∗

h,γ

pʹ

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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Figure 2.1: Left: The x-Q2 range covered by the EIC (yellow) in comparison with past and
existing polarized e/µ+p experiments at CERN, DESY, JLab and SLAC, and p+p experiments
at RHIC. Right: The x-Q2 range for e+A collisions for ions larger than iron (yellow) compared
to existing world data. For more details see Figures 6.1 and 6.4.

The EIC covers a center-of-mass energy range for e+p collisions of
√

s of 20 to
140 GeV. The kinematic reach in x and Q2 is shown in Figure 2.1. The quanti-
ties x, y, and Q2 are obtained from measurements of energies and angles of final
state objects, i.e. the scattered electron, the hadronic final-state or a combination of
both. The quantity x is a measure of the momentum fraction of the struck parton
inside the parent-proton. Q2 refers to the square of the momentum transfer be-
tween the electron and proton and is inversely proportional to the resolution. The
diagonal lines in each plot represent lines of constant inelasticity y, which is the
ratio of the virtual photon’s energy to the electron’s energy in the target rest frame.
The variables x, Q2, y and s are related through the equation Q2 ' sxy. The left
figure shows the kinematic coverage for polarized and unpolarized e+p collisions,
and the right figure shows the coverage for e+A collisions. The EIC will allow in
both collider modes an important overlap with present and past experiments. In
addition, the EIC will provide access to entirely new regions in both x and Q2 in a
polarized e+p collider and e+A collider mode, such as the low-x region, providing
critical information about the gluon-dominated regime.

Volume 2 of this Yellow Report provides a detailed overview of the EIC physics
program, including several recent developments not addressed in the EIC White
Paper. In what follows, we focus on the most critical aspects of the scientific ques-
tions outlined above and motivate the machine and detector parameters needed to
address these questions.
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2.2 Origin of Nucleon Spin

Understanding the nucleon spin in terms of contributions from quark and gluon
spin and angular momentum contributions has been an essential goal for nuclear
scientists for several decades. The nucleon spin can be split into its components
according to [4]

1
2
=

1
2

∆Σ(µ) + ∆G(µ) + LQ+G(µ) , (2.1)

where ∆Σ, ∆G, and L are the contributions from the quark plus antiquark spin,
the gluon spin, and the parton angular momenta, respectively. All terms of this
spin decomposition depend on the renormalization scale µ. The parton spin con-
tributions follow from the respective helicity distributions upon integration over
the whole x-range from 0 to 1. The discovery by the EMC experiment at CERN
in the 1980s that the ∆Σ term can only explain a small fraction of the nucleon
spin brought this topic into the limelight. Numerous fixed-target polarized elec-
tron/muon DIS experiments and polarized p+p experiments at RHIC [5], covering
the range 0.005 . x . 0.6, not only confirmed the general finding of the EMC
experiment but also suggest that ∆G is not large enough to make up the missing
contribution to the nucleon spin, thus providing a clear indication of a nonzero
orbital angular momentum contribution. However, the numerical values for ∆Σ
and ∆G have large uncertainties because, thus far, we have no information at all
about the parton helicity distributions for x . 0.005. With measurements in this
kinematic region combined with precision measurements over the full kinematic
range accessible to EIC, the EIC will drastically reduce these uncertainties. There-
fore, the EIC will put the nucleon spin decomposition’s phenomenology on much
firmer ground, and by inference well constrain the parton angular momenta con-
tribution [2, 6, 7].

Machine and detector requirements for polarized DIS Obtaining information on ∆Σ
and ∆G at the EIC requires measuring DIS with longitudinally polarized elec-
trons and longitudinally polarized protons for a large range in x and Q2 and
thus over a wide range in center-of-mass energy. One of the key detector re-
quirements at low x refers to the precision measurement of the scattered elec-
tron’s energy (E) demanding good electromagnetic calorimetry at the level of
σ(E)/E ≈ 10%/

√
E⊗ (1− 3)% in the central detector region and superior perfor-

mance at the level of σ(E)/E ≈ 2%/
√

E⊗ (1− 3)% in the backward or rear direc-
tion. In addition, robust electron/hadron separation is essential. The reconstruc-
tion of kinematic variables at higher x-values including the hadronic final state
requires good momentum resolution and calorimetric measurement, in particular
in the forward direction. Radiative corrections need to be properly addressed, both
in terms of theoretical treatment and experimental design.
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2.3 Origin of Nucleon Mass

More than 99% of the mass of the visible universe resides in atomic nuclei, whose
mass, in turn, is primarily determined by the masses of the proton and neutron.
Therefore, it is of utmost importance to understand the origin of the proton (and
neutron) mass, particularly how it emerges from the strong interaction dynamics.
Interestingly, the proton mass is not even approximately given by summing the
masses of its constituents, which can be attributed to the Higgs mechanism. Just
adding the masses of the proton’s valence quarks provides merely about 1% of the
proton mass. While a QCD analysis leads to a more considerable quark mass con-
tribution to the proton mass, the qualitative picture that the Higgs mechanism is
responsible for only a small fraction of the proton mass is not altered. An essen-
tial role for a complete understanding of the proton mass is played by the trace
anomaly of the QCD energy-momentum tensor [8–11]. It is precisely this essential
ingredient for which the EIC can deliver crucial input through dedicated measure-
ments of quarkonia’s exclusive production (J/ψ and Υ) close to the production
threshold.

Another way to address the emergence of hadron mass is through chiral-symmetry
features that manifest in the lightest mesons, the pion and kaon. In this picture, the
properties of the nearly massless pion are the cleanest expressions of the mecha-
nism that is responsible for the emergence of the mass and have measurable im-
plications for the pion form factor and meson structure functions [12]. At variance
with the pion, the effects of the Higgs mechanism, which gives a non-vanishing
mass to the quarks, play a more substantial role for the kaon mass due to its strange
quark content. Therefore, a comparison of the charged pion and charged kaon
form factors over a wide range in Q2 would provide unique information relevant
to understanding the generation of hadronic mass. The EIC can also open a vast
landscape of structure function measurements constraining quark and gluon en-
ergy distributions in pions and kaons.

Machine and detector requirements for nucleon mass studies The main physics
channel to study the nucleon mass’s origin is the multi-dimensional measurement
of the quarkonium production cross-section near threshold, which demands high
luminosity. A precise reconstruction of the scattered electron’s energy at low-Q2 is
essential. To accurately measure the t-dependence for quarkonium production, re-
coil protons need to be detected, which demands a careful design of the interaction
region to measure the forward-going protons scattered under small angles.
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2.4 Multi-Dimensional Imaging of the Nucleon

Inclusive DIS provides a 1-dimensional picture of the nucleon as it reveals the x-
distribution of (longitudinal) parton momenta in the direction of the nucleon mo-
mentum. However, due to confinement, the partons also have nonzero momenta
in the (transverse) plane perpendicular to the nucleon momentum. The 3D par-
ton structure of hadrons in momentum space is encoded in transverse momentum
dependent parton distributions (TMDs). For both quarks and gluons inside a spin-
1
2 hadron, a total of 8 leading-twist TMDs exist [13]. These functions of different
correlations between spins and transverse momenta reveal different insights into
the dynamics of nucleons. TMDs can be measured via certain semi-inclusive pro-
cesses, such as semi-inclusive DIS (SIDIS), where one detects an identified hadron
in addition to the scattered lepton.

In the past, the unpolarized SIDIS cross-section and, in particular, the so-called
Sivers asymmetry have been studied for different final-state hadrons. The latter
observable describes a single-spin asymmetry with a transversely polarized target,
which gives direct access to the Sivers function f⊥1T [14, 15], one of the eight quark
TMDs. The data sets used to constrain TMDs are currently even more limited in x
and Q2 than those shown in Fig. 2.1 (left) used to constrain helicity parton distri-
bution functions (PDFs). With its polarized beams and the large energy range, the
EIC will dramatically advance our knowledge of TMDs. The 3D momentum struc-
ture of the nucleon for the different quark flavors and the gluons will be mapped
out over a wide range in x and Q2 [2, 16].

An essential aspect of TMDs concerns their scale-dependence (evolution) as pre-
dicted in QCD, which is considerably more involved than the evolution of the 1D
PDFs. There is, therefore, substantial interest in a quantitative understanding of
the TMD evolution. The EIC will be ideal for such studies, complementing the
high precision data becoming available from JLab at larger values of x.

It allows to explore SIDIS observables over an extensive range in Q2 while covering
transverse momenta of the final-state hadrons over a wide range from from low
(non-perturbative) to high (perturbative) values.

While the current knowledge about the Sivers function in the valence region still
has considerable uncertainties, the situation is even worse for sea quarks and glu-
ons where hardly any experimental information exists. At the EIC, the gluon Sivers
function can be addressed through transverse single-spin asymmetries for the pro-
duction of nearly back-to-back pairs of jets or heavy-flavor hadrons. We note that,
qualitatively, the above discussion of the Sivers function applies also to the other
TMDs. Generally, the EIC has transformative potential in the field of the nucleon’s
3D structure in momentum space.
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Machine and detector requirements for TMD measurements Measurements of
TMDs require unpolarized as well as longitudinally and transversely polarized
hadron beams colliding with (un)polarized electrons. The wide range in x and Q2

provided by the EIC is essential for mapping the TMDs. SIDIS requires the iden-
tification of final-state hadrons in coincidence with the scattered electrons. Identi-
fying hadrons allows one to obtain information about the flavor of quarks, which
have fragmented into the hadron(s). Excellent particle identification (PID) is re-
quired to separate π/K/p at the level of 3 σ up to 50 GeV/c in the forward region,
up to 10 GeV/c in the central detector region, and up to 7 GeV/c in the backward
region. Mapping the TMDs in multiple dimensions will require larger data sam-
ples than for fully inclusive measurements. To disentangle the flavor dependence
of the various TMDs, it is essential to collect data with neutron-rich transversely
polarized beams of D or 3He under equivalent experimental conditions.

2.5 Imaging the Transverse Spatial Distributions of Partons

As in the case of the transverse momentum distribution of partons inside a hadron,
we know very little about their distribution in the transverse spatial dimensions,
combined with the information about the longitudinal momentum fraction x.
Those spatial distributions of partons yield a picture that is complementary to the
one obtained from TMDs. So far, our level of knowledge of the spatial distributions
for valence quarks, sea quarks, and gluons is still relatively low.

It is possible to determine the transverse spatial distributions of quarks and glu-
ons experimentally, where their study requires a particular category of measure-
ments, that of exclusive reactions. Examples are deeply virtual Compton scatter-
ing (DVCS) and deeply virtual meson production. For those reactions, the proton
remains intact, and a photon or a meson is produced. Exclusivity demands that
all final-state products are detected, i.e., the scattered electron, the produced pho-
ton or meson, and the scattered proton. The spatial distributions of quarks and
gluons in these measurements are extracted from the Fourier transform of the dif-
ferential cross-section for the momentum transfer t between the incoming and the
scattered proton. The non-perturbative quantities that encode the spatial distri-
butions are called generalized parton distributions (GPDs) [17–19]. In addition
to the fundamental role of GPDs concerning the spatial distribution of partons
inside hadrons [20], the second moment of particular sets of GPDs will provide
more in-depth insight into the total angular momentum of quarks and gluons in
the proton [21]. GPDs offer a unique opportunity to probe the energy-momentum
tensor and thus open the door to deepen our understanding of the nucleon mass.
Moreover, GPDs contain information about the pressure and shear forces inside
hadrons [22].

Our knowledge of GPDs from DVCS is currently limited and is based on fixed-
target experiments at intermediate to high-x or on the HERA collider measure-
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ments at low-x. The polarized beams and higher luminosity at EIC, along with
forthcoming data from JLab at 12 GeV, will make a very significant impact on those
measurements. It is anticipated that measurements made for protons in the range
0.04 . t < 1.5 GeV2 will enable maps of parton distributions all the way down to
0.1 fm [7, 23]. Such exclusive measurements performed on nuclei will enable us to
understand the transverse quark and gluon distributions within.

Machine and detector requirements for GPD measurements GPD physics is one of
the most demanding aspects of the EIC program in terms of luminosity as it re-
quires multi-dimensional binning of processes that have very low cross-sections.
The collection of data at several center-of-mass energies to cover the physics pro-
gram outlined in the EIC White Paper [2] is essential. The continuous measure-
ment of the momentum transfer to the nucleon in the range 0.02 GeV2 . |t| .
1.5 GeV2 demands a careful design of the interaction region to detect the forward-
going protons scattered under small angles combined with a careful choice of the
hadron beam parameters, i.e., angular divergence, and large acceptance magnets.

2.6 Physics with High-Energy Nuclear Beams at the EIC

The nucleus is a QCD molecule, with a complex structure corresponding to bound
states of nucleons. Understanding the formation of nuclei in terms of QCD
degrees-of-freedom is an ultimate long-term goal of nuclear physics. With its
broad kinematic reach, as shown in Fig. 2.1, the capability to probe a variety of
nuclei in both inclusive and semi-inclusive DIS measurements, the EIC will be
the first experimental facility capable of exploring the internal 3-dimensional sea
quark and gluon structure of a nucleus at low x. Furthermore, the nucleus itself is
a unique QCD laboratory for discovering the collective behavior of gluonic matter
at an unprecedented occupation number of gluons, for studying the propagation
of fast-moving color charges in a nuclear medium to shed light on the mystery of
the hadronization process, and to explore the quark-gluon origin of short range
nucleon-nucleon forces in the nuclei.

A key feature of gluon saturation is the emergence of a momentum scale QS,
known as the saturation scale. When this scale significantly exceeds the QCD con-
finement scale ΛQCD, the dynamics of strongly correlated gluons can be described
by weak coupling many-body methods. The framework that enables such compu-
tations is an effective field theory called the Color Glass Condensate (CGC) [24].
The CGC predicts that Q2

S ∝ A1/3; thus, the novel domain of saturated gluon fields
can be accessed especially well in large nuclei. This regime of QCD is predicted to
exist in all hadrons and nuclei when boosted to high energies where one can probe
the low-x region in full detail. Unambiguously establishing this novel domain of
QCD and its detailed study is one of the most critical EIC goals.
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Multiple experimental signatures of saturation have been discussed in the litera-
ture [2]. The EIC program follows a multi-pronged approach taking advantage of
the versatility of the EIC facility. One of the key signatures concerns the suppres-
sion of dihadron angular correlations in the process e + A→ e′ + h1 + h2 + X. The
angle between the two hadrons h1 and h2 in the azimuthal plane is sensitive to
the transverse momentum of gluons to and their self-interaction —the mechanism
that leads to saturation. The experimental signature of saturation is a progressive
suppression of the away-side (∆Φ = π) correlations of hadrons with increasing
atomic number A at a fixed value of x. Diffraction and diffractive particle pro-
duction in e+A scattering is another promising avenue to establish the existence of
saturation and to study the underlying dynamics. Diffraction entails the exchange
of a color-neutral object between the virtual photon and the proton remnant. As a
consequence, there is a rapidity gap between the scattered target and the diffrac-
tively produced system. At HERA, these types of diffractive events made up a
large fraction of the total e+p cross-section (10–15%). Saturation models predict
that at the EIC, more than 20% of the cross-section will be diffractive. In simplified
terms, since diffractive cross-sections are proportional to the square of the nuclear
gluon distribution, σ ∝ g(x, Q2)2, they are very sensitive to the onset of non-linear
dynamics in QCD. An early measurement of coherent diffraction in e+A collisions
at the EIC would provide the first unambiguous evidence for gluon saturation.

Machine and detector requirements for studies of gluon saturation Operation of the
EIC at the highest energies with the heaviest nuclei will be an essential requirement
for discovering gluon saturation. Good tracking performance and forward calori-
metric measurements are important in addition to very forward instrumentation
of measuring diffractive events using a specialized silicon detector system known
as Roman pots. Studying diffractive processes poses stringent requirements on the
hermeticity of a detector system. A detailed study of saturation beyond its discov-
ery would require a systematic variation of the nuclear size and of

√
s to see where

the saturation sets in.

2.7 Nuclear Modifications of Parton Distribution Functions

When compared to our knowledge of parton distribution functions in the proton,
our understanding of nuclear PDFs (nPDF) is significantly more limited. Most of it
comes from fixed-target experiments in a region of intermediate to high-x values.
Recently available data from hadronic collisions at the LHC have had little impact
on extracting nuclear PDFs [25]. High energy electron-nucleus collisions at the
EIC will enable measurements of nuclear PDFs over a broad and continuous range
in Q2, all the way from photo-production (Q2 ∼ 0) to high Q2 in the perturbative
regime. This will lead to the study of the nPDFs with unprecedented precision and
to the understanding of the collective effects that lead to modifications of nuclear
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PDFs compared to a proton. How parton distributions in nuclei are modified can
be quantified by plotting their ratio to parton distributions in the proton, normal-
ized by the nucleus’s atomic number. The deviation of this ratio from unity is a
clear demonstration that the nuclear parton distributions are not simple convolu-
tions of those in the proton. A ratio below unity is often called shadowing, while
an enhancement is referred to as anti-shadowing.

Nuclear PDFs are determined through global fits to existing inclusive DIS data off
nuclei. These are the structure function F2 and the longitudinal structure func-
tion FL. While F2 is sensitive to the momentum distributions of (anti-)quarks and
gluons mainly through scaling violations, FL has a more considerable direct contri-
bution from gluons. Note that the measurement of FL requires one to operate the
collider at several different center-of-mass energies.

An additional constraint on the gluon distribution at moderate to high-x comes
from charm production via photon-gluon fusion. The fraction of charm produc-
tion grows with the energy, reaching about ∼15% of the total cross-section at the
highest

√
s, thus permitting one to set a robust and independent constraint on the

gluon distribution in nuclei at high-x [2, 7].

Machine and detector requirements for precision nuclear PDF measurements Based
on recent studies for inclusive DIS and charm cross-section measurements [26],
large

√
s provides access to a broader x-Q2 coverage and reaches more in-depth

into the small-x regime of gluon dominance. Measurements involving charm-final
states require good impact parameter resolution at the level of σxy ∼ 20/pT⊗ 5 µm.
The general detector requirements are similar to inclusive and semi-inclusive mea-
surements.

2.8 Passage of Color Charge Through Cold QCD Matter

In the standard regime of perturbative QCD at high Q2 and moderate to high x,
in e+A scattering events, the virtual photon transmits a large fraction of the elec-
tron’s energy. It interacts with a quark from a nucleon in the nucleus. The struck
quark will subsequently traverse the nucleus, interacting with the color charges
within, and continually lose energy. At some point, this quark will hadronize and
form a color-neutral hadron. Whether the hadronization process happens inside
or outside the nucleus depends on the interplay between the quark’s energy and
the atomic number of the nucleus. If the virtual photon energy (in the nuclear rest
frame) is high, the quark kicked out of the nucleon will have considerable energy
and produce a jet. Measuring the jets experimentally provides several advantages
over studies of leading hadrons. Reconstructed from multiple (ideally all) final
state particles produced by hadronization of the scattered parton, jets are much
closer proxies for the parton kinematics than any single-particle observable. Us-
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ing jets in many cases removes (or minimizes) hadronization uncertainties. On
the other hand, jets are composite objects with rich internal substructure encoding
shower evolution and hadronization details.

At the EIC, the production of jets will be a useful tool to measure and study the
hadronic component in high energy photon structure [27] and gluon helicity in
polarized protons [7]. Jet measurements will also constrain polarized and unpo-
larized parton distribution functions, probing gluon transverse momentum depen-
dent distributions, contribute to studies of QCD hadronization, shower evolution,
and cold nuclear matter effects. An energetic jet from a scattered parton encodes
the history of multiple interactions with the target nucleus, which generate pT-
broadening. Thus, a comparison of the cross-section in e+p and e+A collisions is
expected to be sensitive to in-medium broadening effects. Several key measure-
ments relying on jets were identified for their sensitivity to parton energy loss
in the nucleus [28], together with the development of new tools for controlling
hadronization effects. Among such measurements are several variables assessed
via lepton-jet correlations, including the electron’s ratio to jet transverse momenta
and a relative azimuthal angle between the measured jet and electron. These mea-
surements will constrain the parton transport coefficient in nuclei [29]. It is ex-
pected that the variability of the collider’s energy and the ”dialing” of the nuclear
size will allow us to study both the emergence of jets as a function of energy and
the internal spatial structure of jets systematically as an additional topic of high
interest.

In addition to jet studies, identified hadron measurements will provide addi-
tional experimental avenues for a detailed understanding of cold-QCD effects
of color-charge. Parton propagation through cold nuclear matter and its’ effects
on hadronization have been previously studied by the HERMES collaboration in
semi-inclusive deep-inelastic scattering on nuclei via relative hadron production
cross-sections for various light-flavor particle species.

In addition to inclusive hadron and jet production measurements, mapping the
modification of heavy flavor production in reactions with nuclei of different sizes
will provide an experimental handle for understanding the transport properties of
nuclear matter.

Machine and detector requirements for jets studies Jets can only be produced and
identified cleanly at high enough center-of-mass energies. High momentum jets
feature higher hadron multiplicity and a more complex internal structure. As such,
high center-of-mass energy is vital for jet studies. Nuclear size is an essential con-
trol variable in these experiments and a broad range from light to heavy nuclei is
desired for systematic studies of energy loss in a nuclear medium. It is imperative
to have matching beam energies for e+p and e+A collisions to avoid extrapolation-
related uncertainties and deliver the most precise measurements of nuclear effects.
One of the key detector specifications results from jet measurements requiring
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good tracking performance and good calorimetric resolution. At forward rapidity
hadronic final state energies are very large and require good hadronic resolution
at the level of σ(E)/E ≈ 50%/

√
E⊗ 10%.

2.9 Connections to Other Fields

EIC-based science is broad and diverse. It runs the gamut from detailed investi-
gation of hadronic structure with unprecedented precision to explorations of new
regimes of strongly interacting matter. EIC science can be characterized by a few
distinguishing themes that reflect the major challenges facing modern science to-
day, and that have deep links to cutting edge research in other subfields of physics.

A prominent example are the various opportunities for electro-weak (EW) and
beyond the standard model (BSM) physics. Achieving heightened sensitivity to
various BSM scenarios requires a variety of improvements including crucial con-
straints on the parton distributions. By recording copious high-precision data, the
EIC has the potential to provide the much-needed precision at large-x, with fur-
ther implications for precision QCD and EW theory in p+p collisions at the LHC.
But the connections reach much further. Precision measurements at the EIC can
provide new limits on various BSM couplings. For example, measurements at the
EIC over a wide range of Q2 will test the running of Weinberg’s weak mixing-
angle. The availability of polarized electron (or positron) beams with proton or
deuteron targets can scrutinize lepton flavor violation mechanisms in the charged
lepton sector. Furthermore, the high energy and luminosity at the EIC offers op-
portunities for new particle searches such as a heavy photon or a heavy neutral
lepton.

Measurements at the EIC are also expected to deliver important input for several
areas of astroparticle physics. Fields such as cosmic-ray air showers and neutrino
astrophysics will benefit from better constrained models of hadronic interactions.
Deeply inelastic scattering and photo-nuclear processes have natural ties with the
physics of hadronic collisions. These relate to the issue of small-x gluons and fac-
torization in e+p and e+A versus p+p and p+A, and to the implications of the deter-
mination of parton distributions for p+A collision for an improved understanding
of the initial conditions in heavy-ion collisions. Similar, the accurate characteriza-
tion of parton distributions in nuclei provided by the EIC can directly benefit the
neutrino physics program. In return, neutrino scattering can help better under-
stand the parton structure of nucleons and nuclei, where the nucleon strangeness
content is one example.

Even though the EIC is a high-energy collider with typical energy scales in the
tens-to-hundred of GeV range, there are key measurements that are of relevance
to nuclear physics at much lower energies in the tens-to-hundreds MeV range. In
diffractive deep inelastic scattering at high energies, a clean separation develops
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between the fragmentation region of the electron and that of the nuclear target.
Correlations amongst nucleons in the target fragmentation region have the poten-
tial to provide novel insight into the underlying quark-gluon correlations that gen-
erate short-range nuclear forces. Short-range nucleon-nucleon correlations domi-
nate the high momentum tails of the many-body nuclear wave function and show
signs of universal behavior in nuclei. On the other hand, accurate nuclear struc-
ture input is needed in coherent exclusive channels with light ions — enabling the
study of nuclear tomography in partonic degrees of freedom — and in reactions
with spectator tagging, which result in additional control over the initial nuclear
configuration.

2.10 Summary of Machine Design Parameters

Here we summarize the machine requirements that were motivated in the previ-
ous sections through a set of critical measurements that reflect the highlights of
the EIC science program. The successful scientific outcome of the EIC depends
critically on: (a) the luminosity, (b) the center-of-mass energy, and its range, (c) the
lepton and light-ion beam polarization, and (d) the availability of ion beams from
deuterons to the heaviest nuclei. Two interaction regions are desired to ensure a
robust physics program with complementary detector systems.

Luminosity The EIC is being designed to achieve peak luminosities between
1033cm−2 s−1 and 1034cm−2 s−1. To put these numbers into context, note that a
luminosity of 1033cm−2s−1 with strong hadron cooling (Lpeak = Lavg) yields an
integrated luminosity of 1.5 fb−1 per month. Here we assume a 60% operation
efficiency for the collider complex as routinely achieved by RHIC. Without strong
hadron cooling for the same operation’s parameters, one would get a 30% reduc-
tion, as the average luminosity Lavg per fill is reduced to 70% of the peak luminos-
ity Lpeak. Most of the key physics topics discussed in the EIC White Paper [2] are
achievable with an integrated luminosity of 10 fb−1 corresponding to 30 weeks of
operations. One notable exception is studying the spatial distributions of quarks
and gluons in the proton with polarized beams. These measurements require an
integrated luminosity of up to 100 fb−1 and would therefore benefit from an in-
creased luminosity of 1034cm−2 sec−1. It should be noted that many measurements
can be performed simultaneously by judiciously choosing beam species and their
spin orientation appropriately.

Center-of-Mass Energy To ensure a wide kinematic reach and a large coverage of
phase space, the EIC requires a variable center-of-mass energy

√
s in the range

of ∼ 20 − 100 GeV, upgradable to 140 GeV [2]. An energy of
√

seN = 140 GeV
is needed to provide sufficient kinematic reach into the gluon dominated regime.
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Some measurements require a variation in
√

s. The lower center-of-mass energy
limit is driven by the ability to measure transverse quantities well, which are of the
order of 10-100 MeV. This is important, for example, for the accurate determination
of quark TMDs at high values of Q2.

Polarization of beams EIC Physics involves two types of asymmetries: (i) double-
spin asymmetries, requiring both electron and hadron beams to be polarized,
and (ii) single-spin asymmetries, requiring only one beam—typically the hadron
beam—to be polarized. The statistical uncertainties for spin asymmetries are
strongly affected by the degree of polarization achieved. For double-spin asym-
metries the dependence is 1/

[
PePp
√

N
]

and for single-spin asymmetries it is

1/
[

P
√

N
]
. Therefore, high beam polarizations are mandatory to reduce the statis-

tical uncertainties. Measurements require longitudinal and transverse polarization
orientation for protons, deuterons, 3He, and other polarizable light nuclei, as well
as longitudinal polarization for the electron beam.

Nuclear Beams Ion beams of heavy nuclei (Gold, Lead, or Uranium) combined
with the highest

√
s, will provide access to the highest gluon densities and to an

understanding of how colored particles propagate through nuclear matter. On the
other hand, light ions are essential to study the A-dependence of gluon saturation
and for precision studies of short-range nuclear correlations.

2.11 Summary of Detector Requirements

The diverse physics program promised by the new Electron-Ion Collider poses a
technical and intellectual challenge for the detector design to accommodate mul-
tiple physics channels. Accommodating the needs of experimental measurements
with different and, at times, competing requirements in one general-purpose de-
tector design requires detailed consideration of the physics processes involved.
Preliminary investigations on this topic were put forward in the EIC White Pa-
per [2]. Further developing a more detailed set of physics-driven requirements for
a future conceptual design of a general-purpose EIC detector and considerations
for a second complementary detector to overcome the technical and intellectual
challenges were the primary focus of the year-long Yellow Report EIC Users Group
community effort.

Figure 2.2 illustrates the correlation between polar angle (θ) and pseudorapidity
(η = − ln tan(θ/2)) and the x− Q2 phase space for the EIC physics program. Re-
cent studies of the physics-driven detector requirements were organized by three
basic types DIS processes: Inclusive DIS both in neutral and charged current mode,
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Figure 2.2: Schematic showing the distribution of the scattered lepton and hadrons for dif-
ferent x−Q2 regions over the detector polar angle / pseudorapidity coverage.

semi-inclusive DIS, and exclusive DIS. Those basic processes are shown in Table 2.1
For the following summary, and throughout this document, the beams’ directions
follow the convention used at the HERA collider at DESY: the hadron beam travels
in the positive z-direction/pseudorapidity and is said to be going ”forward.” The
electron beam travels in the negative z-direction/pseudorapidity and is said to be
going ”backward” or in the ”rear” direction.

All physics processes to be measured at an EIC require having the event and parti-
cle kinematics (x, Q2, y, W, pt, z, φ, θ) reconstructed with high precision. Kinematic
variables such as x, Q2, y, and W can be determined from the scattered electron or
the hadronic final state using the Jacquet-Blondel method [30] or a combination of
both. The electron method provides superior resolution performance for x and y
in the low x region, while the Jacquet-Blondel method yields increased resolution
performance for x and y towards large x values. To access the full x−Q2 plane at
different center-of-mass energies and for strongly asymmetric beam-energy com-
binations, the detector must be able to reconstruct events over a wide span in polar
angle (θ) and pseudorapidity (η). This imposes stringent requirements on both de-
tector acceptance and the resolution of measured quantities such as the energy and
polar angle in the electron-method case.
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Detector Requirements Below we summarize the critical detector requirements
that are imposed by the rich physics program of an EIC.

• The EIC requires a 4π hermetic detector with low mass inner tracking.

• The primary detector needs to cover the range of−4 < η < 4 for the measure-
ment of electrons, photons, hadrons, and jets. It will need to be augmented by
auxiliary detectors like low-Q2 tagger in the far backward region and proton
(Roman Pots) and neutron (ZDC) detection in the far forward region.

• The components of an EIC detector will have moderate occupancy as the
event multiplicities are low. However, specific components close to the beam-
line might see higher occupancies depending on the machine background
level.

• Compared to LHC detectors, the various subsystems of an EIC detector have
moderate radiation hardness requirements.

• Excellent momentum resolution in the central detector (σpT /pT(%) =
0.05pT ⊗ 0.5).

• Good momentum resolution in the backward region with low multiple-
scattering terms (σpT /pT(%) ≈ 0.1pT ⊗ 0.5).

• Good momentum resolution at forward rapidities (σpT /pT(%) ≈ 0.1pT ⊗
(1− 2)).

• Good impact parameter resolution for heavy flavor measurements (σxy ∼
20/pT ⊗ 5 µm).

• Good electromagnetic calorimeter resolution in the central detector
(σ(E)/E ≈ 10%/

√
E⊗ (1− 3)% at midrapidity).

• Excellent electromagnetic calorimeter resolution at backward rapidities
(σ(E)/E ≈ 2%/

√
E⊗ (1− 3)%).

• Good hadronic resolution in the forward region (σ(E)/E ≈ 50%/
√

E⊗ 10%).

• Excellent PID for 3 σ π/K/p separation up to 50 GeV/c in the forward re-
gion, up to 10 GeV/c in the central detector region, and up to 7 GeV/c in the
backward region.

Volume 2 of this Yellow Report provides further details on the detector require-
ments and a detailed discussion of the achievable precision for various observ-
ables.

The EIC physics program will allow us to deepen our understanding of the visi-
ble world around us, including the origin of the nucleon mass, the nucleon spin,
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and the emergent properties of a dense system of gluons. This program requires a
unique and versatile accelerator facility of colliding polarized electron and polar-
ized proton and light-ion beams, and a range of light and heavy nuclei. The broad
variety of processes required to address the diversity of the EIC science program
similarly demands a unique 4π hermetic, asymmetric detector systems capable of
identifying and reconstructing the energy and momentum of final-state particles
with high precision.



Chapter 3

Detector Concepts

EIC detectors are essential to make the detailed measurements described in the
previous section to access the physical observables described by theoretical cal-
culations. They will be large, sophisticated, and unique instruments which will
be designed and constructed by multi-institutional collaborations of the EIC users
from laboratories and universities around the world. This effort profits from a
wealth of experience gained at the first e+p collider facility HERA at DESY, Ger-
many and the enormous development of novel detector concepts over the last sev-
eral decades, since the first e+p collisions at HERA in 1992. The detectors will be
located at the interaction regions, where the electron and ion beams are brought
into collision in a controlled way. The 2015 US Nuclear Physics Long Range Plan
recommended consideration of multiple EIC interaction regions and the EIC users
have clearly stated their desire for two EIC detectors to effectively carry out the
extensive scientific program.

The EIC detectors must be located in the interaction regions where space is con-
strained due to the requirements of high luminosity. They must have strong inte-
gration of forward and backward detectors and multiple hermetic functionalities
(precision energy measurement and particle tracking and identification) to deter-
mine the energy-momentum four-vector of final-state particles over a large range
of energies: ∼10 MeV to ∼10 GeV.

In addition to the major detector facilities, other sophisticated scientific instrumen-
tation will be essential to carry out the scientific program. The collision luminosity
must be determined using special purpose detectors close to the beams. Further-
more, in spin-dependent measurements, precise knowledge of the polarizations
of the electron and ion beams is essential. This is obtained using special purpose
polarimeters which are developed and operated by separate teams of physicists,
engineers, and technicians.

The design for detector(s) at the EIC is centered around solenoidal superconduct-
ing magnets with bipolar fields, which can be achieved either through improve-

23
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ment modifications of the BABAR/sPHENIX magnet at 1.5 T or with a new super-
conducting magnet at 3 T. The solenoidal configuration naturally leads to tracking
and vertexing, particle identification, and calorimetry systems organized in a con-
figuration with barrel and endcap detectors. The detectors must be designed to
operate with high efficiency in the presence of a large rate of background gener-
ated by the intense, circulating beams as they traverse the vicinity of the detectors.

In contrast to symmetric ee and pp colliders, the asymmetric nature of collisions
at the EIC leads to unique detector requirements. The hadron endcap, barrel, and
electron endcap detector systems see very different particle distributions, in terms
of both momentum and particle types. Likewise, the performance requirements
on these detector systems vary significantly between the detector regions. This is
reflected by the critical detector requirements for the track, vertex, and energy res-
olution and particle identification separation summarized in the previous section.

The tracking and vertexing, particle identification, and calorimetry concepts de-
scribed in this section do not identify a specific technology that can be used in all
detector regions. Rather, the aim is to combine the best technology for each region
in detector concepts that achieve the full set of requirements.

Multiple combined detector concepts for each detector functions are presented in
this report. The complementarity between the detector technologies used in dif-
ferent detector concepts can be used to tailor detectors in the different interaction
regions shown in Figure 1.1, at the locations of the current STAR and sPHENIX
detectors.

3.1 Tracking and Vertexing Detector Systems

The tracking and vertexing systems under consideration are based on semiconduc-
tor detector technologies and gaseous tracking detector technologies, with concept
detectors combining both technologies.

Silicon semiconductor-based sensors collect electron/hole pairs caused by the pas-
sage of charged particles. The tracking and vertexing detector systems must have
high granularity to satisfy the tracking (vertexing) resolution requirements of bet-
ter than 5 µm (around 3 µm) while maintaining a low material budget below 0.8%
(0.1%) of a radiation length in the barrel (endcap). Monolithic active pixel sensors
(MAPS) have seen an evolution from the 180 nm technology used by STAR and
ALICE to the 150/180 nm Depleted MAPS (D-MAPS). A third generation 65 nm
process is under development as a joint effort between the EIC and ALICE ITS3
vertex tracker upgrade.

In gaseous tracking chambers the ionization caused by tracks drifts to anode
planes in endcaps where it is collected, potentially after additional amplification.
A double-sided time projection chamber (TPC) with a central cathode plane and
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Figure 3.1: CAD model of a particular EIC detector concept, with the artistic rendering of
the tracking, particle identification, and calorimetry subsystems.

gas amplification modules at the endcaps is under construction for the sPHENIX
experiment and may be modified for use at the EIC. Upgrades to the read-out pads
for the EIC would be focused on micro-pattern gaseous detectors such as gas elec-
tron multipliers (GEMs), µMEGAs or µRWELL can provide electron amplification
before read-out on high granularity anode printed circuit boards. Gaseous tracking
detectors also aid in particle identification with ionization energy loss information.

Two baseline tracking detector concepts are presented. An all-silicon tracking de-
tector option with barrel and endcap silicon detector can be realized in a com-
pact form. A hybrid tracking system combines a silicon vertex detector within
a TPC and provides dE/dx measurements that can aid particle identification. In
both main options, alternative tracking options exist in the backward and forward
tracking endcaps.

3.2 Particle Identification Detector Systems

The second major detector system, particle identification, separates electrons from
pions, kaons, and protons, with significant pion/electron suppression and better
than 3σ pion/kaon/proton separation in all rapidity regions. Using the specific
ionization (dE/dx) in time projection chambers with novel gas mixtures allows for
improved resolution approaching the limit of Poisson statistics. However, dedi-
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cated particle identification detectors, based on Cerenkov light emission and time
of flight measurements will be required.

In Cerenkov detectors light emitted by tracks faster than the speed of light in a
gas, aerogel, or quartz radiator medium is detected. The tight integration with
the tracking system exists here as well, since the originating track must be well
known. Different radiator media are required in the electron endcap, barrel, and
hadron endcap due to the different momentum ranges of particles in those regions.
A hadron blind detector without focusing and with CsI photocathodes evaporated
on GEMs can separate electrons from hadrons. A similar detection approach with
focusing is used in the CsI ring imaging Cerenkov (CsI RICH) detector. Novel
approaches that use nano diamond powder instead of CsI are also under con-
sideration. A dual RICH (dRICH) with both a gas and aerogel radiator avoids
the holes in the performance due to the Cerenkov thresholds. A modular RICH
(mRICH) concept uses a Fresnel lens for focusing. Finally, detection of internally
reflected Cerenkov light (DIRC) is under consideration for a high performance
DIRC (hpDIRC), and would outperform the DIRC at BaBar and PANDA.

Other particle identification technologies are under development as well. Time of
flight particle identification at low momentum can be reached through precision
timing measurements in large area picosecond photon detectors (LAPPD) in the
endcaps. GEM transition radiation detectors (GEM-TRD) combined with neural
networks have also been shown to separate electrons and pions.

Based on these particle identification technologies, several combined concepts are
presented. The forward direction includes a gas-based Cerenkov detector but re-
quires another technology such as the dRICH. In the central region, a combination
of the DIRC and TOF detectors must be augmented with, for example, the ioniza-
tion loss measurements in the hybrid tracking detector system or other identifica-
tion technologies in the more compact all-silicon tracking detector system. In the
backward or rear direction several options satisfy the requirements, including the
mRICH with LAPPD.

3.3 Calorimeter Detector Systems

The third major detector system, calorimetry, measures particle energy and
includes both electron and hadron calorimetry efforts. Only light-collecting
calorimeters are considered here. Electromagnetic calorimetry (ECAL) requires
excellent resolution to constrain the electron scattering kinematics, but also aids
in separating electrons from hadrons, in the detection of neutral particles, and in
the separation of the two photons from neutral pion decay. Hadron calorimetry
(HCAL) is required for determination of the total energy in hadronic jets, in par-
ticular for neutral components which are not tracked.

Among possible ECAL technologies discussed are homogeneous detectors
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(PbWO4, scintillating glass, and lead glass) and sampling calorimeters (scintillator
fibers in tungsten powder and layered shashlyk detectors). Due to limited space
available, short radiation length materials are favored. Likewise, silicon photomul-
tipliers (SiPMs) are preferred since they take less space than regular photomulti-
pliers and operate in the magnetic field. In the backward region, PbWO4 appears
to be the only option. In the central region, projective geometry is required. In the
forward region, high granularity is required to resolve pion decay photons.

For the HCAL, existing technologies (e.g. scintillating / depleted uranium sam-
pling calorimeters as used at ZEUS) are considered sufficiently performant. Efforts
are discussed to avoid lead in favor of steel, and achieve a design where the HCAL
is the support structure for the ECAL. In the hadron endcap a denser material
would be preferable, and the STAR Forward upgrade has allowed the construc-
tion of a small prototype of a compensating calorimeter with better resolution.

3.4 Auxiliary Detector Systems

In addition to the major central detector systems, specialized auxiliary detector
systems will be necessary, all of which require close integration in the accelerator
lattice. This is particularly true for the electron and hadron polarimeters, but also
applies to the far-forward and far-backward regions of the detector.

In the far-forward region, silicon detectors in roman pots can detect very forward
hadrons up to 5 mrad with high timing resolution of low gain avalanche diodes
(LGADs). Similar detector technologies will be used in the off-momentum detec-
tors to tag nuclear breakup of Lambda decay products. Neutrons and low-energy
photons in the forward direction will be detected in the Zero-Degree Calorimeter
(ZDC), with both ECAL and HCAL components. Technologies from the ALICE
FoCal and the LHC ZDC are considered.

In the far-backward region, bremsstrahlung photons detected in an electromag-
netic zero-degree calorimeter or a pair spectrometer will be used to determine the
luminosity, an important normalization quantity for many observables. Very low-
Q2 electrons will be tagged in far-backward position-sensitive detectors or seg-
mentation in the zero-degree calorimeter.

In other sections of the EIC, electron and hadron polarimeters will non-
destructively measure the polarization to a systematic precision better than 1%.
To allow timely feedback to accelerator operators, a statistical precision of similar
size will be achieved on short time scales.

For the electron beam, a Compton polarimeter can reach the needed luminosity us-
ing a diode laser with high repetition frequency and a fiber amplifier to reach pow-
ers up to 20 W. To measure both longitudinal and transverse polarization, position
sensitive detectors such as diamond strip or HV-MAPS detectors can be used.
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For the hadron beam, the natural starting point is to use the existing polarimeters
at RHIC: the atomic hydrogen jet for absolute measurements combined with a fast
carbon ribbon for relative measurements. At the higher proton currents of the EIC,
additional hydrogen jet detectors and alternative ribbon targets will be required.
For 3He beams the hydrogen jet may be replaced by a polarized 3He target.

To manage the data acquisition bandwidth and associated selection of events of
interest to the physics analyses, the EIC will use a streaming readout approach
without trigger electronics that controls whether or not to record events, similar to
the LHCb upgrade currently in progress. On the software side, new approaches in
artificial intelligence are being explored.

3.5 Two Complementary Detectors

The EIC science program is diverse and broad. It requires a 4π detector with strong
integration of forward and backward detection capabilities. It requires multiple
hermetic functionalities (precision energy measurement, and particle tracking and
identification). It must cover a large and versatile range of energies spanning from
nuclear energy scales to multi-GeV electron and ion beam energies.

The strong diversity of EIC science imposes the essential feature that the interac-
tion region and the detector at the EIC are designed so all particles are identified
and measured at as close to 100% acceptance as possible and with the necessary
resolutions. Variations of the interaction region design and beam line optics be-
tween the two interaction points can allow further optimization and enhancement
of EIC science reach.

The broad science reach of the EIC is also reflected in the variety of detector tech-
nologies that are under consideration. Table 3.1 summarizes the high-level per-
formance of different subdetectors based on a 3 T solenoid for a future EIC de-
tector. The clear conclusion is that the best way to optimize the science output is
through two detectors that differ in their basic features such as the Solenoid field
and choices of sub-detector technologies. This will lead to complementarity in de-
tector acceptance and systematic effects, and presents benefits due to technology
redundancy. Studies performed to date already suggest the opportunity to op-
timize the overall physics output of the EIC in terms of precision and kinematic
range through careful complementary choices of two general purpose detectors.

In contrast to previous colliders, the complementarity between the two EIC detec-
tors and their associated interaction regions will be built in from the start. Beyond
maximizing EIC science promise, a further strong motivation for complementary
detectors lies in the need for independent cross-checking of important results; the
scientific community usually only becomes convinced of exciting new discover-
ies when two different experiments with different systematics arrive at the same
conclusion.
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Chapter 4

Opportunities for Detector
Technology and Computing

In parallel with a nearly two-decade-long community effort of EIC science de-
velopment and refinement, as well as experimental equipment conceptualization,
BNL in association with TJNAF and the DOE Office of Nuclear Physics estab-
lished in 2011 a highly successful generic EIC-related detector R&D program. This
program both built bridges between various domestic and international research
groups and scientific communities, and was successful in its own right towards de-
tector R&D. Presently, 281 scientists are engaged in the generic EIC-related R&D
program, from 75 institutions in 10 countries. Most of the efforts have been organi-
zationally merged in groups of topical consortia, which can provide the seeds for
the EIC detector collaboration(s).

Many of the supported projects, ongoing or completed, developed technolo-
gies that are now integral parts of existing detector concepts or are regarded
as potential alternatives. The vertex detector R&D consortium aims to develop
new improved Monolithic Active Pixel Sensors (MAPS) to meet the require-
ments demanded by the EIC requirements. Various Micro-Pattern Gas Detector
(MPGD) technologies, such as Gaseous Electron Multiplier (GEM), Micromegas,
and µRWELL, have been pursued for low material tracking in barrel and for-
ward regions as well as Time-Projection Chamber (TPC) readouts. New con-
cepts like miniTPCs and integrated Cherenkov-TPCs had been developed and
tested. Many options for electromagnetic, and recently, hadronic calorimetry
have received R&D effort within the calorimetry consortium. From this grew the
Tungsten-Scintillating Fiber (W-SciFi) calorimeter, scintillating fibers embedded in
a W-powder composite absorber. In parallel, novel scintillating glasses (SciGlass)
have been developed with unprecedented quality as cost-effective alternative to
expensive lead-tungstate (PbWO4) crystals. The particle identification consortium
is pursuing various technologies, such as Direct-Internally Reflected Cherenkov
light (DIRC) detectors, modular and Dual Ring-Imaging Cherenkov (RICH) detec-
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tors, with Fresnel lens focalization in the former and with gas and aerogel radiators
in the latter. New coating materials like nano-diamonds to replace Cesium-Iodide
(CsI) for RICH photo sensors are also under investigation. Time-of-Flight detec-
tors, as well as Roman Pots for forward proton detection, require highly segmented
AC-coupled Low-Gas Avalanche Detector (AC-LGAD) sensors whose develop-
ment has just started to get support from the program. Besides hardware R&D the
program has supported various vital projects such as machine background studies
and simulation software developments to enable more accurate definition of the
physics’ requirements. Sartre and Beagle are two examples of Monte-Carlo event
generators whose development was substantially boosted by the program. Both
were extensively used in the context of this report.

In general, due to this longstanding generic EIC-related detector R&D program,
and further support from Laboratory Directed Research & Development (LDRD)
Programs within the US national laboratories, and many university groups both
inside and outside the US, the detector technologies to implement a successful
comprehensive Day-One EIC Science program exist. For this reason the EIC User
Group can continue to consider various technologies for many of the different de-
tector functions to implement, with an eye also to possible detector complemen-
tarity for a second detector. The EIC also benefitted substantially from synergetic
R&D conducted for many high-energy and nuclear physics experiments, not only
at BNL and TJNAF, but also for experiments such as ALICE and LHCb at CERN,
PANDA at GSI and BELLE-II at KEK.

On the other hand, further opportunities do remain. These are driven both by
pursuing alternative detector technologies for a complementary second fully inte-
grated EIC detector and Interaction Region, and to prepare for future cost-effective
detector upgrades to enhance capabilities addressing new nuclear physics oppor-
tunities. Furthermore, the EIC will be a multi-decade nuclear physics facility after
its construction is completed and will in this period likely require further detector
upgrades driven by its science findings. It is expected that further physics op-
portunities enabled by new detector capabilities will already arise during the EIC
design and construction phase.

Nuclear physics detection techniques typically need to cover a large range in en-
ergies. They can range from the MeV scale of nuclear binding energies and 100
MeV/c momentum scale below the Fermi momentum to isolate nuclear processes,
all the way to the multiple tens of GeV scales to pinpoint the elementary sub-
atomic quark-gluon processes and quark flavors. Due to this, nuclear physics
drives detector technologies with often different demands than those in high-
energy and particle physics. Examples are (i) particle identification techniques and
their cost-effectiveness in readout (RICH, DIRC, ultra high-precision TOF, electro-
magnetic and hadronic calorimetry), (ii) those driving detector material minimiza-
tion to detect the lowest-momentum particles (inner tracking solutions, gaseous-
based radial TPCs), (iii) those pushing for specific material radiation tolerances
(electro-magnetic rather than hadronic, high-power target areas, and low-energy
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nuclear fragments), and (iv) those related to spin or polarization (beam, targets,
polarimetry).

Further opportunities for detector technology within these overarching nuclear
physics areas exist in the EIC design, construction, and science operations era.
These can best be considered in detector functionality areas such as particle iden-
tification, calorimetry, tracking, and readout electronics, to address how one can
enhance the performance of the EIC detector(s) with target R&D projects in a year
or more.

Examples of such detector opportunities include, but are not limited to, the follow-
ing: material minimization in a possible all-Silicon tracker, particle identification
reach at mid rapidity and at higher momenta, cost-effectiveness of readout of par-
ticle identification detectors by improvements to Silicon Photomultipliers (SiPMs)
or to Large-Area Picosecond Photo-detectors (LAPPDs). Furthermore, improve-
ment of the achievable hadronic calorimetry resolutions, large-scale production
and low-energy photon detection efficiency of possible glass-based electromag-
netic calorimetry, new Application-Specific Integrated Circuit (ASIC) and front-
end readout board needs required for streaming readout modes, or improved spa-
tial and/or timing resolution of Zero-Degree Calorimeters driven by the imaging
and diffractive science programs. It is crucial that some of this research for en-
hanced detector functionality continues and is recognized as driven by Nuclear
Physics needs.

In parallel with these detector opportunities, unique opportunities exist to directly
integrate modern computing and data analysis methods in the experiment. Ef-
forts are underway to develop methods and production systems to establish a
quasi-instantaneous high-level nuclear physics analysis based on modern statis-
tical methods. This requires a self-calibrated matrix of detector raw data synchro-
nized to a reference time and would remove intermediate data storage require-
ments. This takes direct advantage of advances in micro-electronics and comput-
ing, and of artificial intelligence (AI) methods.

Micro-electronics and computing technologies have made order-of-magnitude ad-
vances in the last decades. Combined with modern statistical methods, it is now
possible to analyze scientific data to rapidly expose correlations of data patterns
and compare with advanced theoretical expectations. While many existing nu-
clear physics and high-energy physics experiments are taking advantage of these
developments by upgrading their existing triggered data acquisition to a stream-
ing readout model (where detectors are read out continuously), these experiments
do not have the opportunity of integrated systems from data acquisition through
analysis, such as the EIC has. Hence, we aim to remove the separation of data
readout and analysis altogether, taking advantage of modern electronics, comput-
ing and analysis techniques in order to build the next generation computing model
that will be essential for probing the femto-scale science accessible at the EIC.

An integrated whole-experiment approach to detector readout and analysis to-
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wards scientific output will take advantage of multiple existing and emerging tech-
nologies. Amongst these are: streaming readout, continuous data quality control
and calibration, task-based high performance local computing, distributed bulk
data processing at supercomputer centers, modern statistical methods that can de-
tect differences among groups of data or associations among variables even under
very small departures from normality, and systematic use of artificial intelligence
(AI) methods at various stages.

To further elaborate on the latter, AI is becoming ubiquitous in all disciplines of
Nuclear Physics. EIC could be one of the first large-scale collider-based programs
where AI is systematically employed from the start. AI already plays an impor-
tant role in existing experiments such as LHCb at CERN, where machine learning
algorithms make already the majority of the near-real-time decisions what physics
data should be written or proceed to a higher level analysis.

Supported by the modern electronics able to continuously convert the analog de-
tector signals, streaming readout can further the convergence of online and offline
analysis: here the incorporation of high-level AI algorithms in the analysis pipeline
can lead to better data quality control during data taking and shorter analysis cy-
cles. Indeed, AI could foster in the next years significant advances in the crucial
area of fast calibration/alignment of detectors, greatly facilitating a data streaming
readout approach.

For charged-particle tracking, where in nuclear physics experiments typically most
of the computing cycles are spent in propagating the particles through inhomoge-
neous magnetic fields and material maps, AI can contribute to determine the opti-
mal initial track parameters allowing to decrease the number of iterations needed.
For particle identification, crucial for Nuclear Physics experiments, has recently
seen a large growth of applications.

AI at the EIC is expected to play a role in high-level physics analysis such
as searches for rare signatures which necessitates advanced techniques making
strong use of machine learning to filter out events, the utilization of jets to em-
power taggers for boosted jets and quark flavors within the jets, and in the aid for
construction of higher-level Wigner distributions from sparse and missing data.
With the EIC detector design ongoing and opportunities for two detectors at the
EIC, AI can be gainfully used for the design optimization process of the large and
complex EIC detector systems that are based on computationally intensive simu-
lations, for the optimization of the individual detector systems, and even the opti-
mization of materials used within detectors for improved performance.
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Chapter 5

Introduction to Volume II

For more than a decade, the physics community studying quantum chromody-
namics (QCD) has gathered to come up with the next experimental facility that
can answer the outstanding questions about the inner structure of matter. A con-
sensus developed towards the need of a machine that can explore hadrons using
an electromagnetic probe at high center-of-mass energies and high luminosity: an
Electron-Ion Collider (EIC). Over the years, tremendous efforts have been devoted
to making the physics case strong and defining the characteristics of such a col-
lider. Important capabilities such as polarized beams, high luminosity, flexible
center-of-mass energy, large variety of beam species are all essential for the suc-
cess of the project. The physics case has been developed by the community in a
White Paper [2] outlining the fundamental questions that an EIC would address.
Crucial questions that could be addressed at an EIC include the origin of the mass
of atomic nuclei, the origin of the spin of protons and neutrons, how gluons hold
hadrons and nuclei together, and whether new emergent forms of matter made of
gluons densely packed in phase space exist.

Another major milestone was the recommendation in the US 2015 Long Range Plan
for Nuclear Science of a high-energy high-luminosity polarized EIC as the highest
priority for new facility construction. Since then, the interest in the community
has continued to grow. An assessment of a US-based electron-ion collider science
program was carried out by the National Academy of Sciences, Engineering, and
Medicine (NAS) in 2017, with a report produced in 2018 [1] and findings which
concluded that its physics case is “compelling, fundamental, and timely”.

The NAS committee added that along with advancing nuclear science, an EIC
would also benefit other areas such as astrophysics, particle physics, accelerator
physics, and theoretical and computational modeling. It would also play a valu-
able role in sustaining the U.S. nuclear physics workforce in the coming decades,
incorporating new developments, including those in adjacent research domains.
Moreover, it would have a significant role in advancing more broadly the tech-
nologies that would as a result of the research and development undertaken in the
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implementation and construction of an EIC in the U.S. The report emphasizes that
an EIC is the only high-energy collider being planned for construction in the U.S.
currently, and building such a facility would maintain U.S. leadership in accelera-
tor collider science while benefiting the physical sciences.

Following the extremely positive assessment by the NAS, the US Department of
Energy officially started the EIC project by establishing its CD-0 (mission need) in
December 2019. In parallel to the DOE-driven activities, and in order to prepare the
EIC construction, the physics community, organized around the EIC Users Group,
started an initiative to define the detector requirements needed to deliver the sci-
ence spelled out in the EIC White Paper and new topics highlighted in the NAS
report and other publications. The goal is to advance the state and detail of the
documented physics studies and detector concepts in preparation for the realiza-
tion of the EIC. The effort aims to provide the basis for further development of
concepts for experimental equipment best suited for science needs towards future
Technical Design Reports (TDRs). These efforts were carried out during the year
2020 and are summarized in this “Yellow Report”.

Since 1955, the CERN Yellow Reports series provides a medium for communicat-
ing CERN-related work where publication in a journal is not appropriate. Reports
include material having a large impact on the future of CERN, as well as reports
on new activities which do not yet have a natural platform. The series includes re-
ports on detectors and technical papers, the criteria being that the audience should
be large and the duration of interest long. The term Yellow Reports is now used
frequently for documents with similar purpose in various physics communities
unrelated to CERN.

To advance both the physics case and the detector concepts in preparation for the
EIC, the EIC Yellow Report effort was initiated in December 2019 with a kick-off
meeting hosted by the MIT. A total of 4 dedicated workshops, with an interme-
diate report to the community at the EIC Users Group meeting, were part of the
program:

• 1st Workshop: March 19-21, 2020, Temple University, Philadelphia, PA

• 2nd Workshop: May 22-24, 2020, University of Pavia, Pavia, Italy

• Status reports at Summer EICUG Meeting: August 3-7, 2020, FIU, Miami, FL

• 3rd Workshop: September 17-19, 2020, CUA, Washington, DC

• 4th Workshop: November 19-21, 2020, UC Berkeley, Berkeley, CA

All workshops and meetings and the entire effort were open to the participation
of anyone in the community. The Yellow Report initiative was thus set to establish
a medium for broad community engagement, further the physics case, provide
input to detector requirements, bring forward best available and emerging detector

https://indico.bnl.gov/event/7449/
https://indico.bnl.gov/event/8231/
https://indico.bnl.gov/event/7352/
https://indico.bnl.gov/event/9080/
https://indico.bnl.gov/event/9913/
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technologies and concepts, and document the progress towards EIC realization.
This Yellow Report represents the current state of affairs and is intended to be used
by the scientific community as the basis for further studies and developments. It
is hoped that this intellectual investment into the future of the EIC will then guide
the design and development of the actual EIC detectors.

The physics case and physics-driven detector requirement studies were organized
within the Physics Working group. In parallel, detector R&D efforts and detector
technology choices were worked on within the Detector Working group. This Vol-
ume summarizes the Physics Working group efforts. It addresses the progress to-
wards the main goal: carrying out a quantitative analysis of planned physics mea-
surements for topics highlighted in the White Paper and for physics topics devel-
oped more recently, and documenting emerging implications for detector design.
To focus and further organize this effort, the Physics Working Group was divided
into smaller subgroups, organized by physics processes, which provides a natu-
ral pathway for assessing detector requirements. These subgroups are: Inclusive
Reactions, Semi-inclusive Reactions, Jets and Heavy Quarks, Exclusive Reactions,
Diffractive Reactions & Tagging.

The working groups were in charge of defining and studying the physics processes
that fall into the particular categories. Through simulations, and by drawing from
theoretical studies, the goal was to specify the requirements for the detector which
would ensure that the physics outlined in the White Paper and the NAS report
could be performed successfully. The working groups also addressed additional
aspects that have gained broader attention after the publication of the White Paper
and the NAS report.

The physics studies that led to these detector requirements and novel physics
ideas, as well as proposed measurements that may not yet provide input for the
detector R&D are documented in Chapter 7.The summary of the detector require-
ments delivered by each of the Physics subgroups is documented in the corre-
sponding section of Chapter 8.



Chapter 6

The EIC Physics Case

The physics case for the EIC has been presented in detail in previous documents
such as the EIC White Paper [2] and the Report of the NAS [1]. Those documents
spelled out a number of key questions, which the EIC would be able to answer —
see also the Executive Summary of this Yellow Report. Questions that have been
highlighted in the NAS Report are:

• How does the mass of the nucleon arise?

• How does the spin of the nucleon arise?

• What are the emergent properties of dense systems of gluons?

Beyond these questions, the EIC science case is, of course, ever evolving, and the
following Chap. 7 presents the current state of affairs. In that chapter the various
topics are grouped according to four major themes:

• Global properties and parton structure of hadrons

• Multi-dimensional imaging of nucleons, nuclei and mesons

• The nucleus: a laboratory for QCD

• Understanding hadronization

Following this structure, we here give brief introductions and overviews for sev-
eral key physics topics. More details are given in the White Paper [2] and the NAS
Report [1]. Further discussion as well as all the results of impact studies can be
found in the various sections in Chap. 7.
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Current polarized DIS data:
CERN DESY JLab-6 SLAC

current polarized BNL-RHIC pp data:
PHENIX π0 STAR 1-jet W bosons
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Figure 6.1: The x-Q2 coverage of the EIC for two different center-of-mass energies, in com-
parison with polarized ep experiments at CERN, DESY, Jefferson Lab and SLAC, as well as
pp experiments at RHIC.

1. Global properties and parton structure of hadrons

EIC measurements will reveal the quark and gluon structure of hadrons at the next
level. This, in particular, applies to global properties of the nucleon such as its spin
and mass, that is, how those properties can be understood in terms of contributions
from the partons.

Nucleon spin: The spin and the mass are among the most important quantities
characterizing any hadron. Getting a deeper understanding of those quantities in
QCD is a key mission of the EIC. Starting with the spin, we recall that the spin of
the nucleon can be decomposed according to [4]

1
2
=

1
2

∆Σ(µ) + ∆G(µ) + Lq(µ) + Lg(µ) (6.1)

into contributions from the quark plus antiquark (gluon) spin 1
2 ∆Σ (∆G), as well

as quark (gluon) orbital angular momenta Lq (Lg). Each term of this decomposi-
tion depends on the renormalization scale µ, where the scale dependence drops
out upon summing over all contributions. For quite some time it was generally
believed that the ∆Σ term is largely responsible for making up the nucleon spin. It
came therefore as a big surprise when in the late 1980s the EMC Collaboration re-
ported a value for 1

2 ∆Σ which is only a small fraction of the nucleon spin [31]. This
“nucleon spin crisis” initiated a large number of further experimental and theo-
retical activities. Presently available results suggest that about 25% of the nucleon
spin is carried by the spins of the quarks and antiquarks [32]. Mainly due to the
RHIC spin program, we now also have clear evidence for a nonzero ∆G [5]. How-
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ever, the values of ∆Σ and, in particular, ∆G still have very large uncertainties. The
main reason for this situation lies in the fact that, in order to determine the parton
spin contributions in Eq. (6.1), one in principle needs to know the corresponding
helicity parton distributions (PDFs) for any parton momentum fraction x, since
their integral defines 1

2 ∆Σ and ∆G. But the helicity distributions are presently only
known for x & 0.01 with good precision. Through measurements of polarized
DIS, the EIC will provide unprecedented detail of the parton helicity distributions
down to x ∼ 10−4 — see Fig. 6.1. This will not only result in a much better under-
standing of both ∆Σ and ∆G, but also further constrain the sum Lq + Lg in Eq. (6.1)
— we refer to Sec. 7.1.2 for more details. The EIC may be able to also provide, for
the first time, direct information on the parton orbital angular momenta through
partonic Wigner functions, as discussed below in Sec. 7.2.4.

Nucleon mass: As with the spin of the nucleon, it is of fundamental importance to
understand how the nucleon mass can be decomposed in QCD into contributions
from the partons. The mass of an atom is almost exactly equal to the sum of the
masses of its constituents, that is, the nucleus and the electrons. Likewise, the
mass of an atomic nucleus is approximately given by the mass of the nucleons
which make up the nucleus. On the other hand, the nucleon mass cannot even
be computed roughly by adding the masses of its constituents, which have their
origin in the Higgs mechanism. For instance, the sum of the masses of the valence
quarks is just about 1% of the nucleon mass. While in a full QCD analysis, the
quark mass contribution to the nucleon mass is larger, studies show that the Higgs
mechanism can only explain a small fraction of the nucleon mass. The bulk can be
attributed to contributions from quark and gluon (kinetic and potential) energies.
Section 7.1.4 contains more details about the mass sum rule(s) of the nucleon.
That section also elaborates on how the EIC could significantly deepen our
understanding of the nucleon mass in QCD by means of quarkonium production
close to the production threshold.

2. Multi-dimensional imaging of nucleons, nuclei and mesons

Measurements of semi-inclusive and exclusive processes at the EIC will provide
invaluable information about the multi-dimensional quark and gluon structure of
nucleons, nuclei and even light mesons.

Imaging in position space — form factors and generalized parton distributions:
The electromagnetic form factors are fundamental quantities containing informa-
tion about the structure of strongly interacting systems. They can be measured
through elastic electron scattering, and they depend on the (squared) momentum
transfer to the target, t = −Q2. For the spin-1

2 nucleon two such form factors exist
— the Dirac form factor F1 and the Pauli form factor F2. Alternatively, one often
considers the electric and magnetic form factors GE and GM, which are linear com-
binations of F1 and F2. For a heavy target, the Fourier transforms of GE and GM
can be interpreted as the 3D distributions of charge and magnetization, respec-
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Figure 6.2: The kinematic coverage of the EIC for the DVCS process compared to other
DVCS experiments.

tively. But for the nucleon, and especially for the even lighter pions or kaons, such
3D distributions have no clean interpretation due to relativistic corrections. (Some
recent developments concerning 3D distributions can be found in Ref. [33]). This
problem does not arise for 2D distributions with the two dimensions being perpen-
dicular to the (average) momentum of the incoming and outgoing nucleons [34].
For instance, the 2D electric charge distribution of the nucleon is given by the Dirac
form factor through

ρ(bT) =
∫ d2∆T

(2π)2 F1(Q2 = ∆2
T) e−i ∆T · bT , (6.2)

where ∆T denotes the total transverse momentum transfer to the target and bT
the transverse position (impact parameter). Section 7.2.1 outlines the prospects
for measuring electromagnetic form factors of the proton, the deuteron and light
mesons. The 2D charge distribution in Eq. (6.2) is related to the momentum-
fraction-dependent (x-dependent) impact parameter distributions for individual
quarks q(x, bT) according to

ρ(bT) = ∑
q

eq

∫
dx q(x, bT) , (6.3)

where eq is the quark charge in units of the elementary charge. The q(x, bT), and
related quark (and gluon) distributions that exist due to the polarization degree of
freedom of the nucleon and/or the partons, are the key quantities for the position-
space imaging of hadrons. It is very interesting that the q(x, bT) can be measured
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Figure 6.3: The kinematic coverage of the EIC for the Sivers and Collins effects in semi-
inclusive DIS compared to other experiments for two exemplary energy configurations.

because of their relation to generalized parton distributions (GPDs) Hq [35],

q(x, bT) =
∫ d2∆T

(2π)2 Hq(x, ξ = 0, ∆2
T) e−i ∆T · bT , (6.4)

with ξ indicating the longitudinal momentum transfer to the target. GPDs, which
generalize the concept of ordinary PDFs [17], appear in the QCD description of
hard exclusive processes like deep-virtual Compton scattering (DVCS) and meson
production [18, 21]. The kinematic coverage of the EIC for the DVCS process is
shown in Fig. 6.2. The information encoded in GPDs is extraordinarily rich as they
also allow for studies of the orbital angular momentum of partons, as well as the
distribution of pressure and shear forces inside a hadron. A more thorough discus-
sion of GPDs and how the EIC will advance this crucial area of multi-dimensional
imaging of hadrons can be found in Sec. 7.2.2. Imaging of the spatial distribu-
tions of quarks and gluons in nuclei is addressed in Sec. 7.3.2 via diffraction and in
Sec. 7.3.9 via coherent and incoherent vector meson production.

Imaging in momentum space — transverse momentum dependent parton dis-
tributions: Ordinary PDFs provide a 1D image of hadrons in momentum space.
Put differently, via PDFs we learn about the longitudinal motion of partons in a
fast-moving hadron, that is, about their momentum distributions along the direc-
tion singled out by the hard momentum flow in the process. However, the partons
also have a nonzero transverse momentum relative to that direction. One can
therefore define transverse momentum dependent parton distributions (TMDs),
where for an unpolarized target and unpolarized quark typically the notation
q(x, kT) = f q

1 (x, kT) is used, with kT indicating the transverse quark momentum.
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A total of 8 leading-twist quark TMDs [13, 36] (and the same number of gluon
TMDs [37, 38]) can be identified for a spin-1

2 hadron. TMDs provide 3D images of
hadrons in momentum space and as such they are complementary to GPDs. In
inclusive DIS, the information about the transverse parton motion is integrated
out, and hence other reactions must be considered to address TMDs. A flagship
process for measuring TMDs is semi-inclusive DIS where at least one hadron is
detected, in addition to the scattered lepton. In Fig. 6.3 the kinematic coverage of
the EIC is displayed for two very important TMD observables in semi-inclusive
DIS, the Sivers effect [14] and the Collins effect [39]. It must be stressed that TMDs
can also be studied via different final states in electron-nucleon collisions with
di-hadrons or jets and, for instance, in reactions that are not lepton-induced such
as the Drell-Yan process. The fact that TMDs can be measured via a large number
of reactions adds to their significance. Like in the case of position space imaging,
the EIC will tremendously enhance our knowledge about the momentum space
image of the nucleon as discussed in much more detail in Sec. 7.2.3.

3. The nucleus: a laboratory for QCD

The EIC will be the world’s first dedicated electron-nucleus e+A collider and it will
address a broad program of fundamental physics with light and heavy nuclei.

Physics of non-linear color fields and gluon saturation: Due to the rapid rise with
energy of the gluon density in hadrons, gluons play a key role in our understand-
ing of DIS and hadronic collisions at high energies. Gluons are responsible for
much of the particle production in such collisions, as well as for the rise of total
cross sections, related to the saturation of scattering amplitudes with energy as the
unitarity limit is approached. This is a fundamental limit of nature on the maximal
strength of color fields in hadrons and nuclei. In particular, the scrutiny of non-
linear gluon dynamics will improve our insight into the strong interaction rather
profoundly, and help us to more deeply understand this fundamental pillar of the
standard model.

DIS experiments on heavy nuclei at high energies are ideally suited for the study of
nonlinear gluon dynamics. The projectile interacts coherently with a large number
of stacked nucleons. This probes very strong color fields at high energy, which is
expected to lead to the phenomenon of gluon saturation, described by an effective
theory known as the Color Glass Condensate (CGC) [24]. In particular, the squared
transverse momentum (or inverse distance) scale where QCD becomes nonlinear
is expected to grow in proportion to the average thickness of the target nucleus,
and as a power λ = 0.2− 0.3 of energy [40–42]:

Q2
s ∼

A1/3

xλ
. (6.5)

Here, x denotes the momentum fraction of gluons in the target which is probed in
a particular process; it is inversely proportional to the energy.
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Figure 6.4: The kinematic coverage of the EIC for DIS on nuclei compared to that of previous
experiments. The expected ”saturation scale” Q2

s (x) for non-linear gluon dynamics in a large
nucleus is indicated by a red line [40–42].

One of the main goals of the physics program to be pursued at the EIC is to obtain
clear evidence for nonlinear QCD dynamics at a perturbative scale, Qs > 1 GeV,
from the energy dependence of DIS cross-sections, structure functions, and other
observables. This is predicted by the theory in the form of nonlinear evolution
equations. Discovery of saturation requires unambiguous experimental evidence
for these specific nonlinear equations. While various features of the data from
proton-nucleus and heavy-ion collisions at RHIC and the LHC are consistent with
perturbative gluon saturation, there is nevertheless no consensus in the field in
favor of them providing unambiguous evidence for nonlinear effects in the weak-
coupling regime. The EIC is expected to deliver a clean, direct measurement and
characterization of the gluon density in protons and nuclei, and how it depends
on energy and thickness of the target. The high-energy aspects of DIS on nuclei
have been presented more extensively in the White Paper [2], and are addressed in
Secs. 7.3.1 and 7.3.2.

Nuclear PDFs: Nuclear parton distribution functions (nPDF) describe the behavior
of bound partons in the nucleus. Like their free-proton counterparts, nPDFs are as-
sumed to be universal and are essential tools for understanding experimental data
from collider experiments. To date, there is no compelling evidence for violation
of the QCD factorization theorem [43] or violation of universality. Thus, precise
knowledge of PDFs in general, and nPDF in particular, becomes most relevant for
advancing our understanding of strong interactions in a nuclear medium and for
interpreting results from collider experiments. Moreover, nPDFs provide an essen-
tial foundation for understanding the hot Quark-Gluon Plasma (QGP) medium
produced in heavy-ion collisions at RHIC and the LHC, particularly for experi-
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Figure 6.5: Typical nuclear effects seen in the DIS measurements. The figure is from [48].

mental measurements initiated by early-state hard scatterings. Proper characteri-
zation of the QGP dynamics also relies on adequate separation of initial and final
state effects, the former encoded in the corresponding nPDFs. Deep-inelastic neu-
trino scattering experiments with nuclear targets are also in critical need of precise
nPDFs, which in turn impact the global analysis of proton PDFs.

Experimentally, differences between PDF and nPDF have been firmly established
by the deep-inelastic lepton-nucleus scattering data. The observed significant nu-
clear effects have ruled out a naive model of a nucleus as a superposition of quasi-
free nucleons, and forced us to factor in modifications due to the nuclear environ-
ment. These nuclear modifications are commonly described as shadowing, anti-
shadowing, and the EMC effect [44–47]. They are usually quantified in terms of
the ratio to the free-nucleon PDFs, with R < 1 indicating a suppression of the prob-
ability distribution compared to the free proton reference, and R > 1 an enhance-
ment. The approximate domains for these experimentally observed modifications,
illustrated in Fig. 6.5, are as follows: the shadowing regime (R < 1) is promi-
nent in the x < 0.1 region; the anti-shadowing (R > 1) effect is present between
0.1 < x < 0.3, and the EMC effect refers to the slope of R in the valence-quark
dominated regime 0.3 < x < 0.7. At higher x there are effects due to Fermi motion
in a nucleus.

Understanding how parton dynamics is modified in the nuclear medium, and the
exact nature of the mechanisms that generate shadowing, anti-shadowing, and
the EMC effects is a field actively pursued in both theory and experiment. It is
commonly accepted that different physics processes contribute to different regions
in x; however, there is no consensus on the exact nature of these contributions. The
dependencies on nuclear size, impact parameter, and x for these nuclear effects
have not been derived from first-principles calculations but are instead inferred
from fits to the existing experimental data. However, in contrast to the free-proton
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PDFs, the determination of nPDFs is severely limited by the kinematic coverage
and the available precision of the data. The realization of the EIC with its intended
versatility regarding available ion beam species and afforded phase space coverage
will profoundly impact nPDF determination. Recent nPDF-related developments
are discussed in sec. 7.3.3.

Particle propagation through matter and transport properties of nuclei: In paral-
lel with the qualitatively new constraints on nPDF, the EIC physics program will
allow new advances in the related but intrinsically different modifications induced
by cold nuclear matter – the energy loss of partons traversing the QCD medium.
The energy loss is expected in both hot (QGP) and cold QCD matter through gluon
radiation and collisional scattering losses. The quantitative assessments of the re-
lated processes in both types of media are central to relativistic heavy ion colli-
sions and the field of nuclear physics in general. Cold nuclear matter has spe-
cific scales for gluon radiation that are different from the QGP medium. Specif-
ically, the (partially coherent) Landau-Pomeranchuk-Migdal (LPM) regime, with
gluon formation times of the order of the length of the medium, and a fully coher-
ent (or factorization) regime, dominating for significantly longer time frames [49].
While the fully coherent part could be evaluated via quarkonic measurements in
hadronic collisions [50], the final-state energy loss in nuclei in the LPM regime will
be probed at the EIC most directly by hadron production measurements in semi-
inclusive deep inelastic scattering events.

The emerging EIC detector concepts suggest excellent capabilities for jet recon-
struction and jet studies; relying on jets for extracting cold nuclear matter transport
properties gives significant advantages over inclusive and semi-inclusive hadron
measurements, as it allows to effectively reduce the role of nPDF modifications
(with respect to the free-nucleon PDF) and enhances the effects due to final state
interactions. Medium-induced radiation resulting in broadening of the transverse
profile of jet showers will be a discerning measurement for quantifying the final
state gluon radiation and its angular dependence with the EIC data. Details of
related studies are presented in Sec. 7.3.4.

4. Understanding hadronization

Intimately related to the prominent question of confinement is the one of hadron
formation. How do the degrees of freedom of QCD, quarks and gluons, relate to
the hadronic degrees of freedom we observe in nature? The EIC will not only ad-
dress the many outstanding questions about hadron structure but also will hugely
advance our understanding of hadron formation.

Parton fragmentation: The theoretical description of hadron formation usually
involves factorization theorems where part of the production cross section can be
calculated perturbatively, while the non-perturbative nature of hadronization is
encoded in the so-called fragmentation function (FF). FFs describe how a parton
transforms into the color-neutral hadrons that we observe.
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The unprecedented luminosity of the EIC will have a strong impact on the mea-
surements of fragmentation functions for light mesons. Furthermore, it will be
possible to study the dependence of the hadronization process on polarization de-
grees of freedom via, for example, fragmentation into polarized Λ hyperons. Much
richer information yet can be obtained by measuring di-hadron FFs that appear in
the description of semi-inclusive processes with two identified hadrons in the final
state. A partial-wave decomposition of polarized and unpolarized di-hadron FFs
could be performed in order to obtain deeper insight into hadronization mecha-
nisms.

Thanks to the availability of different beam species, the EIC will also be able to ad-
dress hadronization in the nuclear medium. It is expected to provide the cleanest
understanding yet from QCD of the energy loss of energetic partons traversing a
nuclear medium, as measured via reconstructed leading jets.

Table 6.1: Relationship between the EIC science topics (rows) and the categories of mea-
surements (columns). Measurements already discussed in the White Paper [2] or the NAS
Report [1] are highlighted in red. Various additional measurements and physics ideas that
have emerged since are also included in this table, but the table is not meant to be exhaus-
tive. ”Other fields” refers to neutrino, cosmic-ray and high-energy physics. The acronym
”SF” refers to structure function, ”FF” to form factor, ”h” to identified hadrons, Q to heavy
quarks; QQ to heavy-quark bound states (quarkonium), and ”VM” to vector mesons.

Jets and their substructure: Jet substructure will be an important tool at the EIC
to deeply scrutinize the process of hadronization. In particular, jet substructure
offers the opportunity to study both the process of fragmentation, or parton radia-
tion patterns, and hadronization, or the formation of the parton shower into bound
state hadrons. Hadrons-in-jets will be used to study a variety of (un)polarized
transverse-momentum-dependent fragmentation functions. Furthermore, heavy
flavor-tagged jet substructure will also constitute an essential probe for parton
propagation through a nuclear medium and could be sensitive to both fragmenta-
tion and hadronization modifications. The relatively low transverse momenta of
reconstructed jets will enhance the role of the heavy quark mass in measurements
of jet splitting functions.

Production mechanism for quarkonia: Studying the formation of heavy quark-
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antiquark bounds states will provide unique insight into hadronization. Due to
the large mass of the quarks, their production involves both perturbative and non-
perturbative processes. Quarkonium production will be studied in e+ p collisions,
and also in e+A collisions, where quarkonia hadronize inside the nucleus.

Most of the above topics have been identified in the past as pillars of the EIC sci-
ence program. However, this YR also addresses a number of recent topics which
had not been covered in depth or even at all in the EIC White Paper [2] or the
NAS Report [1]. These include the partonic structure of mesons in Sec. 7.1.3,
multi-parton correlations in Sec. 7.1.5, jet-based TMD measurements in Sec. 7.2.3,
partonic Wigner functions in Sec. 7.2.4, particle propagation through matter and
transport properties of nuclei in Sec. 7.3.4, flavor-tagged jets and jet substructure
in Sec. 7.3.6, short range correlations and the origin of the nuclear force in Sec. 7.3.7,
the structure of light (polarized) nuclei in Sec. 7.3.8, as well as hadronization and
spectroscopy of exotic states in Sec. 7.4. These exciting, timely topics further
broaden the rich physics program to be pursued at the EIC. Brief introductions
to those topics are found at the beginning of each of Secs. 7.1 – 7.4, while a more
comprehensive account is left for the relevant subsections in Chap. 7.

The program pursued at the EIC is firmly focused on QCD in deeply-inelastic scat-
tering, but it also connects to other fields. Specific aspects of electroweak and be-
yond the Standard Model physics, neutrino, cosmic-ray & astroparticle physics,
the physics of proton-proton, proton-nucleus and nucleus-nucleus collisions stud-
ied at RHIC and the LHC, the physics of nuclear structure and of exotic nuclei and
the general planning in the HEP community which can benefit from the insights
provided by the EIC are outlined in Sec. 7.5.

Finally, Sec. 7.6 describes theory efforts tied to EIC science. They include lattice
QCD which is the key tool for obtaining first-principles, non-perturbative results
from the quantum field theory of the strong interactions. Also added is a discus-
sion of QED radiative corrections in electron scattering from a nucleon or nucleus.
A solid understanding of such corrections will be mandatory for obtaining the
main information of interest from the EIC data.

At the Yellow Report kick-off meeting [51] it was discussed in detail how to best
assess the detector requirements needed to carry out this broad and ambitious
physics program. It was decided that it would be most suitable to form into work-
ing groups that would study similar processes, since those would generally lead
to similar detector requirements, independent of the physics topic addressed. The
various physics measurements were grouped into the following categories which
then also determined the structure of the physics working groups:

• Inclusive reactions

• Semi-inclusive reactions

• Jets and heavy quarks
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• Exclusive reactions

• Diffractive reactions and forward tagging

Table 6.1 illustrates how the different categories of measurements above can ad-
dress the different physics topics of the EIC. Chapter 8 describes the detector
requirements from each of the categories of processes, based on the studies per-
formed by the five physics working groups.



Chapter 7

EIC Measurements and Studies

7.1 Global Properties and Parton Structure of Hadrons

The EIC will significantly enhance our knowledge of the parton structure of
hadrons. This includes, in particular, the questions about how the global proper-
ties nucleon spin and nucleon mass which are discussed in detail in Sec. 7.1.2 and
Sec. 7.1.4, respectively, can be understood in terms of contributions from quarks
and gluons. An introduction to these topics can be found in Chapter. 6, while in
the following a very brief overview of the other topics in this section is given.

Since the pioneering DIS experiments at SLAC in the late 1960s [52, 53] it has been
known that the nucleon has a partonic structure. The simplest quantities describ-
ing how the partons are distributed inside the nucleon are the (one-dimensional)
parton distribution functions (PDFs), which depend on the fraction x of the nu-
cleon’s momentum that is carried by the parton. The most prominent ones are the
twist-2 PDFs which have a density interpretation. For a spin-1

2 hadron one can
define the three quark PDFs

f q
1 (x) = q(x) , gq

1(x) = ∆q(x) , hq
1(x) , (7.1)

where f q
1 denotes the unpolarized quark PDF, while gq

1 (hq
1) denotes the helicity

(transversity) PDF. In (7.1) the most commonly used notations for the unpolarized
and helicity PDFs are shown. Even though the unpolarized PDFs are rather well
known by now, the EIC can further this field as outlined in Sec. 7.1.1. The expected
significant EIC potential for pinning down the helicity PDFs will be discussed in
detail in Sec. 7.1.2, and prospects for the transversity distribution are presented in
Sec. 7.2 on multi-dimensional imaging; an important observable for measuring h1
involves three-dimensional parton distributions.

Measurements at the EIC can also address the structure of mesons. Specifically,
very detailed plans exist to explore pions, by far the lightest strongly interacting

52
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particles, as well as kaons. Since mesons are unstable, they cannot be probed di-
rectly in a DIS experiment. However, by considering suitable final states and kine-
matics in electron-proton scattering, one is able to largely single out lepton scat-
tering off the meson of interest. For instance, in order to explore DIS off a pion,
the detection of a neutron is needed, in addition to the scattered lepton. Studies
of light mesons are very interesting in their own right, but may also offer deeper
insights into the generation of hadron masses. This aspect serves as an important
driver behind those activities as explained in Sec. 7.1.3.

The inclusive DIS process not only contains information about densities of single
partons (twist-2 PDFs) but also about multi-parton correlations, which character-
ize the structure of hadrons at a new level. Specifically, the twist-3 structure func-
tion gT, which is accessible in polarized DIS, is related to quark-gluon-quark corre-
lations in the nucleon. Additional quark-gluon-quark correlations can be studied
in lepton-nucleon scattering by considering other final states beyond the fully in-
clusive one. It is timely to explore how the EIC can contribute to this important
field, which in the past has received very little attention in documents articulating
the EIC science case. In Sec. 7.1.5 the prospects in that regard are briefly discussed.

About 10% of the DIS events observed at HERA are (inclusive) diffractive, that is,
they show a large rapidity gap between the system X and the target proton (or a
low-mass excitation of the proton). Therefore diffraction became a major research
topic in the HERA community. Since the proton is detected, diffractive events in
DIS are characterized by additional kinematic variables beyond the standard vari-
ables x and Q2. The EIC holds promise to significantly extend our understanding
of inclusive diffraction. In particular, as discussed in Sec. 7.1.6, the kinematic range
that can be explored at the EIC shows a considerable complementarity relative to
the HERA measurements.

An important aspect of exploring QCD is the determination of the strong cou-
pling αs through precision measurements. Key observables in that regard are
event shapes which by now can be computed very reliably in perturbative QCD.
In Sec. 7.1.7 the prospects for using event-shape measurements at the EIC to pin
down αs are presented in detail.

7.1.1 Unpolarized parton structure of the proton and neutron

Inclusive neutral-current and charged-current DIS

Historically, our knowledge of unpolarized collinear parton distribution functions
(PDFs) has been driven by inclusive neutral-current (NC) and charged-current
(CC) deep-inelastic scattering (DIS) cross sections from protons and deuterons, to-
gether with high-energy scattering data from proton-antiproton collisions at the
Tevatron and more recent measurements from proton-proton collisions at the LHC.
A detailed description of the data sets entering PDF determinations can be found
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in Refs. [54–56]. The existing DIS data cover an impressive range in the outgoing
lepton kinematics with x down to 10−5 and Q2 up to the order of 104 GeV2. While
there is a substantial kinematic overlap between the measurements at HERA and
those in fixed-target experiments, they are complementary in accessing the small-
x and large-x longitudinal hadron structure, respectively. On the other hand, the
EIC covers an overlapping kinematic range between HERA and the fixed-target
experiments, with an instantaneous luminosity potentially 3 orders of magnitude
larger than at HERA. The EIC, together with other facilities and, in particular, the
Jefferson Lab 12-GeV program, will allow for a new era in the exploration of the
nucleon structure in high definition.
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Figure 7.1: Simulated statistical and systematic uncertainties for electron-proton NC DIS at√
s = 140.7 GeV. The statistical uncertainties are calculated based on a two-dimensional

binning with 5 bins per decade for both Q2 and x. The determination of the displayed
systematic uncertainties is discussed in Sec. 8.1.6. (The systematic uncertainties correspond
to the “Conservative Scenario” discussed below.)

In Fig. 7.1 we present statistical and systematic uncertainties for the EIC NC cross
sections. While an integrated luminosity of 100 fb−1 provides an impressively
small statistical uncertainty at small x, the overall uncertainties are estimated at
present to be limited by the systematic uncertainties. Details for the projected un-
certainties can be found in Sec. 8.1.

Fig. 7.2 shows the impact of the EIC NC DIS data on our current knowledge of the
differential cross sections computed with the NNPDF3.1 PDF set [57, 58]. Using a
χ2-based hypothesis test, we assess the EIC constraining power at the single-bin
level with L = 100 fb−1 of pseudodata and point-by-point systematic uncertain-
ties as described in Sec. 8.1 (left and central panels) and an additional optimized
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Figure 7.2: Z-score analysis for differential cross sections using different scenarios for sys-
tematic uncertainties: conservative, optimistic and 50% of optimistic (“super-optimistic”) as
described in Sec. 8.1. The Z-score uses the NNPDF3.1 proton PDFs [57] to compare the cross
sections generated from the central PDF replica (the null hypothesis) and non-central PDF
replicas (the alternative hypothesis).

scenario reduced by a factor 2 (right panel). The impact of the EIC pseudodata is
quantified in terms of a Z-score which measures the statistical separation in units
of the standard deviation σ between two hypotheses of cross sections. The fig-
ure shows that more than 5σ (Z-score ≥ 5) average discrimination power between
cross sections generated from the central PDF replica and non-central PDF replicas
can be achieved across the entire EIC acceptance if the current projections for the
systematic uncertainties are reduced by a factor of 2. While the reduction of the
uncertainties might not be achievable at the EIC, the Z-score profile indicates the
need for designing detectors that maximize the purity and stability (see Figs. 8.19a
-8.19f) of the measurements in the phase space regions where the impacts are ex-
pected to be larger.

In order to illustrate the impact from different bins in the x-Q2 plane of the EIC
data, we present in Fig. 7.3 (left) a parton-level analysis by focusing on the strange
sector through the ratio Rs = (s+ s̄)

/
(ū+ d̄) using the Z-score technique. We select

the strange sector since it is one of the most difficult PDFs to be extracted from data
from inclusive NC and CC reactions (see recent developments in Refs. [59,60]) and
therefore places stronger constraints on detector capabilities. The analysis is car-
ried out using the NNPDF3.1 [57, 58] replicas and modifying the sea-quark PDFs
requiring Rs = 0.5 and Rs = 1 in such a way that momentum conservation is not
violated. Using the optimistic scenario, the Z-scores show that the strange sector
can be discriminated up to 3σ at low-x and low-Q2, and 2σ in a narrow region of
high x and high Q2. The sensitivity for moderate x is found to be marginal.

A complementary analysis done in the framework of PDFSense [61–63] shown
in Fig. 7.3 (right) also illustrates a potential for modest sensitivity of the EIC e−
data to Rs. This can be inferred based on the share of individual pseudodata with
relatively larger values of the sensitivity parameter, |S f |, which is defined and dis-
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cussed in Sec. III of Ref. [61]. The PDF-level impact of the EIC pseudodata can be
judged in this context against the typical values of |S f | [61] for data fitted in the
CT18 global analysis [64].
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Figure 7.3: Left: Z-score analysis comparing the cross sections generated from PDF replicas
satisfying Rs = 0.5 (null hypothesis in blue) and Rs = 1 (alternative hypothesis in red).
These two hypotheses are built by modifying the NNPDF3.1 s, s̄, ū, d̄ distributions in a way
to conserve the sum rules. Right: The sensitivity |S f | of the EIC e− pseudodata to the Rs
PDF ratio. Redder points indicate pseudodata with larger constraining power, as discussed
in Ref. [61].

Using the optimistic scenario for the systematic uncertainties, in Fig. 7.4 we exam-
ine the potential impact of EIC NC and CC with incident electron beam colliding
with proton and deuteron beams from a selection of PDF global analyzers (CJ [65],
CT [64], JAM [60, 66], NNPDF [57, 59]) that have incorporated the EIC pseudo-
data within their fitting framework. For proton beams we use L = 100 fb−1 with√

s = 28.6, 44.7, 63.3, 140.7 GeV for NC, and 140.7 GeV for CC. For deuteron
beams we use L = 10 fb−1 and consider only NC at

√
s = 28.6, 66.3, 89.0 GeV. We

stress that the various analyses are carried out under different conditions of data
selection and PDF extraction methodologies. Focusing on the DIS data sets, all
groups use the bulk of the world DIS data from SLAC, BCDMS, NMC and HERA.
While CT and NNPDF place strong cuts on W (W2 ≥ 10 GeV2) which exclude the
region of very large x and low Q2, CJ and JAM use lower cuts (W2 ≥ 4 GeV2)
allowing to include PDF constraints from JLab. In terms of methodologies, the
various groups have different approaches to carry out the Bayesian inference. CJ
and CT use maximum likelihood augmented by the Hessian approach to estimate
the confidence regions for the PDFs, while JAM and NNPDF utilize Monte Carlo
approaches to sample the posterior distribution of the parameter space of the asso-
ciated PDFs. In order to reduce the systematic effects stemming from the Bayesian
inference adopted by each group, in Fig. 7.4 we present relative uncertainties after
EIC normalized to pre-EIC relative uncertainties for a selection of parton flavors.
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The grey band built as an envelope from the various groups indicates the uncer-
tainty on the impact from the projected EIC data. The impact of the EIC can be
seen as the variations of the ratios away from unity, which occurs in most of the
regions to be explored at the EIC. Note that the ratios are not bound to be less than
one since the inclusion of new data can change the relative strength of the flavor
channels on the differential cross sections. However, the cross section uncertain-
ties propagated from PDF uncertainties do decrease as expected. The results show
that there is a potential strong impact on the valence sector where the uncertainties
can decrease up to 80% which should give new insights on the d/u ratio. On the
other hand, the sea sector is predominately modified in the small-x region as ex-
pected, with a decrease of uncertainties up to 50%. Overall we find that the current
detector setup, with systematic uncertainties as large as 2%, can induce significant
constraints on the unpolarized PDFs. Those constraints will also raise the accuracy
of information that can be obtained from the HL-LHC which includes studies of
the Higgs boson — see also the discussion in Sec. 7.5.4.

Figure 7.4: Comparison of relative uncertainties for unpolarized PDFs x f (x) for different
partons, before and after the inclusion of EIC data, evaluated at Q2 = 10 GeV2. We include
the analysis of different collaborations, limited to e− datasets.

Positron beam

While the EIC has the main focus on an incident electron beam, the possibility
of having a positron beam to measure NC and CC is a relevant complementarity
that boosts the exploration of the nucleon flavor structure. In particular, the dif-
ferent charge of the exchanged W+ boson is such that positron CC interactions are
capable of probing a unique combination of flavor currents inside the nucleon rel-
ative to the case of an electron beam. This potentially offers significant additional
constraints on the d-type PDFs, further constraining the d/u ratio. Beyond this,
positron beams may also allow for access to other effects, such as the breaking of
the strange-antistrange symmetry, (s = s̄), or parton-level charge-symmetry vi-
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olation [67]. In Fig. 7.5 we present the impact of positron data on top of all the
electron data as ratios of the relative uncertainties. Furthermore, e+d scattering
can improve our understanding of nuclear effects for the simplest of all nuclei in a
region free of contamination from 1/Q2 power corrections.

Figure 7.5: PDF relative uncertainties after inclusion of NC and CC e+(p, d) data normalized
to the electron-data-only case.

Parity-violating DIS

The parity-violating asymmetry with (longitudinally) polarized leptons and un-
polarized hadrons, Ae

PV = ALU = (σ↑ − σ↓)/(σ↑ + σ↓), is a unique observable
accessible at the EIC, where the dominant proton structure function is given by a
unique flavor combination, FγZ,p

1 ∼ 1
9(u + ū + d + d̄ + s + s̄ + c + c̄). Figure 7.6

displays the impact of this observable including both proton and deuteron beams
with integrated luminosities of 100 fb−1 and 10 fb−1, respectively, at the energies√

s = 29, 45, 63 and 141 GeV for proton and
√

s = 29, 66 and 89 GeV for deuteron.
The results show a strong impact on the strange-quark distribution x(s + s̄), par-
ticularly at low values of x. We note that the inclusion of the EIC data guarantees
smaller uncertainties for the observable but not necessarily for all PDF flavors at
all values of x.

Tagged DIS

Tagged DIS (TDIS) data offer a way to probe the structure of a barely off-shell neu-
tron via semi-inclusive tagging of a slow spectator proton in e + d → e′ + p + X
events. When these measurements are analyzed through the recently developed
on-shell extrapolation technique, they provide one with an effective, free neutron
DIS cross section [68, 69]. Figure 7.7 shows the improvement in the PDF relative
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Figure 7.6: Left: Ae
PV uncorrelated statistical and systematic percent errors for proton and

deuteron beams as a function of x. Note that there are multiple values of Q2 for each value
of x. Right: Ratio of uncertainties on the PDFs as functions of x, including EIC data on the
parity-violating DIS asymmetry Ae

PV to those without EIC data, at Q2 = 10 GeV2.

Figure 7.7: Impact of TDIS data on PDF determination within the CJ global fitting frame-
work [65]. The vertical axis displays the ratio of relative PDF errors obtained with the TDIS-
augmented EIC data set to those obtained with the baseline e−p EIC data.

uncertainty when using the EIC electron DIS data augmented with TDIS data [70].
The addition of this data improves in general the determination of all flavors over
the whole x-range, in particular the d/u ratio at large x. Generally, measurements
at a collider will complement fixed-target tagging experiments planned at JLab in
two ways. First, they will extend the kinematic reach to higher Q2, where power
corrections to the leading-twist factorized cross section are minimized. Second,
they will provide a much cleaner way to detect the spectator nucleon, which prop-
agates close to the beam direction and is naturally separated from the inelastic
final state. In particular, this will make it much easier to tag a spectator neutron,
and benchmark the on-shell extrapolation technique for a bound proton structure
function against the already well-constrained free proton case. Within a global
analysis framework the combination of inclusive deuteron data and “free” tagged
neutrons will also provide one with new opportunities for understanding the dy-
namics of nuclear binding and Fermi motion, as well as measuring the nucleon
off-shell quark and gluon structure [65, 71, 72]. Furthermore, the effective free-
neutron data will allow for the first time to measure the d/(p + n) ratio with data
from the same machine, following the pioneering BONUS measurement [73]. This
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will eventually lead to a better understanding of the EMC effect [74] starting from
its very first manifestation in the nuclear modification of a bound proton-neutron
system compared to a free one.

Sea quark PDFs via SIDIS measurements

As fragmentation functions provide additional access to the flavor of the fragment-
ing parton via their dependence on fractional energy z and the type of detected
hadron, they are an excellent tool to gain further information on the PDF flavor
structure of the nucleon. While inclusive cross section measurements only pro-
vide limited access to the parton flavor via isospin symmetry and the different
weights between neutral and charged current interactions, the semi-inclusive DIS
(SIDIS) cross sections add sensitivity via the fragmentation functions Dq,h

1 (z, Q2)
(in the case of unpolarized, single-hadron fragmentation). A detailed description
of fragmentation functions and the prospects for constraining them at the EIC can
be found in Sec. 7.4.1. Here it should be stressed that the valence parton content of
the detected hadron relates to the fragmenting parton flavor, particularly at high z.
Kaons have a higher sensitivity to strange-quark fragmentation than pions, while
negative pions have a higher sensitivity to down-quark fragmentation compared
to positive pions. In this way the combination of measurements of SIDIS cross
sections for charged pions, kaons (and other hadrons) essentially allows one to
disentangle the different valence, sea and gluon unpolarized PDFs.

A recent study of the expected impact on the unpolarized (sea) quark PDFs using
simulated EIC pseudodata can be found in Ref. [75]. In this work PYTHIA-6 [76]
MC simulations were performed at the center-of-mass energies

√
s = 140 GeV and√

s = 45 GeV and were extrapolated to 10 fb−1 of integrated luminosity. The typi-
cal DIS selection criteria (Q2 > 1 GeV2, 0.01 < y < 0.95 and W2 > 10 GeV2) were
augmented by selecting charged pions and kaons that would end up in a main
EIC detector, with momenta for which particle identification may be available. Us-
ing a reweighting technique [77, 78] the impact was evaluated simultaneously for
unpolarized PDFs and fragmentation functions. The effect on unpolarized (sea)
quark PDFs can be seen in Fig. 7.8. While the impact on up, down, anti-up and
anti-down quark PDFs is moderate, as they are already very well determined, the
far less well-known strange PDFs will be constrained substantially, particularly at
lower x. In addition, the presently heavily-debated strange to light sea-quark ratio
will be determined well at lower x.

Nonperturbative charm

The question of a possible nonperturbative charm component in the nucleon wave
function [80] has long challenged the field of hadronic physics. While numerous
model calculations have been undertaken over the years, in addition to a signif-
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Figure 7.8: Expected impact on the unpolarized (sea) quark PDFs when adding SIDIS infor-
mation from pions and kaons in ep collisions. The baseline NNPDFs were take from Ref. [79].

icant number of QCD global analyses, a definitive signal has long been elusive,
with most analyses [81, 82] generally placing upper limits on the total nonpertur-
bative charm momentum, 〈x〉c+c̄, at the scale Q = mc. The EMC charm structure
function measurements of 1983 [83] have been suggested as offering evidence for
nonperturbative charm, but have been challenging to accommodate in a global fit.
The kinematic region over which nonperturbative charm is expected to be visible
in typical model calculations is high x and low-to-moderate Q2. In Fig. 7.9, the
size of the resulting effect in the charm structure function is plotted in a typical
model calculation [84] for two scenarios: highly suppressed [〈x〉c+c̄ = 0.1%] and
intermediate [〈x〉c+c̄ = 0.35%]. Precision DIS data in this region, x & 0.3 and
〈Q2〉 ∼ 20 GeV2, would permit the direct measurement of the charm structure
function and help resolve the proton charm content. As discussed in Ref. [82],
the nonperturbative charm contribution may be interpreted as involving twist-
4 four-gluon correlator functions. Measurements of nonperturbative charm may
therefore constrain twist-4 gluon correlators in the same way that extrinsic charm
is used to constrain the twist-2 gluon PDF. A recent analysis carried out by the
NNPDF Collaboration [85] has demonstrated how measurements of Fcc̄

2 at large
x have great potential to unravel intrinsic charm and that the constraints of the
EIC on a nonperturbative charm component would complement those provided
at the LHC, e.g., via weak boson production in the forward region. In addition,
the charm-tagging abilities discussed briefly below and in greater detail in Sec.
8.3 will likely enhance the EIC’s ability to disentangle a possible nonperturbative
charm contribution to the structure of the nucleon.
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Charm jets

In addition to the moderate sensitivity to Rs from inclusive EIC measurements,
data involving final-state tagging of a produced charm quark may also help dis-
criminate among scenarios for the strange sea, as demonstrated in a recent analy-
sis [86]. In Fig. 7.10, we illustrate the event-level variation in CC DIS production of
charm jets for

√
s = 140 GeV at the EIC, and find strong dependence on the input

scenario for Rs [Rs = 0.325 vs. Rs = 0.863, as obtained using extreme PDF sets in
CT18(Z) NNLO]. This strong dependence suggests that charm-jet production may
be a sensitive channel to constrain nucleon strangeness and disentangle patterns
of SU(3) symmetry breaking in the light-quark sea.

7.1.2 Spin structure of the proton and neutron

Inclusive ALL

In studying the spin structure of the nucleon, the double spin asymmetry ALL
has provided the bulk of the constraints on the spin-dependent collinear PDFs.
In contrast to the unpolarized case, however, the existing ALL data have a much
more limited kinematic coverage (x & 0.01). As the world’s first polarized lepton-
hadron (and lepton-nucleus) collider, the EIC will explore uncharted territory in
spin physics. In addition to the sensitivity to the quark sector, the wide Q2-
coverage of the EIC will probe scaling violations in the g1 structure function, of-
fering significant constraints on the gluon helicity PDF. This is demonstrated by
the correlation maps ρ [ fi,O] = (〈O · fi〉 − 〈O〉 〈 fi〉)/∆O∆ fi and sensitivity maps
S [ fi,O] = (〈O · fi〉 − 〈O〉 〈 fi〉)/δO∆ fi across kinematics between a given partonic
structure and a physical observable O shown in Fig. 7.11 [87]. In these metrics,
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Figure 7.10: Comparison of charm-jet yields in electron-proton CC DIS under two scenarios
for the behavior of nucleon strangeness and the light-quark sea: Rs = 2s/(u + d) = 0.325
(“Rs-Low,” CT18 NNLO with suppressed strangeness) and Rs = 0.863 (“Rs-High,” CT18Z
NNLO with enhanced strangeness). An intermediate scenario, based on CT18A NNLO, is
also shown. The gray band indicates the expected statistical error on the reconstructed and
tagged charm jet pT (left) or Bjorken x (right) spectrum for 100 fb−1 of data as simulated in
Ref. [86]. The points indicate the relative difference in expected yields between the enhanced
and suppressed strangeness cases, 1 + (N0.863 − N0.325)/N0.325. The relative magnitude of
the blue points compared to the statistical uncertainty suggests that charm-jet measurements
in CC DIS have strong sensitivity to the nucleon’s unpolarized strange PDF. While this cal-
culation is from ep, similar discrimination power is expected for nuclear scattering as well.

∆ represent the uncertainties stemming from PDF uncertainties, while δO is the
simulated observable uncertainty.

The EIC impact on the helicity distributions is illustrated in Fig. 7.12 where the√
s = 45 GeV pseudodata is included as part of a new global fit with an extended

flexibility for the helicity PDFs parametrization. This extended version of the NLO
DSSV14 baseline is then reweighted with the inclusion of the

√
s = 140 GeV data.

As indicated in the figure, the uncertainty on the gluon helicity is significantly
reduced relative to the DSSV14 [87,88] baseline after the inclusion of the projected
EIC pseudodata at L = 10 fb−1.

One of the challenges in reliably assessing the impact of the inclusive ALL mea-
surements at the EIC is the fact that the predictions for the rates are based on ex-
trapolation from existing measurements that only extend down to x ∼ 0.01. A
study exploring the uncertainty on the helicity distributions associated with the
extrapolation of ALL for the EIC pseudodata is shown in Fig. 7.13. The analysis
is carried out within the JAM global QCD analysis framework at NLO in pQCD,
including all existing data on ALL and inclusive jet production from polarized pp
scattering at RHIC [89], along with ALL from EIC proton pseudodata simulated
with L = 100 fb−1, 2.3% normalization uncertainty, and 2% point-by-point uncor-
related systematic uncertainties. The JAM analysis incorporates the projected EIC
data along with the existing data using the full MC fitting framework. To explore
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Figure 7.11: Correlation (upper panel) and sensitivity (lower panel) coefficients between the
gluon helicity distribution ∆g(x, Q2) and the (photon-nucleon) double-spin asymmetry A1,
as well as between the quark-singlet distribution ∆Σ(x, Q2) and A1, as a function of {x, Q2}.
The lighter blue and darker blue circles represent the values of the correlation (sensitivity)
coefficient for

√
s = 45 GeV and 140 GeV, respectively. In all the cases the size of the circles

is proportional to the value of the correlation (sensitivity) coefficient.
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Figure 7.12: Impact of the projected EIC ALL pseudoda on the gluon helicity (left panel)
and quark singlet helicity (right panel) distributions as a function of x for Q2 = 10 GeV2.
In addition to the DSSV14 estimate (light-blue), the uncertainty bands resulting from the fit
including the

√
s = 45 GeV DIS pseudodata (blue) and, subsequently, the reweighting with√

s = 140 GeV pseudodata (dark blue), are also shown.

the impact of the extrapolation region, three sets of pseudodata were generated by
shifting the unmeasured region at low x with ±1σ confidence level, using existing
helicity PDF uncertainties as well as the central predictions.

In Fig. 7.13 the uncertainty bands for gp
1 before and after the three scenarios (±1σ

confidence level and central) at the EIC are shown, along with the ratios δEIC/δ
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Figure 7.13: Left: Impact of projected Ap
LL data at EIC kinematics on gp

1 , relative to the JAM
global QCD analysis [89, 90] (yellow band), taking +1σ (“high g1”, red band), −1σ (“low
g1”, green band) and central (“mid g1”, blue band) uncertainties of Ap

LL. Right: Uncertainty
on the gluon (∆Gtrunc) and quark-singlet (∆Σtrunc) truncated moments from xmin = 10−4 to
1 with EIC data (δEIC) normalized to the baseline PDFs uncertainties (δ) [89,90], covering the
“low”, “mid” and “high” scenarios, for the case of no SU(3) symmetry (red lines) and with
SU(3) symmetry (blue lines).

of uncertainties on the truncated moments of the quark-singlet and gluon PDFs,
∆Σtrunc and ∆Gtrunc, integrated between xmin = 10−4 and 1, with EIC data to the
baseline JAM results with existing data. The results show that, if one assumes
SU(3) symmetry for the axial vector charges, the uncertainty on ∆Gtrunc can im-
prove by 80− 90%, depending on the behavior of the low-x extrapolation of gp

1 ,
with an ∼ 80% reduction in the uncertainty on ∆Σtrunc. The reduction is more
modest, however, if one does not impose SU(3) symmetry, in which case the gluon
moment uncertainty decreases by ∼ 60%, but no clear reduction in the quark sin-
glet uncertainty is apparent from proton EIC data alone.

Helicity and small-x dipole formalism

A prediction for the g1 structure function based on the novel small-x evolution
equations derived by Kovchegov, Pitonyak and Sievert (KPS) in Refs. [92–95] is
shown in Fig. 7.14. The KPS equations evolve the polarized color-dipole scatter-
ing amplitude toward small values of x. At the leading order employed here, the
KPS equations resum powers of αs ln2(1/x), generating pQCD predictions for the
small-x behavior of helicity PDFs and for the g1 structure function. The curve in
Fig. 7.14 is obtained by using the large-Nc LO KPS equations (along with their ini-
tial conditions) in the JAM framework [90,96] to fit the existing world DIS data on
A1 and ALL for x < 0.1 and extrapolate the resulting g1 structure function to lower
values of x using the same KPS evolution. The plot was constructed in Ref. [91]
for fixed αs = 0.3. Clearly the EIC data will significantly shrink the uncertainty
of this prediction from the light red error band in Fig. 7.14 to the solid red (very
thin) one, allowing for a much better constraint on the proton spin coming from
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Figure 7.14: Plot of the g1(x) structure function obtained in Ref. [91] using the small-x helic-
ity evolution formalism of Refs. [92–95].

the small-x quarks and moving the community closer to the resolution of the pro-
ton spin puzzle. We stress that the g1 extrapolation in Figs. 7.13 and 7.14 are based
on two different pQCD formalisms which give different uncertainty bands in the
extrapolation region.

Neutron spin structure from inclusive and tagged DIS with polarized 3He and 2H

Nucleon spin structure studies require measurements of polarized DIS on the neu-
tron as well as the proton [32,97,98]. Neutron and proton data together are needed
to determine the flavor composition of the u- and d-quark helicity distributions
in the valence quark region x & 0.3 (for sensitivity to strange-quark polarization
additional observables are required), to separate singlet and nonsinglet structures
in QCD evolution and the extraction of gluon polarization (gp

1 − gn
1 and gp

1 + gn
1

are generally of the same order at x & 10−3), and to evaluate the Bjorken sum
rule. The extraction of neutron spin structure from DIS on polarized light nuclei
must account for nuclear effects (neutron polarization, Fermi motion, dynamical
modifications), which cause significant uncertainties and have been investigated
theoretically [99–107]. The dynamical modifications of nucleon spin structure are
themselves an object of study and provide insight into the emergence of nuclear
interactions from QCD — see Sec. 7.3.8.

At the EIC, the neutron spin structure will be measured using DIS on polarized
3He, and possibly polarized deuteron 2H ≡ d. Measurements will be performed
using both inclusive DIS (cross sections, spin asymmetries) and DIS with partial
or full detection of the nuclear breakup state (spectator tagging). Each of these
methods brings unique advantages and challenges to neutron structure extraction.
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Their combination offers the prospect of substantial advances in the understanding
of nuclear effects and the precision of neutron structure extraction, making the the-
oretical uncertainties commensurate with the projected experimental uncertainties
of spin structure measurements at EIC.

The impact of data on polarized protons and neutrons, obtained from either
deuteron or 3He polarization asymmetries, on the quark singlet and gluon trun-
cated moments, ∆Σtrunc and ∆Gtrunc, is illustrated in Fig. 7.15 for the ratio δEIC/δ
of uncertainties with and without EIC data. The 3He and deuteron EIC pseudodata
are simulated with L = 10 fb−1, 2.3% normalization uncertainty, and 2% point-by-
point uncorrelated systematic uncertainty. The impact of the EIC p + d or p + 3He
data is estimated by shifting the asymmetries in the unmeasured region at low x
by ±1σ confidence level using existing helicity PDF errors. Like for the proton
data impact in Fig. 7.13, the reduction of the uncertainties on the truncated mo-
ments depends strongly on the assumptions made about SU(3) symmetry for the
axial charges, especially for the quark singlet ∆Σ. The gluon moment uncertainty
reduction is relatively large, ∼ 60− 90%, depending on the scenario, while the im-
pact on the quark-singlet moment can range from ∼ 20% to ∼ 90%. The strongest
effect coincides with the most stringent constraints, such as removing solutions
from the Monte Carlo samples that have positive strangeness. For the least restric-
tive scenario, with no SU(3) assumptions, again there is no clear indication of a
large impact, even when d or 3He data are included, with generally similar behav-
ior observed for both cases. Deuteron and 3He data do not have significant impact
in the uncertainty of the gluon truncated moment compared to proton data only,
and additional observables, such as those from parity-violating DIS discussed be-
low, will be needed to resolve the flavor decomposition of the quark helicity.

While the inclusive polarized DIS on 3He is the standard channel for neutron spin
structure measurements at the EIC, their analysis relies on the effective neutron
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Figure 7.15: Ratio of uncertainties δEIC/δ of the truncated quark-singlet and gluon moments
with and without EIC data, for proton + deuteron (left), and proton + 3He (right), using
the “high”, “low” and “mid” extrapolations for g1 in the unmeasured region. The scenario
without SU(3) symmetry (red lines) is compared with those with SU(3) imposed (blue lines)
and in addition restricting solutions to the ones with negative strangeness (green lines).
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Figure 7.16: Simulated EIC measurements of the longitudinal double-spin asymmetry A‖ in
polarized deuteron DIS with proton tagging e + d → e′ + X + p. The asymmetry is shown
as a function of the neutron virtuality t − M2

N , which is kinematically fixed by the tagged
proton momentum (light-cone momenta αp and ppT). In the limit t − M2

N → 0 (on-shell
extrapolation) the tagged spin asymmetry coincides with the free neutron spin asymmetry
A‖n [108, 109]. The uncertainties shown are statistical (Lint = 20 fb−1, PePd = 0.5).

polarizations inferred from non-relativistic nuclear structure [101,110]. Significant
nuclear modifications arise from the presence of ∆ isobars in the 3He nucleus at x &
0.1 [105, 106], and from spin-dependent nuclear antishadowing and shadowing at
x . 0.1. The theoretical uncertainty resulting from these effects is expected to be
the dominant uncertainty and should be reduced by further theoretical studies.
DIS on 3He with spectator proton/neutron tagging has been explored and appears
feasible with the EIC forward detectors (see Sec. 7.3.8). The theoretical analysis of
these measurements requires the modeling of nuclear final-state interactions, for
which corresponding methods have been developed [69, 111–114].

DIS on the polarized deuteron complements the measurements on 3He and of-
fers several advantages [108, 109, 115]. In the deuteron ∆ isobars and other non-
nucleonic degrees of freedom are suppressed in average nuclear configurations
(nucleon momenta . 300 MeV), so that the extraction of neutron spin structure
from inclusive DIS is generally simpler and more accurate than for 3He [116].

In tagged DIS on the deuteron, the measured spectator momentum fixes the nu-
clear configuration and permits a differential treatment of nuclear effects, signifi-
cantly improving the theoretical accuracy. The tagged proton momentum controls
the strength of S and D waves in the deuteron wave function and thus the effec-
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using the existing data and future EIC measurements. The horizontal axis shows the differ-
ence between 1

2 and the contribution from the spin of quarks and gluons for a momentum
fraction down to x = 0.001, which would be the room left for OAM if the spin contribution
from partons with smaller momentum fractions was negligible. The vertical axis presents
the spin contribution from partons with momentum fractions between 10−6 and 10−3. The
ellipses correspond to the 1σ correlated uncertainty for the DSSV14 data set (light blue), the
fit including EIC

√
s = 45 GeV pseudodata (blue), and the reweighting with

√
s = 140 GeV

pseudodata.

tive neutron polarization in DIS [108, 109]. On-shell extrapolation in the proton
momentum eliminates nuclear modifications and final-state interactions and per-
mits the extraction of the free neutron structure functions [68]. Simulations show
that an accurate determination of the neutron double-spin asymmetry A‖n is feasi-
ble using polarized tagged DIS with on-shell extrapolation (see Fig. 7.16). Further
applications of tagged measurements are discussed in Sec. 7.3.8.

Orbital angular momentum contribution to nucleon spin

The improved constraints on the spin of quarks and gluons allow for exploring the
contribution to the proton spin due to the orbital angular momentum (OAM) of
the partons. Figure 7.17 presents the potential of the EIC to constrain this contri-
bution, which is identified with the difference between the quark and gluon spin
contribution and the proton spin 1

2 . The horizontal axis shows the difference be-



70 7.1. GLOBAL PROPERTIES AND PARTON STRUCTURE OF HADRONS

tween 1
2 and the contribution from the quark and gluon spins for a momentum

fraction down to x = 0.001. The remaining contributions would be the room left
for the parton OAM if the parton spin contribution with smaller momentum frac-
tions is very small or even zero. But as the latter could actually be non-negligible,
and is currently very uncertain, we represent on the vertical axis its potential con-
tribution to the proton spin. The colored areas show the correlated 1σ constraints
on these values coming from present data, and those that one would expect from
the projected EIC measurements. The diagonal lines represent the combinations
of low-x and high-x contributions for which the resulting OAM would be as large
as the proton spin and parallel to it, vanishing, or exactly opposite. The EIC data
would be able to discard at least one of these extreme scenarios, and perhaps two
of them.

The quark contribution of OAM to the nucleon spin can further be isolated via the
extraction of generalized parton distributions (GPDs). These are functions which
relate the longitudinal momentum fraction of a parton (x) to its position in the
transverse plane (impact parameter) [117]. As such, they are connected to the
OAM of partons, which is expressed in Ji’s relation [21] connecting the total an-
gular momentum of quarks to the second Mellin moment of two GPDs, H and
E,

Jq =
1
2
− Jg =

1
2

∫ 1

−1
x dx{Hq(x, ξ = 0, t = 0) + Eq(x, ξ = 0, t = 0)}, (7.2)

where a similar relation holds for gluons. GPDs, which are discussed in more
detail in Sec 7.2.2, are experimentally accessible in exclusive processes at low four-
momentum square transfer to the nucleon, |t|, and high four-momentum square
transfer to the struck parton, Q2. This typically results in the production of a high-
energy photon (in deeply-virtual Compton scattering, DVCS) or meson (in hard
exclusive meson production), although other processes are possible — kinematic
studies of these are presented in Sec. 8.4. The variable ξ encodes half of the parton’s
longitudinal momentum-fraction change, as a result of the scattering. Ji’s spin de-
composition allows one to identify the OAM contribution of quarks by subtracting
the known contribution of the quark spin, 1

2 ∆Σ, from Jq. Whether the OAM of glu-
ons can be defined through Jg − ∆G is sometimes controversially discussed. A
comprehensive presentation of the spin decompsition of Ji and the one of Jaffe-
Manohar can be found in Ref. [118].

The range of x accessible at the EIC, combined with its high luminosity, will enable
the GPDs H and E to be dramatically constrained — an impact study for the GPD
E can be seen in Sec. 7.2.2. While H is fairly well-known in the valence region,
determined mainly from the fixed-target experiments at JLab, E is almost entirely
unknown. Both GPDs are virtually unmapped in the low-x region accessible at
the EIC. Different observables have different sensitivity to the GPDs, and mea-
surements from multiple processes are needed for their flavour separation. Thus
DVCS on the proton and neutron will allow for the extraction of the GPDs for u-
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and d-quarks, which can also be obtained via the hard exclusive production of dif-
ferent mesons. Meson production is sensitive, at leading-twist and order, to gluon
GPDs. The program of exclusive measurements at the EIC will enable, for the first
time, OAM contributions from different quark flavors as well as the total contri-
bution of gluons to the nucleon spin to be determined, providing crucial insights
into what has been long known as the “proton spin puzzle”.

Parity-violating DIS

Parity-violating DIS asymmetries with unpolarized electrons and polarized
hadron beams can in principle provide additional constraints on the spin-
dependent PDFs due to its unique flavor sub-processes. In Fig. 7.18 we present
the impact of Ahad

PV at the EIC on the truncated moments of ∆Σ and ∆g, assuming
a proton beam with 100 fb−1 integrated luminosity and uncorrelated systematic
uncertainties from the pion background. We find that the results depend upon the
uncertainties of the triplet and octet axial charges, gA and a8. With values taken
from the JAM17 [90] analysis, we see an impact of ∼ 30% for the quark singlet
for low xmin, which is significantly diminished, however, if one uses values from
hyperon decays under SU(3) symmetry. Similarly, we see a diminished impact on
the gluon moment, especially at low xmin. This observable is limited by large sta-
tistical uncertainties, and thus higher luminosities would lead to a larger impact.
We note that the inclusion of the EIC data guarantees smaller uncertainties for the
observable but not necessarily for all PDF flavors at all values of x.
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Figure 7.18: Ratio of uncertainties on the truncated moments of the quark singlet (left) and
gluon (right) PDFs as functions of xmin, including EIC data on the parity-violating DIS asym-
metry Ahad

PV to those without EIC data, at Q2 = 10 GeV2. Results with values of gA and a8
taken from JAM17 [90] (red) are compared with those using values taken from hyperon de-
cays and SU(3) (green).
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Figure 7.19: Impact of SIDIS measurements at the EIC on the sea quark helicities x∆ū, x∆d̄
and x∆s as a function of x at Q2 = 10 GeV2.

Sea quark helicities via SIDIS

The sensitivity on the struck parton that fragmentation functions provide can be
used to leverage the understanding of the helicity structure of the nucleon — see
also Sec. 7.4.1 concerning the fragmentation functions themselves. In particular,
the access to the sea quark helicities can be substantially improved over inclusive
DIS measurements via SIDIS measurements that detect pions and kaons in addi-
tion to the scattered lepton. Detailed impact studies that use PEPSI as polarized
MC generator and follow the previous DSSV [88, 119, 120] extractions have been
performed on the expected EIC measurements using various collision energies and
polarized proton as well as 3He beams [87]. As can be seen in Fig. 7.19, the reduc-
tion in the uncertainties of all three sea quark helicities (∆ū, ∆d̄, ∆s) in comparison
to the current level of understanding is substantial. Similar to the gluon polariza-
tion, the highest impact at low x relates to the data at the highest collision energies
while intermediate to higher x receive the biggest improvements already from the
lower collision energies. One of the most important points that can be answered
with the sea quark helicities are their contributions to the spin sum rule. In particu-
lar, the strange sea polarization is in current fits forced to negative values at lower x
due to the hyperon beta-decay constants and the assumption of SU(3)-flavor sym-
metry in conjunction with no indication of a negative polarization in the x-range
covered in the currently existing data [121, 122]. The EIC SIDIS data will conclu-
sively answer whether there is a nonzero strange polarization at x > 0.5× 10−5.
Further studies using similar pseudodata together with a re-weighting technique
on the NNPDFpol [123, 124] replicas come to similar conclusions about the im-
provements to the sea quark helicities [125].
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Figure 7.20: Dijet ALL as a function of dijet invariant mass for the combined QCD-Compton
and PGF subprocesses using the DSSV14 and NNPDF1.1 polarized PDFs for Q2 intervals of
1-10 GeV2 (left) and 100-500 GeV2 (right). Note that projected statistical uncertainties for the
DSSV14 points are not shown for clarity, but are nearly identical to those from NNPDF1.1.
(Figure from Ref. [126].)

∆G from dijet ALL

As mentioned elsewhere in this section, the golden channel for the determination
of ∆G at the EIC will be the Q2-variation of the inclusive g1 structure function [6].
However, higher-order processes such as photon-gluon fusion (PGF) will provide
direct access to the gluon and serve as an important cross-check to the inclusive
result. A signature of the PGF process is the production of back-to-back partons
with large momentum transverse to the virtual quark-parton axis. Therefore, de-
tecting dijets in the Breit frame can be used to tag PGF events. A feasibility study
was recently conducted [126] which confirmed the viability of dijet reconstruction
as a tag of PGF events, and also demonstrated the ability to use the dijet kinemat-
ics to reconstruct a number of relevant partonic quantities, such as the momentum
fraction of the struck gluon. An estimation of the size of the expected dijet lon-
gitudinal double-spin asymmetry ALL, which is sensitive to ∆G, and associated
statistical uncertainties was also performed following the procedure in Ref. [27]
and compared to the uncertainties on the NNPDFPol1.1 polarized PDF [123] as
shown in Fig. 7.20. While the expected statistical precision on ALL given a moder-
ate amount of integrated luminosity would improve on our present knowledge of
the polarized PDFs, it is likely that the inclusive g1 measurement would provide
superior constraining power. Nevertheless, the dijet ALL measurement will be im-
portant as a cross-check to the inclusive measurement as it arises from a different
subprocess and will have different experimental uncertainties.
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∆G from heavy-quark ALL

Heavy quarks are versatile probes for studying different aspects of QCD and nu-
cleon structure. An example of their potential impact on EIC physics can be found
in the measurement of the gluon polarization ∆g(x, Q2). The most precise insights
on ∆g(x, Q2) at the EIC will come indirectly from scaling violations of the inclu-
sive structure function g1(x, Q2). Heavy-quark production forms a considerable
contribution to the (polarized) cross section in lepton-nucleon DIS and hence to
the corresponding structure functions. Heavy quark production is dominated by
gluon-induced processes already at the Born level in pQCD. In the case of lepton-
nucleon DIS, only the photon-gluon fusion process contributes at Born level, which
makes heavy-quark production particularly sensitive to the gluon distributions.
The data on the charm contribution to the structure function F2(x, Q2) from HERA,
for example, are used in most global analyses of unpolarized PDFs. Corresponding
measurements of longitudinally polarized DIS at the EIC will provide insights on
∆g(x, Q2). The COMPASS collaboration at CERN has pioneered such a measure-
ment. To assess the potential and impact for the EIC, studies were performed of
the semi-inclusive DIS production of single D0 mesons and their subsequent decay
into the charged Kπ branch. These studies were based on PYTHIA-eRHIC and EIC
fast simulations of detector response extended with vertex fitting and including se-
lections based on topological reconstruction from the smeared (decay) tracks [127].
Figure 7.21 (left) shows the contribution gcc̄

1 (x, Q2) expressed as the asymmetry
ALL at Bjorken-x and Q2 of the measurements with the size of their statistical un-
certainties for the nominal EIC beam polarizations and an integrated luminosity
of 10 fb−1. The pQCD contributions to the inclusive heavy-quark production in
polarized DIS are known [128] at next-to-leading order. Impact studies on equal
footing with those of g1(x, Q2) are thus in principle possible in global analyses.
However, they are not available as this report is being written. Instead, the impact
of future EIC data was assessed in a leading-order approach following that of the
pioneering COMPASS determination [129]. This impact is illustrated in Fig. 7.21
(right), which shows the leading-order ALL = ∆g(x, Q2)/g(x, Q2) versus gluon-x
for an integrated luminosity of 100 fb−1 together with the prior COMPASS data
and ∆g(x, Q2)/g(x, Q2) based on the NNPDF (polarized) parton distributions.

7.1.3 Parton structure of mesons

Introduction

The EIC, with its high luminosity and wide kinematic range, offers an extraor-
dinary new opportunity to increase our knowledge of the pion and kaon struc-
ture [12]. The properties of pions and kaons provide clear windows onto emergent
hadronic mass (EHM) and its modulation by Higgs-boson interactions (see also
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Figure 7.21: Left: The longitudinal double-spin asymmetry ALL in semi-inclusive DIS pro-
duction of D0 mesons at x and Q2 of the measurements with the projected size of its statisti-
cal uncertainties. Right: Illustrated precision, kinematic coverage, and leading-order impact
compared with the prior data point by the COMPASS collaboration and theory evaluation
with their uncertainties as bands.

Sec. 7.1.4). For an expanded discussion of the material contained in this section,
we refer to [130].

To facilitate this discussion, we translate current theoretical understanding of the
light meson structure and the EHM (and structure) mechanisms into a set of crit-
ical science questions. They represent outstanding mysteries that require further
experimental (and theoretical) examination, and illustrate the impact of a coherent
study of pion and kaon structure yielding results similar to present studies of pro-
ton structure. In Tab. 7.1 we present the key science questions along with specific
measurements and their experimental needs required to advance our understand-
ing.

For all observables, a luminosity well above 1033cm−2 sec−1 is required to com-
pensate for the (few times) 10−3 fraction of the proton wave function related to the
pion (kaon) Sullivan process — see the diagram in Fig. 7.22. Also, a large range in
momentum fraction of the tagged nucleon xL = p+N′/p+N is required, up to xL ∼ 1
for the e+ p reactions and xL at least∼ 0.5 for the e+D reactions. In addition to the
π+ channels listed in Tab. 7.1, data on π−-channels (e.g. e + D → e′ + X + p + p)
and on π0-channels (e.g. e + p → e′ + X + p) are crucial to constrain reaction
mechanisms and theory backgrounds in extracting the physical pion (kaon) target
information.

Sullivan process

In specific kinematic regions, the observation of recoil nucleons (N) or hyperons
(Y) in the tagged inclusive reaction e + p → e′ + X + (N or Y) (see Fig. 7.22) can
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Table 7.1: Science questions related to pion and kaon structure and the understanding of the
EHM mechanism accessible at the EIC, with the key measurements and some key require-
ments listed. Further requirements are addressed in the text.

Science Question Key Measurement Key Requirements

What are the quark and gluon energy
contributions to the pion mass?

Pion structure function data over a range
of x and Q2 .

• Need to uniquely determine
e + p→ e′ + X + n (low −t)

• CM energy range ∼10-100 GeV
• Charged and neutral currents desirable

Is the pion full or empty of gluons as viewed at
large Q2?

Pion structure function data at large Q2 .
• CM energy ∼100 GeV
• Inclusive and open-charm detection

What are the quark and gluon energy
contributions to the kaon mass?

Kaon structure function data over a range
of x and Q2 .

• Need to uniquely determine
e + p→ e′ + X + Λ/Σ0 (low −t)

• CM energy range ∼10-100 GeV
Are there more or less gluons in kaons than in
pions as viewed at large Q2?

Kaon structure function data at large Q2 .
• CM energy ∼100 GeV
• Inclusive and open-charm detection

Can we get quantitative guidance on the
emergent pion mass mechanism?

Pion form factor data
for Q2 = 10-40 (GeV/c)2 .

• Need to uniquely determine exclusive process
e + p→ e′ + π+ + n (low −t)

• e + p and e + D at similar energies
• CM energy ∼10-75 GeV

What is the size and range of interference
between emergent-mass and the Higgs-mass
mechanism?

Kaon form factor data
for Q2 = 10-20 (GeV/c)2 .

• Need to uniquely determine exclusive process
e + p→ e′ + K + Λ (low −t)

• L/T separation at CM energy ∼10-20 GeV
• Λ/Σ0 ratios at CM energy ∼10-50 GeV

What is the difference between the impacts of
emergent- and Higgs-mass mechanisms on
light-quark behavior?

Behavior of (valence) up quarks in pion
and kaon at large x.

• CM energy ∼20 GeV (lowest CM energy to ac-
cess large-x region)
• Higher CM energy for range in Q2 desirable

What is the relationship between dynamically
chiral symmetry breaking and confinement?

Transverse-momentum dependent
Fragmentation Functions of quarks into
pions and kaons.

• Collider kinematics desirable (as compared to
fixed-target kinematics)
• CM energy range ∼20-140 GeV

More speculative observables

What is the trace anomaly contribution to the
pion mass?

Elastic J/Ψ production at low W off the
pion.

• Need to uniquely determine exclusive process
e + p→ e′ + J/Ψ + π+ + n (low −t)

• High luminosity (≥ 1034cm−2 sec−1)
• CM energy ∼70 GeV

Can we obtain tomographic snapshots of the
pion in the transverse plane? What is the
pressure distribution in a pion?

Measurement of DVCS off pion target as
defined with Sullivan process.

• Need to uniquely determine exclusive process
e + p→ e′ + γ + π+ + n (low −t)

• High luminosity (≥ 1034cm−2 sec−1)
• CM energy ∼10-100 GeV

Are transverse momentum distributions
universal in pions and protons?

Hadron multiplicities in SIDIS off a pion
target as defined with Sullivan process.

• Need to uniquely determine SIDIS off pion
e + p→ e′ + h + X + n (low −t)

• High luminosity (1034cm−2 sec−1)
• e + p and e + D at similar energies desirable
• CM energy ∼10-100 GeV

reveal features associated with correlated quark-antiquark pairs in the nucleon, re-
ferred to as the “meson cloud” or “five-quark component” of the nucleon. At low
values of−t (with t the four-momentum transfer squared from the initial proton to
the final nucleon or hyperon), the cross section displays behavior characteristic of
meson-pole dominance and is referred to as the Sullivan process [131]. For elastic
scattering, this process carries information on the meson (pion or kaon) form factor.
For DIS, the typical interpretation is that the nucleon PDFs contain a mesonic par-
ton content through scattering from a meson target. An important development
in establishing a formal link between the Sullivan process and QCD came with
the realization that the moments of PDFs could be expanded in chiral effective
field theory in terms of power series in the pion mass [132–134]. While the total
pion-cloud contribution contains short-distance contributions, which are model-
dependent and must be fitted to data, the infrared behavior is model-independent
and can only arise from a pionic component in QCD.
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Figure 7.22: Diagram for the Sullivan process used to probe the structure of the pion.

The Sullivan process can provide reliable access to a meson target in the space-like
t-region, if the pole associated with the ground-state meson remains the dominant
feature of the process and the structure of the related correlation evolves slowly
and smoothly with virtuality. To check whether these conditions are satisfied em-
pirically, one can take data covering a range in t, particularly low−t, and compare
with phenomenological and theoretical expectations. A recent calculation explored
the circumstances under which these conditions should be satisfied [135]. Accord-
ing to this study, for the pion (kaon) Sullivan process, low −t equates to −t < 0.6
(0.9) GeV2 to be able to extract the pion (kaon) structure. Substantial further theory
input is required to solidify these numbers and data over a range of−t down to the
lowest accessible values are needed to verify the pion (kaon) structure extraction.

Theoretical backgrounds in extracting the data

The extraction of the mesonic structure of the nucleon from the tagged DIS cross
section is inherently model-dependent. Therefore, it will be necessary to examine
all available reasonable models to evaluate the theoretical uncertainty associated
with extracting meson structure functions from the tagged DIS data. The mea-
sured cross section can be integrated over t to obtain the leading-baryon structure
function introduced as FLB(3)

2 in Ref. [136]. The pion structure function Fπ
2 can

then be extracted from FLB(3)
2 using models, such as the Regge model of baryon

production.

The extraction of the pion structure function will have to be corrected for a number
of effects beyond the simple Sullivan picture. These include non-pion-pole contri-
butions, ∆ and other N∗ resonances, absorptive effects, and uncertainties in the
pion flux. While these corrections can be large and one cannot extract the pion
structure function without including them, detailed calculations do exist [137]. (A
recent estimate of the absorptive effects was presented in Ref. [138].) Moreover,
these corrections are minimized by measuring at the lowest −t, and having fine
differential binning in −t. A quantitative assessment of the desired resolution and
binning in −t needs future study. We note that the simulations of Fig. 7.23 result
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in a bin size in −t of 0.1 GeV2. Having data from both protons and deuterons will
provide essential cross checks for the models used in the extraction of the pion
structure function, with different leading trajectories in the proton and neutron
case, or the isospin 0 or 1 exchange [137, 139, 140].

The measured tagged cross sections and extracted tagged structure functions can
be analyzed within a Regge framework, assuming the dominance of a single Regge
exchange. As pion exchange results in a different xL-dependence of the cross sec-
tion, it should be possible to determine the dominant exchange mechanism(s) by
comparing the xL-dependence from proton and neutron (deuteron) scattering. The
largest uncertainty in extracting the pion structure function will, however, likely
arise from the (lack of) knowledge of the pion flux in the framework of the pion
cloud model [141, 142]. If we assume that all corrections can be performed with a
50% uncertainty, and we assume a 20% uncertainty in the pion flux factor, the over-
all theoretical, systematic uncertainty could approach 25%. The superior approach
is to have a direct measurement of the pion flux factor by comparing to pionic
Drell-Yan data — see data from Refs. [143,144] and future COMPASS data. On the
other hand, we know that there must be a region at small −t and large xL where
the cross section should be dominated by soft pions and hence the dependence on
the pion flux is minimal. In the context of a global QCD analysis (see below), one
can fit the pion structure function at the same time as determining empirically the
boundaries of the region of−t and xL over which the pion exchange mechanism is
the dominant one [145, 146].

Kinematics of interest to address specific theory questions

The science questions of interest of Tab. 7.1 require a range of physics processes.
In general, a large range of center-of-mass energies is needed to access a wide
range in x and Q2, as relevant for pion (kaon) structure function measurements or
hadron-multiplicity measurements for a transverse-momentum dependent parton
distribution program. This has to be balanced against the requirement to uniquely
determine the remnant neutron (or Λ or Σ0) to ensure the scattering process occurs
off a pion (kaon). The latter favors not-too-high center-of-mass energies to be able
to determine the remnant Λ (or Σ0), both for missing-mass determination and to
ensure that their decays occur before detection. In addition, there is need for both
e + p and e + D measurements at similar center-of-mass energies to validate the
reaction mechanism. This drives the “typical” center-of-mass energies for pion
and kaon structure function measurements to a ∼ 10 − 100 GeV range. On the
other hand, to access the largest-x region, in order to address the valence quarks in
pions (or kaons), the lowest center-of-mass energy to reach a sufficiently high and
“clean” Q2 level has the highest Figure-Of-Merit folding in all kinematic effects.
Higher center-of-mass energies will increase the range in Q2.
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Meson structure function projections

Figure 7.23: The Monte Carlo projections of the pion structure function vs x (left) and −t
(right) for 10 GeV electrons on 135 GeV protons. The blue points are the Monte Carlo projec-
tions for Q2 values of 60, 120, 240, 480 GeV2. The projected data is binned in x and Q2 with
bin sizes of 0.001 and 10 GeV2, respectively. Each of these bins corresponds to one effective
t-value on the right panel. The blue shaded zones are the statistical uncertainties for an inte-
grated luminosity of 100 fb−1. The brown line in the left figure is a GRV fit for similar pion
structure function projections [147].

A C++ and ROOT-based custom Monte Carlo event generator [148] was used for
feasibility studies for pion and kaon structure function measurements. The gen-
erator calls various quantities such as CTEQ6 PDF tables, nucleon structure func-
tions, and the tagged pion and kaon structure functions and splitting functions.
The pion structure function can be parametrized in a multitude of ways. Here, the
parametrization outlined in Ref. [147] was used. This parametrization is a scaled
version of the proton structure function (Fπ

2 = 0.361 ∗ F2) which allowed an easy
comparison to the available data from the H1 Collaboration and to the Glück-Reya-
Vogt (GRV) theoretical fit (shown on the left in Fig. 7.23). The agreement with the
HERA data validates the simulations in that regime, and one can also see good
agreement with the GRV fit at higher x.

The left plot in Fig. 7.23 shows the reach in x for four Q2 bins. Statistical uncertain-
ties with the addition of the leading neutron detection fraction were incorporated
in the overall uncertainty using the integrated luminosity L = 100 fb−1. The x-
coverage is immediately apparent as the plot shows a reach from mid to high x.
The uncertainties are reasonable for mid to mid-high x but, as expected, increase
rapidly as x → 1. Even with these restrictions the x-coverage is unprecedented
and should allow for a detailed comparison between the pion and kaon structure.

As discussed above, theoretical calculations predict that the Sullivan process
should provide clean access to the meson structure below a certain value of
−t [135]. For the pion this is −t ≤ 0.6 GeV2. The right panel of Fig. 7.23 shows
the accessible range in −t at the EIC for 10 GeV electrons on 135 GeV protons
with reasonable uncertainties which would allow for an order-of-magnitude gain



80 7.1. GLOBAL PROPERTIES AND PARTON STRUCTURE OF HADRONS

0.01 0.1
0.0

0.1

0.2

0.3

0.4

0.5

x
f

(x
)

glue/10

sea

0.4 0.6 0.8
x

valence

JAM

+EIC

0.01 0.1
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Q2 = 10 GeV2

0.2 0.3 0.4
x

δEIC/δ

glue

sea

valence

val sea q g
0.05
0.1
0.15
0.2δ〈x〉EIC/δ〈x〉

Figure 7.24: Left: Comparison of uncertainties on the pion valence, sea quark and gluon
PDFs before (yellow bands) and after (red bands) inclusion of EIC data. Right: Ratio of
uncertainties of the PDFs with EIC data to PDFs without EIC data, δEIC/δ, for the valence
(green line), sea quark (blue) and gluon (red) PDFs, assuming 1.2% systematic uncertainty,
and (inset) the corresponding ratios of the momentum fraction uncertainties, δ〈x〉EIC/δ〈x〉,
for valence, sea, total quark and gluon PDFs [149], at the scale Q2 = 10 GeV2. Fits were
obtained using a Monte Carlo procedure, using DGLAP at NLL with VFNS, NLL αs and
both Drell-Yan and F2 for leading neutrons at NLO.

in statistics compared to HERA. The resulting access to a significant range in Q2

and −t, including small −t, as well as significant x-coverage, will provide insights
into the gluonic content of the pion.

Impact on global QCD analysis

The potential impact of EIC neutron production data is illustrated in Fig. 7.24,
which shows the valence, sea quark and gluon PDFs in the pion from the JAM
global QCD analysis at the input scale Q2 = 10 GeV2 [146], with current uncer-
tainties compared with those expected with the addition of EIC data [149]. At
the moment this is the only impact study of its kind. The analysis of the exist-
ing data includes pion-nucleus Drell-Yan cross sections, both pT-differential and
pT-integrated, and the leading-neutron structure functions from HERA [150], both
treated at NLO. The analysis assumes the center-of-mass energy

√
s = 73.5 GeV,

the integrated luminosity L = 100 fb−1 and a 1.2% systematic uncertainty across
all kinematics. This does not include an uncertainty coming from the model de-
pendence of the extraction (see above). For both the sea quark and gluon distribu-
tions, the PDF uncertainties are reduced by a factor ∼ 5− 10 for most of the range
of x, with a (similar) factor ∼ 5 reduction in the valence sector. For the decom-
position of the pion mass [151], written in terms of matrix elements of the QCD
energy momentum tensor (see Sec. 7.1.4), the first moments, 〈x〉q,g, are relevant.
For these quantities, the reduction in uncertainties is by a factor ∼ 10 for both the
total quark and gluon contributions, as can be seen in the inset of Fig. 7.24 (right).
Note, however, that the errors do not include the aforementioned uncertainties as-
sociated with the model dependence of the pion flux, which may be of the order
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10− 20% [147, 152], and could reduce the impact of the projected data on the un-
certainties of the pion PDFs by several-fold. A similar analysis may be performed
for the PDFs in the kaon, which can be obtained from leading-hyperon production
in the forward region. In this case, the near-absence of empirical information on
the parton structure of kaons will mean an even more striking impact of new EIC
data.

Complementarity with other facilities

The unique role of the EIC is its access to pion and kaon structure over a versatile
large center-of-mass energy range, ∼ 29− 141 GeV. JLab will provide tantalizing
data for the pion form factor up to Q2 ∼ 10 GeV2 (Q2 ∼ 5 GeV2 for the kaon form
factor), and measurements of the pion (kaon) structure functions at large x (> 0.5)
through the Sullivan process.

COMPASS++/AMBER [153] will play a crucial role as they can uniquely pro-
vide pion (kaon) Drell-Yan measurements in the center-of-mass energy region
∼ 10 − 20 GeV. The phase 1 with pion Drell-Yan is planned in 2022 and later,
phase 2 with kaon Drell-Yan no earlier than 2026. Some older pion and kaon
Drell-Yan measurements exist, but for the kaon this is limited to less than 10 data
points worldwide, so these measurements are absolutely important for a global
effort of the pion structure function measurements (allowing a handle on the pion
flux) and a sine qua non for any kaon structure function data map. The COM-
PASS++/AMBER data in themselves will already give new fundamental insights
in the EHM mechanism.

Lastly, an electron-ion collider in China (EicC) is under consideration with a sim-
ilar center-of-mass energy range as COMPASS++/AMBER of ∼ 10− 20 GeV and
bridging the energy range from JLab to EIC [154]. The EicC on its own, and even
more in combination with COMPASS++/AMBER, can provide good access to the
region of x & 0.01 for pion, and especially kaon, structure function determination
and the impact on EHM mechanisms on the valence quark and gluon structure.
In addition, the EicC can extend the Rosenbluth L/T-separated cross section tech-
nique beyond JLab and access pion and kaon form factors to higher Q2 values,
roughly by a factor of 2-4.

In the end the EIC, with its larger center-of-mass energy range, will have the final
word on the contributions of gluons in pions and kaons as compared to protons,
settle how many gluons persist in pions and kaons as viewed with highest resolu-
tion, and vastly extend the range in x and Q2 of pion and kaon charts, and meson
structure knowledge.
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Figure 7.25: Left: Pion valence-quark momentum distribution xuπ(x; µ = 5.2 GeV) from
modern CSM calculation [155] (solid blue curve), early CSM analysis [156] (long-dashed
black curve), and lattice QCD [157] (dash-dotted grey curve). The purple points are from a
LO pQCD analysis of the data of Ref. [143], rescaled according to the analysis in Ref. [158].
Right: Ratio uK(x; µ)/uπ(x; µ) from CSM calculation [155] (solid blue curve), and lattice
QCD [159] (dash-dotted grey curve within grey band). The data (orange) are from event
distribution ratios of Ref. [160].

Synergy with theory efforts

Pion and kaon structure functions extracted from EIC data will be confronted
with calculations from continuum Schwinger methods (CSM) and lattice QCD.
The CSM computation of Ref. [155] for the pion valence-quark PDF is depicted in
the left panel of Fig. 7.25. It agrees with the predicted large-x behaviour [161–165]
and, moreover, its pointwise form matches that determined in Ref. [158], which
included the next-to-leading-logarithm resummation using the “cosine method”
— see Ref. [166] for more details. Furthermore, Ref. [155] provides parameter-free
predictions for pion glue and sea PDFs, in addition to all kaon PDFs. Significantly,
lattice QCD is now beginning to yield results for the pointwise behaviour of the
pion valence-quark distribution [157, 167], with that delivered by the approach in
Ref. [157] being in fair agreement with the CSM prediction. Concerning the kaon
valence-quark distributions from Ref. [155], there are qualitative similarities be-
tween uK(x), s̄K(x) and uπ(x). For instance, all three PDFs are consistent with
the above-mentioned large-x prediction, so that s̄K(x) is much softer than the first
lattice-QCD result [159]. There are also quantitative differences, as highlighted by
the prediction for uK(x)/uπ(x) shown in the right panel of Fig. 7.25 and compared
with the result determined from a measurement of the K−/π− event distribution
ratio [160].

7.1.4 Origin of the hadron mass

About 99% of the mass of the visible universe come from all the nucleons that
constitute it. The Higgs mechanism, which provides mass to the fundamental con-
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stituents of matter, can only explain a small fraction of the nucleon mass. The rest
finds its origin in the strong force that tightly binds quarks and gluons together.
Understanding how the hadron mass emerges in QCD is therefore of utmost im-
portance.

One way to address the question is to determine how current quarks and gluons
contribute to the hadron mass. There exist essentially two types of mass decom-
position: one consists in a decomposition of the trace of the energy-momentum
tensor (EMT) [10,168–172], and the other corresponds to an energy decomposition
in the rest frame of the system [8, 9, 11, 173–175]. In QCD, the EMT is given by the
following rather simple-looking expression,

Tµν = ψγµ i
2

↔
Dνψ− GaµλGaν

λ + 1
4 gµνG2 . (7.3)

An essential feature related to the emergence of a mass scale is that the trace of the
EMT receives anomalous contributions [176, 177],

Tµ
µ =

β(g)
2g

G2 + (1 + γm)ψmψ , (7.4)

where a summation over quark flavors is implied, β(g) is the QCD beta function
and γm the anomalous dimension related to the renormalization of the quark mass.
Any mass decomposition starts with a particular split of the EMT into quark and
gluon contributions, Tµν = Tµν

q + Tµν
G , which necessarily depends on the renor-

malization scheme and scale. For a spin-0 or spin-1
2 system, the forward matrix

elements of these contributions can simply be parametrized in terms of two EMT
form factors evaluated at vanishing momentum transfer [8, 21, 173], i.e.,

〈P|Tµν
q,G(0)|P〉 = 2PµPν Aq,G(0) + 2M2gµνC̄q,G(0) , (7.5)

while additional spin-dependent contributions are required for higher-spin sys-
tems [178, 179]. The trace decomposition takes the form M = Iq + IG with

Iq,G ≡ gµν〈Tµν
q,G〉 =

[
Aq,G(0) + 4C̄q,G(0)

]
M , (7.6)

and the energy decomposition reads M = Uq + UG with

Uq,G ≡ 〈T00
q,G〉 =

[
Aq,G(0) + C̄q,G(0)

]
M , (7.7)

where 〈Tµν
q,G〉 ≡ 1

2M 〈P|T
µν
q,G(0)|P〉

∣∣
P=0 denotes the expectation value in the rest

frame of the system. These two decompositions are consistent with each other
since four-momentum conservation implies the constraints Aq(0)+ AG(0) = 1 and
C̄q(0) + C̄G(0) = 0. Further decompositions of the quark and gluon energy contri-
butions have also been discussed in the literature [8, 9, 11, 173, 175], along with the
case of massless systems [9]. Because of the constraints of four-momentum con-
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servation, only two independent inputs enter any mass decomposition. However,
an independent cross check of the mass sum rule (i.e., without imposing the four-
momentum conservation) can be obtained only by measuring the four individual
contributions Aq,G(0) and C̄q,G(0).

The various mass decompositions mentioned above become physically more
meaningful if each component can be extracted from experimental observables.
The first quark EMT form factor can be obtained as the second moment of the
unpolarized PDF, i.e., Aq(0) =

∫
dx x f q

1 (x), and similarly for gluons. The other
form factors C̄i(0) are related to the hadron sigma term σ = 〈ψmψ〉 and the
trace anomaly 〈 β

2g G2 + γmψmψ〉. In the case of the nucleon, the former is ac-
cessible through low-energy πN phenomenology, like experimental information
on πN scattering or π-atom spectroscopy measurements — see, for instance,
Refs. [180–183]. The missing term to directly test the mass sum rule of the pro-
ton is then the gluon contribution to the trace anomaly, i.e., the gluon condensate
〈P|G2|P〉. To probe this in experiments, the best way is to use heavy quarkonia
such as J/ψ and Υ because they interact with hadrons primarily via gluon ex-
change. Besides, in order to maximize the sensitivity to the twist-four operator
G2, the center-of-mass energy must be as low as possible. These considerations
have led to the proposed near-threshold photo- or leptoproduction of J/ψ or Υ in
lepton-proton scattering [170, 184, 185] (see, also, Refs. [186–188]). Recent studies
have shown that this process is also sensitive to the so-called gluon D-term (or the
gluonic “pressure” inside the nucleon) [184, 185, 189] which gives complementary
information to the quark D-term measurable in DVCS (see, Sec. 7.2.2). It is thus
a unique process that can simultaneously address two important questions of the
nucleon structure (mass, pressure), and is worth pursuing at the EIC.

Currently, experiments are ongoing at JLab, and the first results for near-threshold
J/ψ exclusive photoproduction have been reported recently [190]. However, the
JLab energy is not sufficient to create an Υ. The impact of EIC measurements of Υ
photoproduction on the proton is shown in Fig. 7.26. The projection of the trace
anomaly contribution to the proton mass (Ma/Mp) is obtained by assuming the
vector meson dominance model as described in Ref. [191] and for a medium center-
of-mass energy, using the nominal reference detector. The uncertainties on the ex-
traction of Ma/Mp could be further improved with a larger acceptance for quasi-
real events, and by combining the results from different energy configurations. For
comparison, the black and dark green circles show the results for Ma/Mp from
the GlueX J/ψ data [191] and the JLab SoLID J/ψ projections, respectively. Be-
sides, one could resort to leptoproduction at large photon virtualities Q2 [185].
Despite smaller cross sections, this process has certain advantages over photopro-
duction. The available region in Q2 is rather limited at JLab (Q2 < 10 GeV2), while
these problems can be easily overcome at the EIC. On the other hand, studying a
low-energy process at a high-energy collider inevitably entails new technical chal-
lenges. For example, one has to achieve high luminosity in lowest-energy runs. (It
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Figure 7.26: Projection of the trace anomaly contribution to the proton mass (Ma/Mp) with
Υ photoproduction on the proton at the EIC in 10 × 100 GeV electron/proton beam-energy
configuration. The insert panel illustrates the minimization used to determine the uncer-
tainty for each data point. The black circles are the results from the analysis of the GlueX
J/ψ data [191], while the dark green circles correspond the JLab SoLID J/ψ projections. The
Υ projections were generated following the approach from Ref. [192] with the lAger Monte
Carlo generator [193].

is important to distinguish the ep center-of-mass energy from the γ(∗)p energy. The
latter is constrained to be close to the threshold.) Moreover, the produced quarko-
nia and their decay products (lepton pairs) are typically in the very forward region,
and this may require special detectors. Section 8.4.5 reports the results of detailed
simulations which partly address these questions and indicate directions for future
improvements.

Another way to address the question of the origin of the hadron mass is through
chiral symmetry. In this picture, different mechanisms due to dynamical chiral
symmetry breaking (DCSB) are responsible for the emergent hadronic mass and
should manifest themselves in observables that probe the shape and size of the
hadron wave function [194]. Five key measurements at the EIC expected to deliver
far-reaching insights into the dynamical generation of mass have been highlighted
in Ref. [12]. Among them, there are measurements of the meson structure functions
as discussed in Sect. 7.1.3 (see Fig. 7.24) and of the pion electromagnetic form factor
as reported in Secs. 7.2.1 and 8.5.1. While the π+ mass is barely influenced by the
Higgs and is almost entirely generated by DCSB, the Higgs mechanism is expected
to play a more relevant role for the K+ mass due to its strange quark content.
Thus, the comparison of the charged pion and charged kaon form factors over a
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wide range in Q2 would provide unique information relevant to understanding
the generation of hadronic mass. Planned simulation work for 2021-23 includes
extensions of the pion form factor measurements to the case of the charged kaon,
assuming that measurements at JLab-12 on exclusive K+ electroproduction beyond
the resonance region confirm the feasibility of this technique (see Sec. 7.2.1).

7.1.5 Multi-parton correlations

Introduction

Multi-parton correlations can be accessed through higher-twist observables with
the underlying twist-classification that “an observable is twist-t if its effect is sup-
pressed by (M/Q)t−2” [195]. Despite the kinematical suppression, twist-3 observ-
ables are in principle not small and can even dominate for certain kinematics at
moderate Q2. This is illustrated by the fact that the first single-spin asymme-
tries (SSAs) in semi-inclusive DIS (SIDIS), Asin φh

UL and Asin φh
LU , observed at HER-

MES [196–201] and CLAS [202–204], are twist-3 effects. Observations of large
transverse SSAs in single-inclusive hadron production in hadronic collisions (such
as pp → hX), dating back to the 1970s, are further evidence of the importance of
twist-3 effects — see, e.g., Refs. [205–210].

Higher-twist distributions reflect the physics of the largely unexplored quark-
gluon correlations which provide direct and unique insights into the dynamics in-
side hadrons including effects such as vacuum fluctuations — see, e.g., Ref. [211].
They describe multi-parton distributions [212] corresponding to the interference
between higher Fock components in the hadron wave functions, and as such have
no probabilistic partonic interpretation. Yet they offer fascinating insights into the
nucleon structure. A prominent example is the DIS structure function g2 [213] re-
lated to the twist-3 PDF gq

T(x), which consists of a Wandzura-Wilczek (WW) part,
that is given by the twist-2 helicity PDF gq

1(x) [214], and the genuine twist-3 piece
g̃q

T(x). The Mellin moment
∫

dx x2 g̃q
T(x) describes the transverse impulse the ac-

tive quark acquires after being struck by the virtual photon due to the color Lorentz
force [215]. The Mellin moment

∫
dx x2ẽq(x) of the pure twist-3 piece in the scalar

density eq(x) describes the average transverse force acting on a transversely polar-
ized quark in an unpolarized target after interaction with the virtual photon [215].

The theoretical description of twist-3 SIDIS observables, like Asin φh
UL or Asin φh

LU ,
is challenging due to open questions in the TMD factorization at the twist-3
level [216,217]. Under the assumption of factorization, twist-3 observables receive
contributions from several unknown twist-3 TMD parton distributions and/or
fragmentation functions [218], typically requiring approximations in the data anal-
yses [219,220]. An example is the WW(-type) approximation [221,222], where con-
tributions of genuine q̄gq-correlators and mass corrections are neglected. The obvi-
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ous disadvantage of such approximations is the neglect of exactly the new dynam-
ics that enters at twist-3. The situation simplifies in semi-inclusive jet production, a
promising process at EIC energies, which could provide valuable complementary
information on twist-3 TMDs [223]. The collinear twist-3 PDFs eq(x), gq

T(x), hq
L(x)

are (also) accessible in di-hadron production [224–230], a process which can be
described using collinear factorization and for which a reduced number of terms
contributes to the cross section. Higher-twist fragmentation functions can also be
of interest in their own right [231].

Furthermore, important connections between higher-twist parton correlators and
twist-2 TMDs exist — for example, in derivations of the evolution equations for
transverse moments of TMDs [232–236], calculations of processes at high trans-
verse momentum [237], or calculations of the high-transverse-momentum tails of
TMDs [238–240]. Ultimately, through global studies of all of these observables,
one will simultaneously obtain better knowledge of twist-3 collinear functions and
twist-2 TMDs, and at the same time test the validity of the formalism. Gathering
as much information as one can on the quark-gluon-quark correlator is essential
to reach this goal. One example of such a study is the global fit to twist-2 and
twist-3 observables used to extract transversity and the tensor charge described in
Sec. 7.2.3 [241]. In this respect, not only will SIDIS experiments play an important
role at an EIC but also measurements of the transverse SSA in eN↑ → hX [242–244].
This is the analogue of the corresponding measurements in pp↑ collisions at RHIC,
which are sensitive to multi-parton correlators connected to the Sivers and Collins
functions [245–249].

The EIC spanning a large Q-range will be ideal to identify higher-twist effects.
The possibilities of extracting twist-3 observables represent important doorways
to study hadron structure in QCD. Here we will describe two exemplary measure-
ments that will be highly interesting at the EIC: The double-spin asymmetry ALT
in inclusive DIS sensitive to gq

T(x) and the longitudinal beam-spin asymmetries in
SIDIS to access eq(x).

Twist-3 PDF gq
T(x) from inclusive DIS

The clearest example of higher twist, that is defined in a collinear framework and
accessible in inclusive DIS, is the cross section for the collision of a longitudinally
polarized electron beam and a transversely polarized target,~ep↑ → e′X. Factoriza-
tion theorems lead to the introduction of the collinear twist-3 PDF gq

T(x) [213,250].
Recent work on higher-twist contributions to the spin-dependent DIS structure
functions g1 and g2 was carried out by the JAM Collaboration [96], which en-
ables an extraction of gq

T(x) from the longitudinal-transverse double-spin asym-
metry ALT ∼ (g1 + g2) = gT. The derivation of the inclusive cross section in
collinear twist-3 factorization establishes the rigorous connection between ALT and
the twist-3 PDF gq

T(x) — see, for instance, Refs. [212, 247, 251]. This in turn estab-
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lishes the structure function gT as the most prominent observable to study multi-
parton correlations at the EIC. Figure 7.27 shows the projected impact of the EIC
data on gT. The yellow band shows the uncertainty from DIS world data on the
double-spin asymmetries ALL and ALT within the JAM analysis framework [96],
assuming DGLAP evolution for the Q2-dependence. The impact from EIC pseudo-
data is reflected by the red band. The EIC data will allow for entirely new insights
on the PDF gq

T(x) and as such on multi-parton correlations and the interactions of
the struck quark with the partons around it.
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Figure 7.27: Impact of EIC measurements on the structure function gT , using proton,
deuteron and helium targets at L = 100 fb−1, with 1.6% point-by-point uncorrelated sys-
tematic uncertainties. The baseline structure functions g1 and gT are extracted from the
existing world data on ALL and ALT within the JAM framework. The extraction of gT was
done using a suitable parametrization for the x-dependence at the input scale and assuming
DGLAP for the Q2-dependence.

Twist-3 PDF eq(x) from semi-inclusive DIS

The twist-3 PDF eq(x) can be decomposed into three contributions [252] through
QCD equations of motion. The first one is a δ(x)-singularity related to the pion-
nucleon sigma term and the non-trivial QCD vacuum structure [211,253–257]. The
second term ẽq(x) is related to a genuine q̄gq contribution with the aforementioned
force interpretation [215]. The third term is proportional to the quark mass and
the unpolarized PDF f q

1 (x). In the bag model, eq(x) is due to the bag bound-
ary [258,259], while constituent quark models feature the mass term as being dom-
inant [252,260–265]. Phenomenologically, the chiral-odd PDF eq(x) must be paired
to another chiral-odd object, associated with fragmentation for deep-inelastic pro-
cesses. This is analogous to the extraction of the transversity described in Sec. 7.2.3.
In Fig. 7.28 the theoretical predictions are shown for the contribution of eq(x) to
the beam-spin asymmetry in semi-inclusive di-hadron production, calculated in
collinear factorization at leading order. This asymmetry receives a contribution
not only from eq(x) but also from a term involving a twist-3 di-hadron fragmenta-
tion function [225]. The latter has not been considered here [220]. The uncertainties
in Fig. 7.28 come from the envelope of the uncertainties on the interference frag-
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mentation function [266] and two models for eq(x), a light-front constituent quark
model [265] and a model of the mass-term contribution to eq(x) with an assumed
constituent-quark mass of 300 MeV and the unpolarized PDFs from MSTW08LO.
All PDFs and fragmentation functions are taken at Q2 = 1 GeV2, and the pro-
jected uncertainties for the EIC are shown only for Q2-values smaller than 10 GeV2.
A similar observable can be studied for single-hadron SIDIS in TMD factoriza-
tion [219] which, however, is more complex as it involves 4 unknown contributions
with one of them being related to the TMD eq(x, kT). The evolution of the genuine
twist-3 contribution ẽq(x) has been studied [267–269] but never implemented in
the PDF extractions. The EIC kinematics will especially allow for new insights in
the low-x region. This region is of high relevance due to the contribution of a lo-
cal term related to the non-trivial QCD vacuum as well as the mass term whose
x-behavior is enhanced like f q

1 (x)/x.

7.1.6 Inclusive and hard diffraction

Inclusive diffraction

Inclusive diffraction has been extensively studied at the HERA collider [271, 272].
Diffractive events in DIS, ep→ eXY, are distinguished by the presence of a large
rapidity gap between the diffractive system, characterized by the invariant mass
MX, and the final-state proton (or its low-mass excitation) Y. In addition to the
standard DIS variables (x, Q2), diffractive events (see diagram in Fig. 7.29) are also
characterized by a set of variables that are specific to diffraction and defined as

t = (p− p′)2 , ξ =
Q2 + M2

X − t
Q2 + W2 , β =

Q2

Q2 + M2
X − t

. (7.8)

Here, t is the squared four-momentum transfer at the proton vertex, ξ (alterna-
tively denoted by xIP) can be interpreted as the momentum fraction of the “diffrac-
tive exchange” with respect to the hadron, and β is the momentum fraction of
the parton with respect to the diffractive exchange. The two momentum fractions
combine to give the Bjorken variable, x = βξ. In analogy with unpolarized, non-
diffractive inclusive DIS, the cross section for inclusive diffraction can be expressed
in terms of the reduced cross section and the corresponding structure functions,
which depend on the aforementioned additional variables specific to diffraction,

σ
D(3)
red = FD(3)

2 (β, ξ, Q2)− y2

Y+
FD(3)

L (β, ξ, Q2) , (7.9)

and, without integration over t,

σ
D(4)
red = FD(4)

2 (β, ξ, Q2, t)− y2

Y+
FD(4)

L (β, ξ, Q2, t) , (7.10)



90 7.1. GLOBAL PROPERTIES AND PARTON STRUCTURE OF HADRONS

■ ■ ■■ ■ ■ ■ ■

���� ���� ���� ���� ���� ����

-�����

�����

�����

�����

�����

�

���(�)

���� � ������ ��<�� ����

���<�<���� ���<��<��� ���

+�% �����

■ ■ ■■ ■ ■ ■ ■

���� ���� ���� ���� ���� ����

�

���(�)

���� � ������ ��<�� ����

���<�<���� ���<��<��� ���

+�% �����

■ ■ ■■ ■ ■ ■ ■

����� ����� ����� ����� �����

-�����

�����

�����

�����

�����

�

���(�)

����� � ������� ��<�� ����

���<�<���� ���<��<��� ���

+�% �����

■ ■ ■■ ■ ■ ■ ■

����� ����� ����� ����� �����

�

���(�)

����� � ������� ��<�� ����

���<�<���� ���<��<��� ���

+�% �����

Figure 7.28: Beam-spin asymmetry in semi-inclusive di-hadron production. Predictions cor-
responding to Q2 = 1 GeV2 based on the di-hadron fragmentation functions of Ref. [266],
low-energy models for the twist-3 PDF eq(x) and unpolarized PDFs from MSTW08 at lead-
ing order [270] (see also text). The upper and lower panels show two different energy
configuration. The left (blue) and right (green) plots correspond, respectively, to the frag-
mentation kinematics of (0.2 < z < 0.3, 0.7 GeV < Mh < 0.8 GeV) and (0.6 < z < 0.7,
0.9 GeV < Mh < 1.2 GeV), where z is the longitudinal momentum fraction of the di-hadron
pair and Mh its invariant mass. The bands give the envelope of the model projections dis-
cussed in the text, folded with the uncertainty of the interference fragmentation function.
The projected statistical uncertainties are plotted at zero.

where Y+ = 1 + (1− y)2.

The standard pQCD approach to inclusive diffraction is based on the collinear
factorization [273–275]. The cross section is computed by the convolution of the
perturbative partonic cross section and the diffractive parton distribution func-
tions (DPDFs). The DPDFs are evolved using the DGLAP evolution equations
with appropriately chosen initial conditions at some initial scale. At HERA fits to
the diffractive structure functions were performed by H1 [276] and ZEUS [277].
They both parametrize the DPDFs in a two-component model, containing contri-
butions from Pomeron and Reggeon exchange. In both cases the proton-vertex
factorization is assumed, meaning that the diffractive exchange can be interpreted
as colourless objects called a “Pomeron” or a “Reggeon”, with an appropriate par-
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Figure 7.29: Diagram for diffractive event in DIS. The final state includes the proton Y, the
scattered electron, and the diffractive system X. (The four-momenta of the particles are
indicated as well.) There is a rapidity gap between X and the scattered proton. The double-
line indicates colorless diffractive exchange responsible for the presence of the rapidity gap.
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ton distributions f IP,IR
i (β, Q2) and factorized flux factor f IP,IR

p (ξ, t).

There are number of areas where the EIC can significantly expand our knowledge
of QCD diffraction. (We note that, since we discuss also the region of large ξ, we
here talk about diffraction in the wider sense of leading proton and high-collision
energies.) First, thanks to the instrumentation in the forward region, the EIC will
be able to measure leading protons in a much wider range of t and xL (fraction of
the longitudinal momentum of the initial proton carried by the final proton) than at
HERA. This is illustrated in Fig. 7.30 for different proton energies. The red curves
indicates the kinematic limit, and different curves indicate various angular cuts
on the final-state proton. For example, for the highest proton energy, an angular
acceptance extending to 7 mrad translates into a range in−t up to (at least) 2 GeV2.
This is well beyond the HERA range.
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Figure 7.31: Reduced cross section as a function of ξ in bins of β and Q2 for the EIC energy
scenario 18× 275 GeV. Red solid curve: Pomeron contribution; green solid curve: Reggeon
contribution; brown solid curve: sum of Pomeron and Reggeon contributions. Dashed red
curve: FD

2 Pomeron contribution; dotted brown curve: YLFL contribution; dashed brown
curve: F2. The data are from HERA, where the yellow region was not accessible. The variable
YL is defined as YL = y2/Y+, and the calculations are based on the ZEUS SJ fit [277].

The second area where the EIC could provide valuable information are the
Pomeron and Reggeon contributions. At HERA, the t-dependence of the Reggeon
contribution could not be tested at all, as the range in ξ was not sufficient to probe
in detail the region where the Reggeon contribution is dominant. This is illustrated
in Fig. 7.31. Here we show the reduced cross section as a function of ξ in bins of
Q2, β for the highest-energy scenario at the EIC, i.e., 18× 275 GeV. The solid curves
(red, green, brown) indicate the Pomeron contribution, Reggeon contribution, and
their sum, respectively. It is clear that the region ξ > 0.1, which was not accessi-
ble at HERA, is where the Reggeon contribution starts to dominate. The EIC has
the potential to explore that region to disentangle the two components. The same
plot also illustrates the importance of the longitudinal structure function FD

L in the
region of low ξ, indicated by the brown dotted curve. The superimposed data are
from HERA, and they clearly follow the FD

2 contribution only, since at HERA in
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this regime the contribution from FD
L was extremely small. On the contrary, at the

EIC the contribution from FD
L for the same values of Q2, β, ξ is not negligible, as

illustrated by the dotted brown curve in Fig. 7.31. With its high luminosity and the
variable center-of-mass energies, the EIC will provide excellent opportunities to
perform precise measurements of the longitudinal diffractive structure function.

In Fig. 7.32 the possibility of extracting FD
L is further explored. For this analysis, 18

energy setups were considered, (5, 10, 18) × (41, 100, 120, 165, 180, 275)GeV, with
2 fb−1 integrated luminosity for each setup. There were 469 bins selected such that
they are common to at least four beam setups, with the cuts Q2 > 3 GeV2, MX >
2 GeV. The measurement of this quantity is dominated by the systematic error,
which for this analysis was assumed to be 2%. Figure 7.32 indicates that the po-
tential is very good for measuring FD

L at the EIC in a wide range of kinematics. It
is worth noting, however, that it may be difficult to realize 18 energy setups in an
experiment. More studies are thus needed to further scrutinize the potential for a
measurement of FD

L .
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L extracted from fits to the pseudodata as a
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Finally, the EIC could potentially improve the extraction of the DPDFs. The DPDFs
were for the first time extracted from data taken at HERA, and the success of the
DGLAP fits to inclusive diffraction confirmed the applicability of the collinear fac-
torization theorem to diffraction. Nevertheless, many open questions remained,
since the fits were only valid for relatively large values of Q2, that is, Q2 > 8.5 GeV2

for H1 and Q2 > 5 GeV2 for ZEUS, below which they failed, suggesting the need
for additional corrections. Studies indicated possible improvement of the descrip-
tion based on saturation models, which would incorporate higher-twist effects in
the fits [278]. In addition, the DPDFs from HERA were not very well constrained
at large values of z, the longitudinal momentum fraction of the parton with respect
to the diffractive exchange. (In the parton model z = β, but β < z once higher or-
ders are taken into account.) The EIC offers the unique opportunity to improve the
extraction of the DPDFs at large values of z. In Fig. 7.33 we show an example of an
extraction of the quark DPDF in bins of Q2 as a function of z. The DGLAP evolu-
tion using the HERA-type parametrization [276,277] was fitted to EIC pseudodata
generated assuming 5% systematic error. The statistical error was negligible for
the integrated luminosity of 2 fb−1. One finds that the projected uncertainty on the
quark DPDF extracted from the EIC is reduced significantly with respect to HERA,
in particular at large values of z.

Diffractive dijets

Studies of diffraction in high-energy electron-proton scattering is one of the high-
lights of the HERA heritage, which discovered that diffractive processes account
for a substantial fraction (10 − 15%) of all events. In DIS, taking advantage
of the QCD factorization theorem [273], DPDFs of the proton have been deter-
mined [276, 277], and their universality in diffractive dijet and open-charm pro-
duction has been shown. At the same time, in diffractive dijet photoproduction,
next-to-leading order (NLO) perturbative QCD calculations [279] indicated that
factorization is broken — the theory agrees with the H1 [280] and ZEUS [281] data
after assuming that either the resolved-photon contribution is scaled by a factor of
0.34 or the entire pQCD cross section is scaled by a global factor of 0.4− 0.7 (with
the values depending on the jet transverse momentum and having large theoretical
uncertainties from scale variations and hadronization corrections).

To explore the EIC potential for diffractive dijet photoproduction, we performed
detailed studies of this process in NLO QCD for e+pand e+Ascattering [282]. Using
the framework developed in Ref. [279], the cross section for the reaction e + p →
e′ + 2 jets + X + Y can be written as

dσ = ∑
a,b

∫
dy
∫

dxγ

∫
dt
∫

dxIP

∫
dzIP fγ/e(y) fa/γ(xγ, M2

γ) f IP/p(xIP, t) fb/IP(zIP, M2
IP)dσ̂

(n)
ab .

(7.11)
In Eq. (7.11), fγ/e(y) is the photon flux calculated in the improved Weizsäcker-
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Quark DPDF from 5% simulations
Ep = 275 GeV, Ee = 18 GeV,  Q2 > 5 GeV2, ξ < 0.1, 375 data points.
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Figure 7.33: Diffractive quark distribution as a function of z in bins of Q2. The hatched
bands indicate HERA uncertainty bands for the ZEUS SJ fit [277]. The solid bands indicate
the projected uncertainty after fitting to the EIC data.

Williams approximation [283, 284], y is the photon longitudinal momentum frac-
tion, fa/γ(xγ, M2

γ) is the PDF of the photon (for the resolved-photon contribution),
and xγ the corresponding momentum fraction. The diffractive PDF of the proton
is written in the usually assumed form of Regge factorization as the product of the
flux factor f IP/p(xIP, t), where t is the invariant momentum transfer squared, and

the PDFs of the Pomeron fb/IP(zIP, M2
IP). Finally, dσ̂

(n)
ab is the cross section for the

production of an n-parton final state from two initial partons, a and b. In our anal-
ysis, we identified the factorization scales Mγ, MIP and the renormalization scale
µ with the average transverse momentum p̄T = (pT1 + pT2)/2. The longitudinal
momentum fractions xγ and zIP can be experimentally determined from the two
observed leading jets through

xobs
γ =

pT1 e−η1 + pT2 e−η2

2yEe
and zobs

IP =
pT1 eη1 + pT2 eη2

2xIPEp
, (7.12)

where pT and η is the transverse momentum and rapidity of jet-1 or jet-2, while Ee
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and Ep is the electron and proton beam energy, respectively.

Given the experience from HERA [280, 281], we defined jets with the anti-kT al-
gorithm with the distance parameter R = 1 and assumed that the detector(s) can
identify jets above the relatively low transverse energies of pT1 > 5 GeV (leading
jet) and pT2 > 4.5 GeV (subleading jet).

Using the formalism outlined above, we made predictions for diffractive dijet pho-
toproduction at the EIC as a function of the jet average transverse momentum p̄T,
the observed longitudinal momentum fractions xobs

γ and zobs
IP , the proton longitu-

dinal momentum transfer xIP, and the jet rapidity difference ∆η. Several features of
the obtained results are important to emphasize. The distribution in the jet average
transverse momentum extends only to 8 GeV (it was 15 GeV at HERA) and, hence,
the cross section is dominated by contributions from direct photons. The K-factor,
giving the ratio of the NLO and LO cross section, was found to be approximately
constant, K ≈ 2, and independent of kinematic variables. To address conclusively
the mechanism responsible for factorization breaking requires a high proton-beam
energy and wide ranges in xIP (where the subleading contribution at high xIP be-
comes important) and xobs

γ . Replacing the proton by a heavy nucleus and using
predictions for nuclear DPDFs from Ref. [285], we also obtained results for these
distributions in coherent diffractive dijet photoproduction on nuclei in the reaction
e + A→ e + 2 jets + X + A.

An example of our predictions is presented in Fig. 7.34, which shows the dijet cross
section as a function of zobs

IP for three different sets of diffractive PDFs, H1 2006 fits
A and B [276] and ZEUS SJ fit [277]. We observe large difference in the predic-
tions due to the choice of the DPDFs, which indicates sensitivity and potential of
diffractive dijet measurement at the EIC to DPDFs, particularly at large values of
zobs

IP .

Large-|t| diffractive production of vector mesons

Among the diffractive processes, the production of heavy vector mesons is particu-
larly interesting. Diffractive production of vector mesons is a great testing ground
for details of the QCD dynamics, especially the interplay between soft and hard
phenomena. This process is usually described in terms of a colorless exchange,
with vacuum quantum numbers, which to lowest order is given by two-gluon ex-
change. At higher orders, this process is described by the t-channel exchange of
a gluon ladder, which is often referred to as the perturbative Pomeron [286, 287].
At high energies, the exchange of the perturbative Pomeron leads to a significantly
faster increase with energy of the scattering amplitude than in the soft regime.
Hence, a very important question in high-energy QCD is the energy dependence
of the Pomeron on the size of the rapidity gap and its dependence on the momen-
tum transfer t.



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 97

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

z obs.
IP

0

10

20

30

40

50

60

70

d
σ

p
/d
z

o
b
s.

IP
[p

b
]

ep→ e′ + 2 jets +X+Y @ 
√
S =92 GeV

H1 2006 Fit B

H1 2006 Fit A

ZEUS 2009 Fit SJ (x 1.23)

Figure 7.34: NLO QCD predictions for the zobs
IP -dependence using three different sets of

diffractive PDFs: H1 2006 Fit B (full black), Fit A (dotted green), both from Ref. [276], and
ZEUS 2009 Fit SJ (dashed blue curves) from Ref. [277]. The rescaling for the calculation
using the ZEUS SJ fit is needed to take into account the contribution of proton dissociation,
which has been included in the H1 fits A and B.

The exclusive channel, which dominates the region |t| ≤ 1 GeV2, is considered
in detail elsewhere in this report. Here, we focus on the diffractive production
of vector mesons at high |t|. In this case the proton usually does not stay intact
but rather dissociates into a low mass excitation (which is however much larger
than for low-|t| diffraction). Such a process can be identified by the presence of
a large rapidity gap between the heavy meson and the system produced in the
fragmentation of partons knocked out from the target. An advantage of this class
of processes is that there are two perturbative scales, of similar size, which are
present at both ends of the Pomeron, thus largely suppressing the diffusion of
transverse momenta along the gluon ladder into the non-perturbative regime.

This is an excellent situation to investigate the energy dependence of the vacuum-
exchange amplitude. In fact, the dependence of the cross section on the rapidity
gap is directly converted into the intercept of the Pomeron exchange at a given t.
Roughly speaking, the dependence on the rapidity gap of the cross section should
scale as 2(αP(t) − 1), which should be about 0.4− 0.5 for the BFKL Pomeron as
compared to 0.2 for the soft regime.

The HERA detectors had a rather limited rapidity acceptance and therefore could
not measure directly, for this process, the dependence of the cross section on the
rapidity gap. As a result, the determination of the energy dependence of the
Pomeron amplitude was sensitive to details of the t-dependence of the amplitude
and also masked by the convolution with the x-dependence of the parton density
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in the target which was integrated over.

The EIC, with suitable detector(s), will have the potential to measure directly the
rapidity gap, and thus the energy dependence of the cross section as a function
of the gap size. There are two different strategies that can be considered. In the
first case, one can require the direct observation of the size of the rapidity gap. In
this case one would require an activity in the central detector up to a certain angle.
Detailed studies [288] show that an angle of about 4◦, corresponding roughly to the
rapidity η = 3.3, would already allow for a range of rapidity gaps. In the second
scenario, the size of the gap is unknown since there is no activity in the forward
part of the detector. In that scenario, only a lower limit on the gap size can be
imposed.

Detailed estimates [288] found that the much higher luminosity of the EIC than of
HERA compensates to some extent for the lower energy at the EIC. As a conse-
quence, at the EIC one can test the cross section dependence on rapidity-gap in-
tervals predicted by the BFKL model for rapidity gaps up to four units in rapidity.
A good detector acceptance in the nucleon fragmentation region for such studies
is crucial. It was found [288] that an acceptance up to η = 3.5 is sufficient for this
process, although acceptance up to higher rapidity (for example, η = 4.5) would
provide a longer lever arm allowing for more stringent tests of the small-x dynam-
ics and the Pomeron. Apart from J/ψ production, the rapidity-gap production of
ρ-mesons maybe also very promising, perhaps even over a broader |t|-range.

7.1.7 Global event shapes and the strong coupling constant

Introduction

Event shapes [289] are global measures of the momentum distribution of hadrons
in the final state of a collision, using a single number to characterize how well col-
limated the hadrons are along certain axes. This simple and global nature makes
them highly amenable to high-precision theoretical calculations and convenient
for experimental measurements. They then become powerful probes of QCD pre-
dictions, the strong coupling αs, hadronization effects, etc.

The classic example, for collisions e+e− → X , is thrust [290, 291],

τ = 1− T, where T =
1
Q

max
t̂

∑
i∈X

∣∣t̂ · pi
∣∣ = 2

Q
pA

z , (7.13)

at a center-of-mass collision energy Q, summing the three-momenta pi of all final-
state hadrons i ∈ X projected onto the thrust axis t̂, which is defined as the axis
maximizing the sum. It is customary to use τ = 1− T, whose τ → 0 limit describes
pencil-like back-to-back two-jet events, and which grows as the jets broaden, up to
the limit τ = 1/2 for a spherically symmetric final state. Other examples of two-jet
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event shapes in e+e− are broadening B [292], C-parameter [293], and angulari-
ties [294, 295].

The thrust axis t̂ determines two hemispheres A and B in the ±z directions, and
pA

z in Eq. (7.13) is the total z momentum in the +z hemisphere. In DIS, a natural
division of the final state into hemispheres occurs in the Breit frame, with the in-
coming current defining the z direction. Accordingly, the DIS thrust τQ has been
defined as [296]

τQ
Breit
= 1− 2

Q ∑
i∈HC

pi
z , (7.14)

where Q is now the DIS variable Q, and HC is the “current” hemisphere in the
Breit frame. This τQ does in fact have a Lorentz-invariant definition, in terms of
the class of “N-jettiness” observables [297],

τN =
2

Q2 ∑
i∈X

min{qB · pi, q1 · pi, . . . , qN · pi} , (7.15)

where qB is a a four-momentum vector in the proton beam direction (for DIS) and
q1,...,N are four-momenta in N “jet” directions in the final state along which one
wishes to measure collimation of hadrons. The min operator in Eq. (7.15) groups
these hadrons into N + 1 regions around the qi. One will find τN → 0 for N + 1
perfectly collimated jets (and beam radiation).

We will focus on the simplest case for DIS, namely 1-jettiness [298–301]. There
is a freedom to define the vectors qB and q1 (which we will now call qJ). Different
choices of directions and normalizations give different measures of 1-jettiness. The
choice

qb
B = xP , qb

J = q + xP , (7.16)

where P is the incoming proton momentum, x is the Bjorken variable, and q is the
current momentum, actually gives the same thing as τQ,

τb
1 ≡

2
Q2 ∑

i∈X
min{qb

B · pi , qb
J · pi} = τQ . (7.17)

The label b comes from notation used in Ref. [300]. Momentum conservation leads
to the last equality in Eq. (7.17) with τQ as defined in Eq. (7.14). Note that qb

J =
q + xP is the momentum the outgoing jet (quark) would have at Born (tree) level.
Nonzero τb

1 measures the deviations and broadening of the jet momentum and
structure away from this Born limit. Another version of DIS 1-jettiness that we
consider uses a qJ that is adjusted to align with the physical jet momentum,

qa
B = xP , qa

J =
∣∣PJ
∣∣ (1, n̂J) , (7.18)

where the jet momentum PJ and its direction n̂J = PJ/
∣∣PJ
∣∣ may be found by a
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suitable algorithm, such as anti-kt [302], or minimization over axes such as in
e+e− thrust. For small enough τa

1 , the differences in τa
1 measured using differ-

ent infrared-collinear-safe algorithms will be power-suppressed, as long as they
group the same collinear, energetic particles into PJ . The difference between the
true and Born-level jet axes used in τa,b

1 , however, is a leading-order effect [300].
Computing or measuring τa

1 requires measuring particles in both beam and cur-
rent hemispheres. Computing or measuring τb

1 , by contrast, according to Eq. (7.14)
only requires a measurement of particles in the current hemisphere.

Here we shall consider the promise of 1-jettiness as a probe for the strong coupling
αs and of hadronization effects. Refs. [298, 299] also explored 1-jettiness as a probe
of nuclear PDFs and medium effects, another potentially powerful application of
such observables at the EIC.

Theoretical precision

Theoretical methods: The global nature of event shapes such as those introduced
above means that all collinear and soft radiation is probed with a single parame-
ter. 1-jettiness distributions are sensitive to physics at three scales, hard µH = Q,
collinear µJ = Q

√
τ1, and soft µS = Qτ1. In fixed-order perturbative predictions in

QCD, logs of ratios of these scales appear at every order in αs. For small τ1, these
logs blow up at any fixed order in αs, and must be resummed to all orders. This
is accomplished by factorization of the logs into pieces that depend on only one of
the physical scales (hard, collinear, soft) at a time, and renormalization group (RG)
evolution of each set of factorized contributions.

Traditional methods in perturbative QCD (“direct” QCD) have been used success-
fully to resum logs in event shapes (e.g., Refs. [303–305]), but more recent methods
use the technology of effective field theory to do so, namely, soft collinear effective
theory (SCET) [306–310]. SCET has successfully been used to resum certain event
shapes to N3LL accuracy (e.g., Refs. [311, 312]), including DIS 1-jettiness τa

1 and τb
1

(i.e., DIS thrust τQ) [313]. For these observables, SCET predicts the factorized cross
sections, e.g., for τb

1 ,

dσ

dx dQ2 dτb
1
=

dσ0

dx dQ2

∫
dtJdtBdkSd2pT δ

(
τb

1 −
tJ + tB

Q2 − kS

Q

)
S(kS, µ) (7.19)

× Jq(tJ − p2
T)∑

q
Hq(y, Q2, µ)Bq(tB, x, p2

T, µ) + σns(x, Q2, τb
1 ) ,

where
dσ0

dx dQ2 =
2πα2

em
Q4 [(1− y)2 + 1] (7.20)

is the Born-level cross section, with xys = Q2, and the sum over q is over quark
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and antiquark flavors. (For τa
1 , Jq depends only on tJ , and pT is integrated over

to turn the TMD beam function Bq into the ordinary beam function Bq [300].) The
first factorized term in Eq. (7.19) predicts the singular part of the τb

1 distribution
and will resum all the singular logs, while the final term σns is the nonsingular
part of the distribution, predicted in fixed-order perturbation theory, to which the
resummed prediction must be matched for large τ1. The factors Hq, Jq,Bq, S are
universal factors that appear in predictions of many different observables. Hq is
the hard function coming from integrating out hard virtual fluctuations from QCD
to match onto SCET and contains logs of µ/Q. Jq describes the collinear final-state
radiation in the outgoing (current) jet giving it an invariant mass tJ [and is inde-
pendent of (light) quark flavor], and Bq the collinear radiation from the incoming
proton beam with virtuality tB and transverse momentum pT. Both Jq and Bq sum
logs of µ/(Q

√
τ). The soft function S sums the wide-angle radiation carrying mo-

mentum kS between the beam and jet, and depends on the smallest perturbative
physical scale, summing logs of µ/(Qτ). The beam function satisfies a matching
condition onto ordinary PDFs with a perturbatively calculable matching coeffi-
cient [314–319].

The factorization of the singular parts of the τ1 cross section in Eq. (7.19) allows
for resummation of the large logs of τ1. In terms of the integrated distributions
σc(τ1) = (1/σ0)

∫ τ1
0 dτ dσ/dτ, these logs organize in the form

σc(τ1) = C(αs)e[LgLL(αsL)+gNLL(αsL)+αsgNNLL(αSL)+··· ] + D(αs, τ1) , (7.21)

where L = ln τ1, C is a constant coefficient, and D contains the nonsingular terms.
Dependence on other kinematic variables is not shown in this schematic formula.
Resummation schemes determine the functions gNkLL order by order, each sum-
ming an infinite tower of logs in the fixed-order expansion of σc. This is achieved
by solving the RG evolution equations for each piece of the factorized cross sec-
tions, each obeying

µ
d

dµ
F(x, µ) = γF(µ)F(x, µ) ⇒ F(x, µ) = F(x, µ0) exp

[∫ µ

µ0

dµ′

µ′
γF(µ

′)
]

,

(7.22)
where F = H, B, J, S (or, in this form, their Laplace/Fourier transforms), x here
is the natural variable for each function, and γF is the anomalous dimension. The
solution for F allows one to evaluate each function F at a scale µ0 where the logs
within each are minimized, and the large logs of µ/µ0 at any other scale µ are
summed into the exponential. The order to which these logs are resummed is
determined by the accuracy to which the anomalous dimensions are known, each
of which takes the form

γF(µ) = −κFΓcusp[αs] ln
µ

QF
+ γF[αs] , (7.23)

where κF is a constant, Γcusp is a universal “cusp” anomalous dimension, QF is the
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natural physical scale for the function F [e.g., QH = Q, QJ,B = Q/(eγE ν)1/2, QS =
Q/(eγE ν), where ν is the Laplace transform variable for τ1], and γF[αs] is the “non-
cusp” part of the anomalous dimension. The order to which each piece is needed
at a given accuracy is summarized in, e.g., Ref. [305].

To date, the cusp anomalous dimension is known to four-loop (α4
s ) accuracy [320–

323], and the non-cusp anomalous dimensions for the τ1 beam, jet, and soft func-
tions to three-loop (α3

s ) accuracy. The hard [324–329] and jet functions [322, 330–
333] themselves are known to α3

s , and the beam [318, 319] and soft functions to α2
s

accuracy [334–337]. This makes it possible to compute DIS 1-jettiness τa,b
1 distri-

butions currently to N3LL resummed accuracy (see, e.g., Ref. [313]). Furthermore,
the non-singular part of the τb

1 distribution has been computed analytically to first
nontrivial order O(αs) in Ref. [338]. The non-singular part of the 1-jettiness distri-
bution in Ref. [301] was also computed numerically to O(αs).

In addition to the perturbative contibutions, the τ1 distributions receive nonpertur-
bative corrections due to hadronization in the final state, growing more important
for smaller τ1. These contribute to the soft function, which can be taken to have
the form [339–341]

S(k, µ) =
∫

dk′SPT(k− k′, µ) fNP(k′) , (7.24)

for a model function fNP. For k ∼ ΛQCD (i.e., τ1 ∼ ΛQCD/Q), the full shape
function fNP is needed to describe the distribution. For values τ1 � ΛQCD/Q,
an OPE can be performed. For sufficiently large τ1, it can be shown that the first
moment of the shape function is given by a universal quantity,

∫ ∞

−∞
dk k fNP(k) =

2Ω1

Q
, (7.25)

where Ω1 is defined through a universal vacuum matrix element of soft Wilson
lines [339, 342], and is the same for both versions of τa,b

1 we have considered [300].
For sufficiently large τ1, it simply shifts the distribution dσ/dτ1 to the right by
2Ω1/Q (see Fig. 7.35) (cf. Refs. [343–346]), and the value of Ω1 can be determined
by a simultaneous fit for it and for αs to the data.

Further important corrections to these theoretical predictions can come from the
effect of finite hadron masses on the nonperturbative corrections [347, 348], sub-
tracting renormalon ambiguities between the perturbative and nonperturbative
contributions [341, 349], and computing the nonsingular corrections to higher or-
der in αs. For direct comparison to experimental results, accounting for cuts on
jet/hadron energies, rapidities, jet radii R, etc. will also be necessary. Track-based
observables should also be considered, for which theoretical technology has be-
gun to be developed [350,351], and which preliminary detector studies in Sec. 8.3.6
suggest can be measured with greater experimental precision at the EIC. These im-
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Figure 7.35: Theoretical predictions for 1-jettiness (or DIS thrust) τb
1 distributions, from NLL

to N3LL accuracy at Q = 30 GeV, x = 0.05 (left) and Q = 50 GeV, x = 0.2 (center). The right-
most panel shows a typical distribution before (red) and after (orange) convolution with a
nonperturbative shape function, which for sufficiently large values of τ1 has the primary
effect of shifting the perturbative distribution to the right, controlled by a universal shift
(first moment) parameter Ω1, taken here to be 0.35 GeV. A robust determination of αs from
event shape measurements will also fit for Ω1 at the same time.

provements will further enable the highest precision determination of αs and Ω1
possible from DIS event shapes.

Predictions: In Fig. 7.35 we show some of our predictions for τb
1 distrbutions to

N3LL +O(αs) accuracy prepared for this Yellow Report. The uncertainties are es-
timated by varying the scales in resummed and fixed-order pieces in Eqs. (7.19)
and (7.22) [300,338]. The predictions also include the effect of a simple shape func-
tion, whose first moment is given by 2Ω1, with Ω1 set to 0.35 GeV. One observes
the good convergence in the perturbative region from one order to the next. In
general, the theoretical uncertainties improve for larger Q and, somewhat surpris-
ingly, for smaller x. The resummation is turned off smoothly as τ1 grows large, and
fixed-order predictions become more reliable than resummed. This occurs around
a value τ1 where the total contribution of the singular logs at fixed order in αs be-
comes numerically comparable to the non-singular function, and based on O(αs)
predictions [338], this transition value turns out to be a function of x, see Fig. 7.36.
This appears to be due to relative contributions of quark and gluon PDFs to the τb

1
distribution as a function of x. This observation, however, is based on studies that
do not yet include any resummation of logs of x for very small x.

In Fig. 7.36 we also plot contours of theoretical uncertainty in current N3LL predic-
tions for τb

1 in Q− x space, compared to coverages at HERA and the EIC, serving
as a preliminary guide for where the best precision phenomenology might be ex-
pected. At present the best theoretical precision is achieved in a central region of
Q, x reflecting values that balance better perturbative behavior with smaller uncer-
tainties from PDFs, as alluded to above. While the higher energy of HERA allowed
coverage where our theoretical precision for τ1 is expected to be better, at EIC the
opportunity exists to explore x, Q values not analyzed by HERA, as well as to
consider a larger set of event shapes under better theoretical control (for instance
those, like τa,b

1 , that are free of non-global logs [304]), all of which will be important
to reduce PDF uncertainties and to test universality of Ω1, not to mention higher
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Figure 7.36: Left: Region in τ = τb
1 over which resummed perturbation theory is expected

to be more reliable than fixed-order perturbation theory, based on the value of τ at which
singular logs and nonsingular terms become of comparable size [338]. Right: Contours of
estimated theoretical uncertainty in x, Q space, with coverage at HERA and (expected) EIC
at high (140 GeV) and low (45 GeV) center-of-mass energies. Squares are values of x, Q for
previous HERA analyses of event shapes [352, 353].

Figure 7.37: Current theoretical uncertainties in N3LL+O(αs) predictions for τb
1 (red dot-

dashed) vs. the variations in the cross section from 1.7% (blue) or 2.5% (green) variations
of αs(MZ) itself, along with the 1σ uncertainties in the MMHT 2014 PDF set used in these
predictions (dark green), at two values Q = 30 GeV and x = 0.05 (left) and Q = 50 GeV and
x = 0.1 (right).

statistics.

We have presented predictions for τb
1 as this observable presently has the best

theoretical accuracy available. Detector studies below will be presented for τa
1 in

Sec. 8.3.6. The theoretical predictions for τa,b
1 would look substantially similar, with

the small differences encoding effects of the transverse-momentum dependence of
initial-state radiation (cf. Eq. (7.19) and Ref. [300]). In principle there is no obstacle
to bringing predictions for the two observables to the same accuracy, and doing so
is work in progress.

Fitting for αS: In Fig. 7.37 we illustrate the theoretical uncertainties in our N3LL
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predictions for τ1 (red dot-dashed) vs. the variations in the cross section from 1.7%
(blue) or 2.5% (green) variations of αs(MZ) itself, along with the uncertainties in
the MMHT 2014 PDF set [354] we used (dark green). These indicate that a single
prediction and measurement of a τ1 distribution could yield a determination of
αS(MZ) at the few percent level, with the prospect of using data from many x, Q2

values only improving the ultimate sensitivity, competitive with current percent-
level determinations from e+e− event shapes [355]. Using data from many x, Q2

will also be important to combat PDF uncertainties. The perturbative uncertainties
in Fig. 7.37 can be further significantly reduced by higher fixed-order calculations
of the nonsingular contributions for large τ1.

The theoretical predictions depend sensitively on the value of αs and, depend-
ing on the region of τ1, on nonperturbative corrections. As reviewed above,
for large enough τ1, the dominant nonperturbative effect is a shift by 2Ω1/Q.
Thus many event-shape-based extractions [356–359] of αs involve a two-parameter,
{αs(Q0), Ω1}, fitting procedure, using measurements in the relevant region of the
distributions. The resulting analysis yields a correlation matrix that describes the
degeneracy between the two parameters. Sampling a wide range in x-Q is ex-
pected to play an important role in breaking this degeneracy.

In practice, the theoretical predictions are integrated over a region of x-Q and then
binned in the event shape τ. This way theoretical and experimental distributions
are directly comparable. The fit can be performed within a single range of x-Q
or simultaneously for many/all ranges. This freedom is helpful for controlling
the various systematics that may enter the theoretical distributions, such as PDF
uncertainties and nonperturbative effects.

Finally one needs to decide which region of the event shape spectrum (i.e., which
bins in τ) should be included in the analysis. This determination depends on many
aspects, and the dependence of the fitting results on this choice is a manifestation
of the degeneracy of the two fitting parameters. Some deciding factors will be: i)
the range of x-Q which changes the location of the boundary between the resum-
mation and fixed-order QCD regions (see Fig. 7.36 left panel), ii) the treatment of
non-perturbative corrections will play an important part in which bins are incor-
porated in the small-τ region. It is therefore important to have sufficiently fine
binning in the observable to allow for carefully choosing the region for which the
most reliable extraction can be performed.

7.2 Multi-dimensional Imaging of Nucleons, Nuclei, and Mesons

The multi-dimensional parton structure of nucleons, nuclei and mesons is a very
important area of hadronic physics, and there is no doubt that the EIC can move
this field to the next level. Crucial in that regard will be (precision) measurements
of certain exclusive and semi-inclusive processes. Information about imaging in
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position space comes through form factors and, in particular, via generalized par-
ton distributions (GPDs), whereas transverse momentum dependent parton distri-
butions (TMDs) quantify the 3D parton structure of hadrons in momentum space.
Chapter 6 contains an introduction to those topics, while detailed discussions can
be found below in Secs. 7.2.1, 7.2.2 and 7.2.3. In what follows, a brief introduction
is provided for the two additional topics of this section.

Wigner functions can be considered the quantum-mechanical counterpart of clas-
sical phase space distributions. In non-relativistic quantum mechanics they con-
tain the same information as the wave function of a system. Interestingly, Wigner
functions can also be defined for partons in quantum field theory. A generic par-
tonic Wigner function W(x, kT, bT) depends on the longitudinal and transverse
parton momenta as well as the impact parameter. Therefore, Wigner functions
not only contain all the physics encoded in TMDs and GPDs but also additional
information. For instance, they allow one to study spin-orbit correlations that are
similar to the ones known from systems like the hydrogen atom. The relation of the
parton orbital angular momentum to a specific Wigner function is one example in
that regard. For some time it was unclear if, even as a matter of principle, partonic
Wigner functions can be measured. But in the meantime some processes have been
identified which are directly sensitive to those objects in a model-independent
manner. In relation to the EIC, at present the diffractive exclusive di-jet production
is of particular interest, which holds promise to give access to Wigner functions for
gluons. More details about partonic Wigner functions and how the EIC can make
significant contributions to this field are given in Sec. 7.2.4.

High-energy lepton scattering off light (polarized) nuclei (d, 3He, 4He) typically
serves a dual purpose. First, both deuteron and 3He targets can be used to study
the neutron, which is important for a complete picture of the nucleon. This not
only applies to PDFs, but also to GPDs and TMDs. Nuclear corrections compli-
cate the extraction of information about the neutron from light nuclei, but there
exists decades-long expertise in this field to build on. Second, obtaining informa-
tion about the light nuclei is very interesting in its own right. Topics include the
investigation of the EMC effect in position space, exploring the pressure distribu-
tions in light nuclei, and exploiting the very unique opportunities which the spin-1
deuteron target offers through its possible tensor polarization. The prospects of
this field at the EIC are summarized in Sec. 7.2.5.

7.2.1 Nucleon and meson form factors

Nucleon form factors

The electric and magnetic form factors of the nucleon are measured in elas-
tic electron-proton (ep) scattering experiments and provide a wealth of infor-
mation about the radius and distributions of charge and magnetism in the nu-
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cleon [360, 361]. The future EIC will provide a unique opportunity to reach ex-
tremely high Q2 and probe the transition from hadronic to partonic degrees of
freedom. At low Q2, elastic scattering can serve as a straightforward reaction chan-
nel for experimentally determining luminosity by making use of the well known
low-Q2 electromagnetic form factors. The cross section for the scattering process
can be written as

σ = σMott ×
[

G2
E
(
Q2)+ τG2

M
(
Q2)

1 + τ
+ 2τG2

M

(
Q2
)

tan2
(

θ

2

)]
, (7.26)

where GE(Q2) and GM(Q2) are the charge and magnetic form factors, respectively,
Q2 is the four momentum transfer squared, and τ = Q2

4M2 with the nucleon mass
M.

Measurements of the unpolarized ep elastic cross section — the cross section for the
process where the final state consists of only an electron and proton with soft real-
photon radiation — will require both the scattered proton and scattered electron
to be detected in order to separate these events from other processes. As shown
on the left side of Fig. 7.38, with the form factors parameterized by the form given
in Ref. [362] and using the fit parameters in Ref. [363], the EIC can potentially
make measurements of the ep elastic cross section up to Q2 ≈ 40 GeV2. Though
unlike fixed-target experiments, in collider kinematics, the data collected will be at
values of the virtual photon longitudinal polarization ε ∼ 1 where ε = [1 + 2(1 +
τ) tan2(θ/2)]−1.
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Figure 7.38: The left panel shows the expected counts from elastic ep scattering at the EIC.
The right panel shows the expected counts from elastic ed scattering. The lack of a large
change in the rates for different beam energies implies that this data cannot be used for a
Rosenbluth separation of the form factors. On the other hand, as can be seen in Eq. (7.26),
at large Q2 the cross section is completely dominated by GM; thus at large Q2 the magnetic
form factor can be extracted from the expected data.

If the central detector acceptance on the electron side extends down to η = −3.5,
then the electron will enter the central acceptance at Q2 below 1 GeV2 (except for
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Figure 7.39: Left figure shows the electron scattering angle and the right figure the proton
scattering angle for different values of Q2 and for different beam energy combinations.

the highest
√

s setting). In order to suppress inelastic backgrounds, it is necessary
to detect the proton as well, and far-forward detectors will be needed for lower Q2

(see Fig. 7.39).

Determination of the proton form-factor ratio at high Q2 via double-spin asym-
metry measurements will most likely not be possible due to the small expected
asymmetry. However, the addition of a positron beam at the EIC would allow for
the study of hard two-photon exchange effects at high Q2 [364].

Measurements of the unpolarized electron-deuteron (ed) cross section are possible
at the EIC up to Q2 ≈ 5 GeV2 (see right panel in Fig. 7.38), and measurements of
the tensor-polarized asymmetry can be made up to Q2 ≈ 2.5 GeV2 (see Fig. 7.40).
Here the deuteron form factors for the cross section calculation come from a refit
of the Abbott experimental data [365–368]. At low Q2, this asymmetry is experi-
mentally well known [369,370] and can be used to help determine the polarization
of a stored tensor-polarized deuteron beam. Because only lower-Q2 measurements
are possible here, it is preferable to extend the electron acceptance down to η = 4
(see Fig. 7.41). It is also necessary to detect the scattered deuteron in order to sup-
press inelastic background, and far-forward detectors will be required for this. A
positive tensor polarization for the deuterium beam along the beam direction can
be achieved using high polarization in the m = +1 or m = −1 state. If the EIC is
unable to create deuterons in the m = 0 state (which has a negative tensor polar-
ization), a possible way of creating a negative tensor polarization along the beam
direction is shown in Fig. 7.40. Here, ed elastic data is simulated first assuming a
negative tensor polarization along the beam direction (blue points); then the simu-
lation is repeated with a polarization perpendicular (positive vector, positive ten-
sor) to the beam direction. The cross sections for these two cases are equivalent,
and consequently coincide in the figure.
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Figure 7.40: Shown is the tensor-polarized deuteron asymmetry for elastic ed scattering. The
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Figure 7.41: Left figure shows the electron scattering angle and the right figure the deuteron
scattering angle for different values of Q2 and for different beam energy combinations.

Meson form factors

Measuring meson form factors can help elucidate the interplay between emergent
hadronic mass and the Higgs mechanism — see also Sec. 7.1.4 and Tab. 7.1. The ex-
perimental determination of the π+ electric form factor (Fπ) is challenging. In the
timelike region, the form factor has been measured in e+e− → π+π− [371]. The
best way to determine Fπ in the spacelike region would be elastic eπ scattering.
However, the lifetime of the π+ is only 26.0 ns. Since π+ targets are not possi-
ble, and π+ beams with the required properties are not yet available, one must
employ high-energy exclusive electroproduction of pions, p(e, e′π+)n. This is best
described as quasi-elastic (t-channel) scattering of the electron from the virtual π+

cloud of the proton, where the Mandelstam variable t is the momentum transfer
squared to the target nucleon, t = (pp − pn)2. As discussed in Sec. 7.1.3, scatter-
ing from the π+ cloud dominates the longitudinal photon cross section (dσL/dt) at
sufficiently small −t.
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To reduce background contributions, normally one separates the components of
the cross section due to longitudinal (L) and transverse (T) virtual photons (and
the LT, TT interference contributions), via a Rosenbluth separation. However, L/T
separations are impractical at the EIC, due to the impossibility of acquiring low-ε
data. Below we propose an alternate technique to access σL via a model, vali-
dated with exclusive π−/π+ ratios from deuterium. Once dσL/dt has been deter-
mined over a range of −t, from −tmin to −t ∼ 0.6 GeV2, the value of Fπ(Q2) is
determined by comparing the observed dσL/dt values to the best available elec-
troproduction model, incorporating off-shell pion and recoil nucleon effects. The
obtained Fπ values are in principle dependent upon the model used, but one an-
ticipates this dependence to be reduced at sufficiently small −t. Measurements
over a range of −t are essential as part of the model validation process. JLab-6
experiments were instrumental in establishing the reliability of this technique up
to Q2 = 2.45 GeV2 [372], and extensive further tests are planned as part of the JLab
E12-19-006 [373] experiment.

Requirements for separating exclusive and SIDIS events: The exclusive π+ channel
cross section is several orders of magnitude smaller than neighboring background
from semi-inclusive DIS (SIDIS), but is distributed over a much narrower range of
kinematics, and this is essential for the separation of the exclusive events from the
background. The exclusive e+ p→ e′+π++n reaction is isolated by detecting the
forward-going high-momentum neutron, that is, e − π+ − n triple coincidences.
Since the neutron energy resolution is not very good, the neutron hit is used as a
tag for exclusive events, and the neutron momentum is otherwise not used in the
event reconstruction. Thus, missing momentum is calculated as pmiss = |~pe +~pp−
~pe′ − ~pπ|.
The effectiveness of kinematic cuts to isolate the exclusive π+ channel was eval-
uated by comparison to a simulation of p(e, e′π+)X SIDIS events, including both
detector acceptance and resolution smearing effects. The most effective cuts are
on the detected neutron angle (± 0.7◦ from the outgoing proton beam), on the re-
constructed −t < 0.5 GeV2, and the missing momentum (Q2-bin dependent cut).
The missing momentum cut ranges from pmiss > 95 GeV/c at Q2 = 6 GeV2, to
pmiss > 77 GeV/c at Q2 = 35 GeV2; i.e., all events above the cut value are re-
moved, where the value is chosen to optimize the signal/background ratio for
each Q2 bin. After application of these cuts, the exclusive p(e, e′π+n) events are
cleanly separated from the simulated SIDIS events.

Determining the longitudinal cross section dσL/dt: After the exclusive π+ event
sample is identified, the next step is to separate the longitudinal cross section
dσL/dt from dσT/dt, needed for the extraction of the pion form factor. How-
ever, a conventional Rosenbluth separation is impractical at the EIC due to the
very low proton beam energy required to access ε < 0.8. Fortunately, at the high
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Q2, W accessible at the EIC, phenomenological models predict σL � σT at small
−t. For example, the Vrancx and Ryckebusch Regge-based model [374] predicts
R = σL/σT > 10 for Q2 > 10 GeV2 and −t < 0.06 GeV2, and R > 25 for
Q2 > 25 GeV2 and −t < 0.10 GeV2. Thus, transverse cross section contribu-
tions are expected to be 1.3− 14%. The most practical choice appears to be to use
a model to isolate the dominant dσL/dt from the measured (un-separated) cross
section dσuns/dt.

To control the systematic uncertainty associated with the theoretical correction to
estimate σL from the un-separated σuns, it is very important to confirm the va-
lidity of the model used. This can also be done with EIC data, using exclusive
2H(e, e′π+n)n and 2H(e, e′π−p)p data for the same kinematics as the primary
p(e, e′π+n) measurement. The ratio of these cross sections is R = σ[n(e,e′π−p)]

σ[p(e,e′π+n)] =

|AV−AS|2
|AV+AS|2 , where AV is the isovector amplitude, and AS is the isoscalar amplitude.
Since the pion-pole t-channel process used to determine the pion form factor is
purely isovector (due to G-parity conservation), the above ratio will be diluted if
σT is not small, or if there are significant non-pole contributions to σL. The com-
parison of the measured π−/π+ ratio to model expectations, therefore, provides
an effective means of validating the model used to determine σL. The same model,
now validated, can likely also be used to extract the pion form factor from the σuns
data.

Figure 7.42: Existing data (green crosses [375,376], black circles [377] and triangles [372,378],
blue and yellow squares [372]) and projected uncertainties for future data on the pion form
factor from JLab (cyan and red diamonds [373]) and EIC (black squares), in comparison to
a variety of hadronic structure models [379–384]. The EIC projections clearly cover a much
larger Q2 range than the JLab measurements.
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Conclusions for pion form factor: The EIC can allow a pion form factor measure-
ment up to Q2 = 35 GeV2, as shown in Fig. 7.42. The error bars are based on the
following assumptions: integrated luminosity of 20 fb−1 for 5×100 GeV measure-
ment, clean identification of exclusive p(e, e′π+n) events by tagging the forward
neutron, cross section systematic uncertainty of 2.5% point-to-point, and 12% scale,
R = σL/σT = 0.013− 0.14 at −tmin, δR = R systematic uncertainty in the model
subtraction to isolate σL, pion pole channel dominance at small −t confirmed in
2H π−/π+ ratios. Also, a −t < 0.5 GeV2 cut was used.

K+ form factor: The reliability of the electroproduction method to determine
the K+ form factor FK has not been established yet. The JLab experiment E12-
09-011 [385] has acquired data for the reactions p(e, e′K+)Λ and p(e, e′K+)Σ0 at
hadronic invariant mass W =

√
(pK + pΛ,Σ)2 > 2.5 GeV, to search for evidence of

scattering from the proton’s “kaon cloud”. The data are still being analyzed, with
L/T-separated cross sections expected in the next ∼ 2 years. If they confirm that
the scattering from the virtual K+ in the nucleon dominates at low |t| � m2

p, the
experiment will yield the world’s first quality data for FK above Q2 > 0.2 GeV2.
This would then open up the possibility of using exclusive reactions to determine
FK over a wide range of Q2 at higher energies. Studies are planned. While the gen-
eral technique will remain the same, the π−/π+ validation technique to confirm
the σL extraction cannot be used for the K+. We are optimistic that Λ/Σ0 ratios
can play a similar role, but conditions under which the clean separation of these
two channels may be possible at the EIC requires further study and would only be
possible at center-of-mass energies of ∼ 29− 50 GeV. Otherwise the hyperons de-
cay too far down the beampipe for reconstruction using the far-forward detectors
(see Sec. 8.5.2) and missing-mass resolution to separate the Σ0 channel from the Λ
channel degrades at higher center-of-mass energies.

7.2.2 Imaging of quarks and gluons in impact-parameter space

A key challenge of nuclear physics is the tomographic imaging of the nucleon, en-
coded in the Generalized Parton Distributions (GPDs). They provide a connection
between ordinary PDFs and form factors and hence can describe the correlations
between the longitudinal momentum of quarks and gluons and their position in
the transverse spatial plane in a nucleon [117, 386].

In the nucleon case, depending on the target and active-parton polarization, one
can define four chiral-even GPDs (H, E, H̃ and Ẽ) and four chiral-odd GPDs (HT,
ET, H̃T and ẼT). They depend on three variables (considering the dependence on
the factorization scale Q2 to be known): x, that is the average longitudinal momen-
tum of the active quark as a fraction of the average target momentum; ξ and t, that
are, respectively, half the change in the fraction of longitudinal momentum carried
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Figure 7.43: Illustrations of three main processes which are sensitive to GPDs: (a) exclusive
electroproduction of a real photon, (b) TCS and (c) exclusive electroproduction of a meson.

by the struck parton and the squared four-momentum transferred to the target.
However, one does not have complete direct experimental access to this multidi-
mensional structure, since the dependence on x enters observables in nontrivial
convolutions with coefficient functions.

Since no single process is sufficient to determine GPDs fully, measurements of a va-
riety of processes and observables are necessary to maximally constrain them. Fits
of GPDs require educated choices of the fitting functions to incorporate the known
theoretical constraints of GPDs, that is, polynomiality, sum rules, and positivity —
see, e.g., Refs. [117,386–391] for a detailed account of the formalism and properties
of GPDs. Owing to QCD factorization theorems, a number of related processes are
complementary to disentangle the various GPDs and their flavor dependence —
see, e.g., Refs. [392–394] for recent works on the GPD phenomenology.

Phenomenology of GPDs

The cleanest way to probe GPDs is via deeply-virtual Compton scattering (DVCS),
i.e., γ∗N → γN′, at high photon virtuality (Q2 > 1 GeV2) and low (squared)
momentum transfer (|t| � Q2), where the scattering happens from a single par-
ton [395]. Experimentally, we access DVCS by measuring the exclusive electro-
production of a real photon (see diagram (a) in Fig. 7.43). In this process the DVCS
amplitude interfers with the so-called Bethe-Heitler (BH) process, that corresponds
to the emission of the photon by the incoming or the outgoing electron and is ex-
actly calculable in QED once the nucleon electromagnetic form factors are known.
DVCS is well described theoretically, including higher orders in αs, higher-twist
and target mass corrections — for a comprehensive review see, e.g., Ref. [392].

The DVCS cross section is parametrized in terms of Compton form factors (CFFs)
through which, however, the dependence on x is not directly accessible. CFFs
are complex functions whose real and imaginary parts are convolutions over x of
the GPDs with a hard kernel, systematically computable in perturbative QCD. At
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leading order, the imaginary part of the CFFs gives the GPDs along the diagonals
x = ±ξ, while the real part of the CFFs probes a convoluted integral of GPDs
over the initial longitudinal momentum of the partons. The interference between
BH and DVCS provides a way to independently access the real and imaginary
parts of the CFFs. Beam and target single-spin asymmetries are proportional to
the imaginary part of the DVCS-BH interference term. All three terms (pure BH,
pure DVCS, and interference term) contribute to the unpolarized cross section. The
DVCS and interference terms can be separated by exploiting their dependence on
the incident-beam energy, which represents a generalized Rosenbluth separation.
The real part of the DVCS amplitude also appears in double-spin asymmetries,
but these can receive significant contributions from the pure BH process, making
the extraction of the real part of the amplitude challenging. Beam-charge asym-
metries (from measurements with both electron and positron beams), on the other
hand, receive no direct contribution from the pure BH process and are also sensi-
tive to the real part of the DVCS amplitude. Therefore, an experimental program
with positron beams can have a significant impact in accessing this crucial observ-
able [364].

Timelike Compton scattering (TCS) is a related process in which a real photon
scatters off a parton to produce a virtual photon, detected through its lepton-pair
decay (see diagram (b) in Fig. 7.43) [396–402]. As such, this is an inverse process to
DVCS, sensitive to the same set of GPDs. The complementarity of the DVCS and
TCS processes relies mostly on the analyticity of the Q2 behaviour of the scattering
amplitudes [399, 400]. Confronting DVCS and TCS results together is a manda-
tory goal of the EIC to prove the consistency of the collinear QCD factorization
framework and to test the universality of GPDs. The differences in the two pro-
cesses also give experimental advantages in the extraction of CFFs — for example,
the asymmetries associated with the leptonic decay in TCS provide a more direct
access to the real part of the dominant CFF [397–399].

Additional information on GPDs can be obtained from hard exclusive meson elec-
troproduction (which is also called deeply-virtual meson production (DVMP)),
where a meson, instead of the photon, is produced as a result of the scattering
(see diagram (c) in Fig. 7.43) [393]. These processes include:

1. heavy meson (J/ψ, Y) electroproduction, which probes gluon GPDs and may
also provide new information on the underlying mechanism of saturation by
observing the change of the spatial gluon distribution from high to low xB [7];

2. light vector meson (ρ0, ρ+, ω; φ) electroproduction which, in addition, allows
for a flavor separation of the GPDs;

3. light pseudoscalar meson (π+, π0, η) electroproduction which, at high Q2,
gives access to parity-odd GPDs (H̃ and Ẽ) and, at low Q2, in a model-
dependent way, to a group of chiral-odd GPDs that are inaccessible in DVCS
at leading twist. Some of these GPDs are related to the transversity distribu-
tions extensively studied in semi-inclusive DIS and Drell-Yan processes.
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Figure 7.44: Extraction of the GPD H for sea quarks (left) and gluons (center), and the GPD
E for sea quarks (right), at a particular x and Q2. The violet band is the uncertainty obtained
excluding the EIC pseudodata from the global fit procedure [23].

Hard exclusive production of π0 mesons has a final state similar to that of DVCS.
It consists of one scattered lepton in the DIS regime (Q2 > 1 GeV2), one scattered
nucleon in a coherent state (i.e., no break-up of target particle in the interaction),
and either one or two photons for DVCS and π0 production, respectively. This
similarity suggests that a common analysis of the detector requirements for both
processes can be performed, as discussed in Sec. 8.4.1.

The information that can be extracted from a handful of DVCS measurements at
low xB from HERA collider experiments, almost entirely consisting of cross sec-
tions in loose Q2 − t bins, is very limited. GPD-based experiments at larger xB
have been carried out at HERMES and COMPASS. Dedicated fixed-target experi-
ments at JLab-12 will be addressing GPDs in the kinematic region dominated by
valence quarks. More precise data mapping, with high granularity and a wider
phase space, is required to fully constrain the entire set of GPDs for gluons and sea
quarks. This will be provided by the EIC, which connects the domain typical of
fixed-target experiments with that of collider measurements. With its wide range
in energy and high luminosity, the EIC will thus offer an unprecedented opportu-
nity for a precise determination of GPDs.

Simulation studies proved that the EIC can perform accurate measurements of
DVCS cross sections and asymmetries in a very fine binning and with a very low
statistical uncertainty [23]. This pioneering assessment of the EIC capability to
constrain GPDs solely relies on global fits of DVCS measurements. Figure 7.44
shows the uncertainties of GPDs extracted from current data (violet bands) and
how they are constrained after including the EIC pseudodata into the fits (orange
bands). This study demonstrated that the EIC can significantly improve our cur-
rent knowledge of the GPD H for gluons. Moreover, a precise measurement of the
transverse target-spin asymmetry AUT leads to an accurate extraction of the GPD
E for sea quarks, which currently remains almost unconstrained [23].

Diffractive events are known to constitute a large part of the cross section in high-
energy scattering. In Refs. [403–405], access to GPDs is suggested in a diffractive
process where a GPD-driven subprocess (PN → γ∗(Q′2)N′ or PN → MN′, with
P a hard Pomeron and M a meson) is triggered by a diffractive γ∗(Q2)→ ρP pro-
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DA

M

Figure 7.45: Leading-order diagram for the diffractive production of ρ and a virtual photon
(left panel) and diffractive two-meson production (right panel), with a large rapidity gap
between the forward ρ and the remaining γ∗N′ or MN′ final state [403].

cess, as shown in Fig. 7.45. The kinematic domain is defined with a large rapidity
gap separating the ρ from the γ∗N′ or MN′ final state, and a small momentum
transfer between the initial and final nucleons. Contrary to the usual DVCS and
TCS processes, the integration over the quark momentum fraction in the ampli-
tudes is restricted to a smaller domain (−ξ < x < ξ), with gluons not entering
due to C-parity conservation. The skewness parameter ξ is not related to xB as
in DVCS, giving access to large ξ even for high-energy processes [403, 404]. In
the meson production process, as in DVMP, the nature of the meson and its po-
larization select specific GPDs (vector, axial vector, transversity). The amplitudes
are energy-independent at leading order, and would acquire a mild energy depen-
dence when high-energy evolution is turned on. Cross section projections for the
ρM-production process at EIC kinematics were studied in Ref. [405]. Detailed EIC
simulations for both processes are in progress [406].

In Ref. [407–410], a new class of processes was proposed to access GPDs through
γ + N → γ + M + N′ and γ + N → γ + γ + N′, focusing on the regime where
M2

γM or M2
γγ provides a hard scale. The connection with GPDs relies on the fact

that the subprocess γ(qq̄) → γ + M or γ(qq̄) → γ + γ factorizes from GPDs. For
photoproduction of γγ, the hard subprocess gives access to GPDs at the special
point x = ±ξ [408]. On the other hand, the photoproduction of a photon-meson
pair, for example γρ, is sensitive to chiral-odd (transversity) GPDs [407]. Chirality
constraints dictate that, for γρ photoproduction, only chiral-odd GPDs contribute
at leading twist (i.e., up to 1/Q2 corrections) to the production of transversely-
polarized ρ mesons, while chiral-even GPDs enter for longitudinal meson polar-
ization.

Selecting specific polarization states via measurements of the ρ decay products en-
ables the separation of the chiral-even and transversity GPDs. This process also
benefits from a suppression of gluon GPDs in the amplitude, which typically in-
troduce large NLO corrections. Simulations of the process at EIC kinematics are
underway [403]. The chiral-even sector (M = π or ρL) can yield a large new set of
observables, complementing the measurements of DVCS, TCS and DVMP which
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involve the same GPDs. In addition, the case M = π0 provides a new way to
access GPDs of gluons.

A novel method to extract GPDs has recently been proposed, which is based on
the comparison of ρ- and π-meson production cross sections in charged-current
processes [411]. The rates of these processes are suppressed compared to photo-
production and pose significant experimental challenges, yet are within reach of
the EIC, as described in Sec. 8.4.8.

Impact parameter distributions

Impact parameter distributions (IPDs) can be obtained by taking a Fourier trans-
form of the GPDs in the variable t at ξ = 0. IPDs represent densities of partons
with a given momentum fraction x as a function of the position bT (impact param-
eter) from the center of momentum of the nucleon in the transverse plane [20]. A
first attempt to obtain this information from DVCS measurements was illustrated
in Refs. [412,413], using a model-dependent extrapolation to the point ξ = 0 that is
not accessible experimentally. Recently, dispersion-relation techniques have been
exploited to constrain the GPDs at ξ = 0 from data [414]. Both these analyses con-
firm that the width of the IPDs for unpolarized quarks in unpolarized protons has
a very peaked transverse profile in the limit of x → 1. This behaviour comes from
the fact that, in this limit, the active quark is always very close to the transverse
center of momentum [20, 415]. It suggests that the higher-x valence quarks are lo-
calized closer to the center of the nucleon than the lower-x sea quarks, which have
a wider distribution in the transverse plane.

The DVCS-based EIC impact study of Ref. [23] showed how by Fourier-
transforming the GPDs constrained at the EIC, it is possible to extract the densities
of quarks and gluons in the impact parameter space, as shown in Fig. 7.46. While
this study is based only on measurements of DVCS, simulations have also shown
how the EIC can provide high-precision measurements of the |t|-differential cross
section of heavy vector mesons [2, 416]. More simulations for light and heavy
mesons, performed in the context of this Yellow Report, are discussed in Sec. 8.4.5
and Sec. 8.5.1. A Fourier transform of the |t|-differential cross section for the pro-
duction of heavy vector mesons can help to visualize the uncertainty achievable
for the gluon IPDs, though it still contains a contribution from the small but fi-
nite size of the meson, which needs to be disentangled in a full GPD analysis.
For meson production, Q2 + M2

V becomes the relevant resolution scale. Therefore,
xV = (Q2 + M2

V)/(2P · q) replaces the standard Bjorken variable xB = Q2/(2P · q).
Figure 7.47 shows the projected gluon IPDs measurable at the EIC, enabling us to
accurately probe the spatial distribution of gluons over two orders of magnitude
in xV , up to the region where the valence quarks dominate.

The impact studies in Ref. [23] assumed a measurement of |t| in a very wide range,
starting with the physical minimum |tmin| ∼ 0.03 GeV2 up to |t| = 1.6 GeV2 which,
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Figure 7.46: Impact parameter distributions at x = 0.001 and Q2 = 4 GeV2 for unpolarized
sea quarks in an unpolarized proton (left), a transversely polarized proton (middle), and for
unpolarized gluons in an unpolarized proton (right), obtained from a combined fit to the
HERA collider data and EIC pseudodata [23]. Top row: IPDs at fixed bx = 0 as a function of
b = by. Bottom row: density plots of IPDs in the (bx, by)-plane.

in a Fourier transform, corresponds to large values of the impact parameter. Stud-
ies by the same authors show that limiting the measured |t|-range would severely
affect the precision of the extracted partonic densities, as shown in Fig. 7.48. The
bands represent the uncertainty from different extrapolations to the regions of un-
measured (very low and very high) values of |t|.

Form factors of the energy momentum tensor

GPDs also offer the unique and practical opportunity to access the form factors
of the energy momentum tensor (EMT), which are canonically probed through
gravity [417]. For a symmetric (Belinfante-improved) EMT, there are four form
factors, usually referred as A(t), J(t), D(t) and C̄(t), for each type of parton. The
first three form factors can be related to x-moments of the GPDs and, at t = 0, the
corresponding “charges” for quarks and gluons give, respectively, the fraction of
nucleon momentum carried by the partons, the quark and gluon contribution to
the total angular momentum of the nucleon [21] (see Sec. 7.1.2), and the D-term
D ≡ D(0), which is sometimes referred to as the “last unknown global property”
of the nucleon [418]. Furthermore, the C̄(t) form factor is related to the EMT trace
anomaly and plays an important role in the generation of the nucleon mass (see
Sec. 7.1.4). The information encoded in the EMT form factors is revealed in the
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Figure 7.47: Top: Projected EIC uncertainties for the gluon IPD obtained from a Fourier
transform of the differential cross section for J/ψ production for 15.8 GeV2 < Q2 + M2

V <

25.1 GeV2, assuming a collection of 10 fb−1 (from Ref. [2]). Bottom: Projected uncertainties
for the gluon IPD multiplied with b2

T , extracted by a Fourier transform of the differential
cross section for Y production for 89.5 GeV2 < Q2 + M2

V < 91 GeV2, assuming 100 fb−1

(from Ref. [416]).

Breit frame [22, 418], and has been discussed recently in other frames as well [174,
419]. Working in the Breit frame, the D(t) form factor can be related to the spatial
distribution of shear forces s(r) and pressure p(r).

The relation for the shear forces holds also for quarks and gluons separately, while
it is defined only for the total system in the case of pressure. In this way, D(t)
provides the key to mechanical properties of the nucleon and reflects the internal
dynamics of the system through the distribution of forces. Requiring mechanical
stability of the system, the corresponding force must be directed outwards so that
one expects the local criterion 2s(r) + p(r) > 0 to hold, which implies that the
total D-term for any stable system must be negative, D < 0, as confirmed for
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Figure 7.48: Fourier transform of the DVCS cross section as a function of the impact pa-
rameter bT . The cross sections are for different |t| acceptance and an integrated luminosity
of 10 fb−1. The bands represent the parametric errors in the fit and the uncertainty from
different extrapolations to the regions of unmeasured (very low and very high) |t|. Left:
0.03 GeV2 < |t| < 1.6 GeV2, middle: 0.2 GeV2 < |t| < 1.6 GeV2, right: 0.03 GeV2 < |t| <
0.65 GeV2.

the nucleon in models [420–422], calculations from dispersion relations [423] and
lattice QCD [424, 425].

Another consequence of the EMT conservation is the condition
∫ ∞

0 p(r)r2dr = 0,
which shows how the internal forces balance inside a composite particle. This rela-
tion implies that the pressure must have at least one node. All models studied up
to now show that the pressure is positive in the inner region and negative in the
outer region, with the positive sign meaning repulsion towards the outside and
the negative sign meaning attraction towards the center. Recently, an analysis of
JLab data taken at 6 GeV [426,427] has provided the first experimental information
on the quark contribution to D(t) [428]. The form factor parameters fitted to the
JLab data, with the assumption of a negligible gluon contribution, were used to
obtain the radial pressure distribution. Within the uncertainties of the analysis, the
distribution satisfies the stability condition, with a zero crossing near r = 0.6 fm.
This analysis has been repeated in Ref. [429] using more flexible parametrizations
by neural networks to improve the calculation of the uncertainties. The results
show that presently available beam-spin asymmetry and cross-section measure-
ments alone do not allow one to draw reliable conclusions. An independent study
relying on neural-network-based global fits to existing DVCS data [430] also con-
firms that a reliable extraction of pressure forces from current experimental data is
not achievable [431].

The method itself, however, appears valid and may provide a conclusive extrac-
tion of the quark contribution to D(t) in the future, when used in combination
with other observables, which are more sensitive to the real part of the CFFs and
to D(t) (such as the DVCS beam-charge asymmetry or the production of lepton
pairs), and with forthcoming data from present facilities (JLab, COMPASS) and the
EIC. Similarly, exploratory studies for the prospects of measuring the other EMT
form factors at the EIC are in progress. Measuring beam-charge asymmetries, the
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Figure 7.49: The π0 electroproduction process in the (backward-angle) TDA collinear fac-
torization regime (large Q2, large s, fixed xB, u ∼ umin). The πN TDA (bottom grey oval)
corresponds to the transition distribution amplitude from a nucleon to a vector meson. The
forward-going nucleon is described by the DA (top-right oval).

most sensitive probe for D(t), requires a positron beam, which can be unpolarized.
While this is not envisioned in the EIC baseline, there seem no technical obstacles
to this upgrade in the future.

Transition distribution amplitudes

New information on the parton composition of the nucleon can be accessed
by studying hard exclusive meson production in the u-channel kinematics re-
gion (t ∼ tmax and u ∼ umin). This process is characterized by a nonzero
baryon number exchange in the u-channel and can be studied in terms of non-
perturbative objects known as nucleon-to-meson Transition Distribution Ampli-
tudes (TDAs) [432–435], as illustrated in Fig. 7.49. TDAs describe the underlying
physics mechanism of how the target proton makes a transition into a π meson
in the final state. One fundamental difference between GPDs and TDAs is that
the TDAs require three parton exchanges between the TDA and the hard part. At
leading-twist, there are 8 independent TDAs that can be classified in terms of the
light-cone helicity of the exchanged quarks [436]. This opens the way to specific
and detailed analyses of the helicity content of correlated quarks in the nucleon.
Similarly to GPDs, after the Fourier transform in the transverse plane, TDAs also
carry valuable information on the transverse location of partons and, in particular,
allow one to quantify the effect of diquark clustering in nucleons [437]. In order
to advance in the exploration of the TDA physics, measurements at the EIC and at
other facilities can play a crucial role — see Sect. 8.4.7 for kinematic studies.
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7.2.3 Imaging of quarks and gluons in momentum space

Transverse momentum dependent distribution and fragmentation functions
(TMDs) describe not only the partons’ longitudinal momentum, given by the vari-
ables x and z for distribution and fragmentation functions, respectively, but also
their transverse momentum kT. The study of partonic transverse momenta started
already in the first years after the discovery of QCD [438–440]. Polarized TMDs
were initially suggested as potential mechanisms for creating the unexpectedly
large transverse single-spin asymmetries (SSAs) in hadronic collisions [14, 39].
Nowadays, TMDs are a widely-used tool for describing the 3D spin and momen-
tum structure of the nucleon and other hadrons, and they provide access to pre-
viously elusive quantities [441–445]. At the EIC, the main access to TMDs comes
from semi-inclusive DIS (SIDIS), where in addition to the standard DIS variables
x, Q2, and y, one also identifies final-state hadrons with a fractional energy z and
transverse momentum PT relative to the direction of the virtual photon. In sev-
eral cases the azimuthal angles of the target spin (φS) and the fragmenting hadron
momentum (φh) relative to the lepton scattering plane are also measured [446].
Accounting for the transverse momentum degrees of freedom allows for the ex-
traction of TMDs and, ultimately, the reconstruction of the 3D picture of hadrons
in momentum space. A general description of SIDIS for single-hadron observables
can be found in Refs. [36,218] and their later extensions. Additional information of
the momentum space image, including the flavor substructure and gluon TMDs,
can be obtained also from other semi-inclusive processes, such as di-hadron pro-
duction and jet-based measurements.

The main theoretical tool for probing TMDs is the TMD factorization theorem. This
theorem allows one to define universal TMD parton distributions [440, 447–450]
that are functions of x and kT. Similarly, one defines also TMD fragmentation
functions that are functions of z and PT and describe the hadronization of an out-
going parton [451]. TMD factorization has been intensively developed during the
last decades, leading also to the discovery of new domains of applicability and
deeper connections with fundamental properties of QCD. In TMD factorization,
SIDIS structure functions have the following generic form, here for the example of
Fsin(φh−φS)

UT [218],

Fsin(φh−φS)
UT = ∑

q
e2

q |CV(Q)|2 [R(Q, µ0)⊗ f⊥q
1T (x; µ0)⊗ Dq

1(z; µ0)](PT) ,(7.27)

where ⊗ indicates the convolution of transverse momenta, |CV |2 is the perturba-
tive coefficient function, R(Q, µ0) represents the evolution factor, while f⊥q

1T and
Dq

1 are the Sivers TMD PDF and the unpolarized TMD FF, respectively. (For ease
of notation, in Eq. (7.27) the dependence of the nonperturbative functions on the
transverse parton momenta has been suppressed.) The reference scale µ0 depends
on the details of the evolution implementation [452,453]. The factorization formula
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(7.27) takes on a simpler form in b-space [454],

Fsin(φh−φS)
UT = ∑

q
e2

q|CV(Q)|2
∫ d2b

(2π)2 ei(b·PT)/zR(Q, b, µ0) f⊥q
1T (x, b; µ0)Dq

1(z, b; µ0), (7.28)

where the parameter b is defined as the Fourier conjugate to PT/z. In b-space,
TMDs have a multiplicative evolution and simpler theoretical properties, and
therefore this representation is often used in practice [455, 456].

The central feature of Eqs. (7.27, 7.28) is the presence of three non-perturbative
functions: one TMD PDF, one TMD FF, and the non-perturbative part of the
evolution kernel, with the so-called Collins-Soper-kernel (CS-kernel) hidden in
R. To clearly separate these three functions, measurements that are differen-
tial in (Q, x, z) with large kinematic coverage are needed. The factorization for-
mula (7.27) receives corrections which enter in terms of powers of δ ∼ PT/(zQ).
(We also refer to [457, 458] where detailed investigations of power corrections
for TMD factorization were presented.) Identifying the domain of applicability
of TMD factorization is nontrivial [459]. In recent analyses, usually the choice
δ < 0.25 has been adopted, at least for high Q [460–463]. These restrictions re-
duce the significance of a large number of existing measurements. The EIC will
provide measurements in an unprecedented large domain, which ultimately helps
to pin down TMDs precisely. However, it also complicates the impact studies for
such measurements since many features of TMDs are entirely unconstrained by
current measurements, especially for Q > 5− 10 GeV. In Fig. 7.50 we show results
of Ref. [464] where the regions of pion production in SIDIS at the EIC are studied
using results of Ref. [465]. The so-called affinity to TMD factorization region, that
is, the probability (in the range from 0% to 100%) that the data can be described
by TMD factorization, is calculated for each bin of the EIC measurements, and
indicated by color and symbol size in the figure. One can see that the bins with
relatively high zh ≈ z and PT (and relatively large x and Q2) are particularly im-
portant for the TMD factorization description. The rest of the data (or at least part
of it) will be important for other descriptions such as collinear factorization.

Unpolarized TMDs and TMD evolution

Presently, the unpolarized case is the best-studied part of the TMD program due
to lots of measurements in many different kinematic ranges, starting from fixed-
target experiments [466–471] at low energies up to collider measurements at higher
energies [472–487]. The precision and large span in Q make unpolarized mea-
surements ideal for the determination of the CS-kernel. The latest global analyses
reach NNLO perturbative accuracy with N3LL TMD evolution, demonstrate an
excellent agreement between the theory and experiments, and provide extracted
values of unpolarized TMDs with a good precision [460–463] (named as Pavia17,
SV17, SV19, Pavia19 for brevity). Nonetheless, the current overall status of the
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Figure 7.50: The x−Q2 plane with future EIC measurements at
√

s = 140 GeV. Each panel
displays zh ≈ z vs. PT ranges of measurements (shown by gray lines). The colored symbols
represent the estimated affinity of the measurement to TMD factorization region. The color
code is proportional to the affinity. (See text for more details.)

data (which includes extremely precise LHC measurements at Q ∼ MZ) does not
allow for an accurate reconstruction of TMDs in the b > 1− 2 GeV−1 region due
to insufficient PT-coverage. In this region, extractions accomplished by different
groups can be very different — see, for example, the comparison in Ref. [488].
Measurements at EIC energies will be able to fill in the gap between the low-energy
fixed-target experiments and those at the LHC, and this will help pin down these
functions at higher values of b, i.e., lower values of kT. Additionally, unpolarized
structure functions and unpolarized TMDs enter the definitions of other structure
functions and spin asymmetries, and thus significantly influence the accuracy of
polarized TMDs as well.

To estimate the impact on the non-perturbative part of the CS-kernel and unpo-
larized TMDs, the SV19 fit was rerun with the inclusion of EIC pseudodata, in
5× 41 GeV, 5× 100 GeV, 10× 100 GeV, 18× 100 GeV and 18× 275 GeV energy con-
figurations, scaled to 10 fb−1. The pseudodata, based on PYTHIA [76] simulations,
includes expected statistical and estimated systematic uncertainties, obtained for
a hand-book detector design with moderate particle identification (PID) capabili-
ties. The estimates for the expected uncertainty bands in comparison to existing
ones are shown in Figs. 7.51 and 7.52. The main impact on the unpolarized sector
occurs in the CS-kernel, for which the uncertainty reduces by a factor ∼ 10. This
is due to the unprecedented and homogeneous coverage of the (Q, x, z) domain,
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Figure 7.51: Comparison of relative uncertainty bands (i.e. uncertainties normalized by
central value) for the CS-kernel at µ = 2 GeV.

which can efficiently decorrelate the effects of soft-gluon evolution and internal
transverse motion. Importantly, the current estimate is based on one-parameter
models (which likely explains the node-like structures seen in the figures), which
are sufficient to describe the current data. Given the precision of the EIC measure-
ments, one can expect to obtain a fine structure of the CS-kernel, which will help
to explore properties of the QCD vacuum [488]. The unpolarized TMDs will also
be significantly constrained through EIC data. The largest impact will be in the
regions that are not covered by present data, i.e., for low x and low z, where the
size of the uncertainty bands can be reduced by a factor ∼ 4. In other regions, the
reduction of uncertainties is smaller, typically by a factor ∼ 2. The EIC measure-

Figure 7.52: Comparison of relative uncertainty bands (i.e. uncertainties normalized by
central value) for up-quark unpolarized TMD PDFs (upper panel) and u → π+ pion TMD
FFs (lower panel), at different values of x and z as a function of kT , for µ = 2 GeV. Lighter
band is the SV19 extraction, darker is SV19 with EIC pseudodata.
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ments will also play a key role in the study of the flavor structure of TMDs, which
is currently almost unconstrained [489], making it difficult to estimate the impact
of the EIC.

Quark Sivers and Collins measurements

Figure 7.53: Expected impact on up and down quark Sivers distributions as a function of the
transverse momentum kT for different values of x, obtained from SIDIS pion and kaon EIC
pseudodata, at the scale of 2 GeV. The green-shaded areas represent the current uncertainty,
while the blue-shaded areas are the uncertainties when including the EIC pseudodata.

Sivers function measurements: The determination of the quark Sivers functions,
f⊥q
1T (x, kT), is one of the major goals for TMD physics. It can be extracted most di-

rectly from the transverse SSA proportional to the sin(φh − φS) modulation of the
SIDIS cross section, which is expressed through the structure function Fsin(φh−φS)

UT
(see Eq. (7.27)). The Sivers function is a T-odd TMD [490], that turns into the Qiu-
Sterman matrix element [212, 491] in the regime of small b [492, 493]. The extrac-
tion of the Sivers TMD was performed by many groups [494–506]. However, the
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global pool of Sivers asymmetry data currently has only a relatively small num-
ber of data points that satisfy the TMD factorization criterion. Consequently, the
uncertainty bands on the Sivers function are very large. To determine the impact
of EIC measurements on the Sivers function we used the pseudodata generated
by PYTHIA 6 with a successive reweighing by a phenomenological model for the
Sivers and unpolarized structure functions from Ref. [498]. For the present impact
study we used pseudodata for π± and K± production in e + p collisions at the
highest (18× 275 GeV) and the lowest (5× 41 GeV) energy configurations as well
as e + 3He data at lower energies, scaled to 10 fb−1. The systematic uncertainties
were estimated as in the unpolarized case. The resulting pseudodata set has about
two orders of magnitude more points than current data. Performing the fit of pseu-
dodata with the initial setup of the Sivers function from the global analysis made
in Ref. [506] based on SIDIS [507–511] and Drell-Yan [512, 513] data, we observe
a drastic reduction of uncertainties, as shown in Fig. 7.53. The uncertainty bands
can be reduced by more than an order of magnitude, for all flavors. Measuring the
PT-dependence of the cross section for a given (x, z, Q) bin allows for the determi-
nation of the kT-shape of the Sivers function, which is currently hardly constrained
at all by experimental data.

Collins-function-based transversity measurements: The tensor charges and the
(chiral-odd) transversity distributions are the third leading-twist quantity of the
nucleon. They can only be accessed in combination with chiral-odd counter parts
such as the Collins fragmentation function [39]. Several results from fixed-target
SIDIS measurements, e+e− annihilation and, recently, polarized proton-proton col-
lisions, were included in various global fits [514–517], but the uncertainties are still
very substantial. Using the framework of the QCD global analysis of transverse
SSAs developed in Ref. [241] (JAM20), the impact of the EIC single-hadron Collins
effect SIDIS data on the transversity distributions and the tensor charges was deter-
mined (see Fig. 7.54). Again, PYTHIA 6 was used to generate pseudodata for both
proton and 3He beams at various energies and scaled to 10 fb−1. The pseudodata
were then re-weighted using structure functions based on the extraction presented
in Ref. [514]. The Collins asymmetries are given by the sin(φh + φS) modulation
of the cross section. The JAM20 fit utilizes the connection between TMDs and
twist-3 multi-parton correlators to simultaneously fit data from SIDIS [518, 519],
e+e− annihilation [520–525], Drell-Yan [512, 513], and SSAs in proton-proton colli-
sions [208,209]. The significant reduction in the uncertainties is apparent. In partic-
ular, in going from JAM20 to JAM20+EIC(ep) to JAM20+EIC(ep+e 3He) the results
for the tensor charges are δu = 0.72(19) → 0.72(6) → 0.72(2), δd = −0.15(16) →
−0.15(9)→ −0.149(7), gT = 0.87(11)→ 0.87(9)→ 0.87(2).

The importance of the polarized 3He data is also manifest, especially for the
down-quark transversity. Further details can be found in Ref. [526]. With the
EIC data, uncertainties for phenomenological extractions of the tensor charges
will become comparable to, and possibly smaller than, current lattice QCD cal-
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Figure 7.54: Top: Expected impact on the up and down quark transversity distributions
and favored and unfavored Collins function first moment when including EIC Collins effect
SIDIS pseudodata from e+p and e+He collisions [526]. Bottom left: Plot of the truncated
integral g[xmin ]

T vs. xmin. Also shown is the ratio ∆EIC/∆JAM20 of the uncertainty in g[xmin ]
T for

the re-fit that includes pseudodata from the EIC to that of the original JAM20 fit [241]. Note
that the results from two recent lattice QCD calculations [527,528] are for the full gT integral
(i.e., xmin = 0) and have been offset for clarity. Bottom right: The impact on the up quark
(δu), down quark (δd), and isovector (gT) tensor charges and their comparison to the lattice
data.

culations (see, e.g., Ref. [527, 528]). As such, potential discrepancies may become
relevant for searches of physics beyond the Standard Model [529, 530]. We also
mention that there is a significant reduction in the uncertainty for the Collins
function (see Fig. 7.54), which will be an important test of universality with re-
sults from e+e− annihilation. (Theoretical considerations suggest that TMD frag-
mentation functions are universal, based on the specific kinematics of the frag-
mentation process — see, for example, Refs. [448, 531].) In addition, Fig. 7.54
shows g[xmin]

T vs. xmin, where g[xmin]
T is the following truncated integral: g[xmin]

T ≡
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∫ 1
xmin

dx
[
(hu

1(x)− hū
1(x))− (hd

1(x)− hd̄
1(x))

]
, as well as the reduction in the uncer-

tainty of this quantity from the baseline fit of JAM20 [241]. With the EIC the expec-
tation is that the uncertainty will go down to 10% of JAM20.

Gluon TMD measurements

Gluon TMDs encode different correlations between the momentum and spin of
the gluon and its parent nucleon. First classified in Ref. [37], they follow a TMD
evolution analogous to that of quark TMDs [532]. Apart from the unpolarized
and linearly polarized gluon TMDs inside an unpolarized nucleon, f g

1 and h⊥g
1 ,

respectively, of special interest for spin asymmetry measurements are the three
naive T-odd gluon TMDs for a transversely polarized nucleon: the gluon Sivers
function f⊥g

1T and two distributions of linearly polarized gluons, hg
1 and h⊥g

1T .

The operator structure of gluon TMDs is more involved than for quark TMDs.
Indeed, among the eight leading-twist gluon TMDs, four are naive T-odd, and
thus expected to be process-dependent. The underlying interpretation is that the
gauge-link structures involved in the definition of gluon TMDs are different in
DIS and hadronic collisions. As a result, it is predicted that these T-odd gluon
TMDs accessed in ep↑ → e′qq̄X can be related by an overall sign change to those
in p↑p → γγX (or any other color-singlet final state, such as di-J/ψ or J/ψ γ).
Moreover, T-odd gluon TMDs can be cast into two types, namely the Weizsäcker-
Williams (WW) type, also known as f -type, and the dipole type, also known
as d-type, depending on the gauge-link structure involved in the scattering pro-
cesses [533–539]. This issue and its impact on EIC physics are discussed in detail
in Sec. 7.3.1. The WW gluon TMDs appear exclusively in the γ∗g → qq̄ process
in DIS, and they are generally difficult to extract in other hadronic collisions [537].
Therefore, through the measurement of WW gluon TMDs, the EIC can provide
a unique test of the non-universality of gluon TMDs, complementary to the pro-
posed observables at hadron colliders [540–542].

Currently, almost nothing is known from experiment about unpolarized or polar-
ized gluon TMDs, except for the unpolarized gluon TMD at very small x. Open-
charm production is an ideal probe to study gluon TMDs [543–545], but this pro-
cess is statistically challenging [546] — for some more details, see the discussion
at the end of this section. One could also study charm jet pair production [547] or
measure (single, double or associated) quarkonium production [543,544,548–564].
In this case, recent theoretical developments [560, 561] point to the need of new
hadronic quantities, the TMD shape functions, which have not been experimen-
tally constrained yet.

In order to single out different azimuthal modulations of a measurement, which
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are related to different gluon TMDs, we introduce the azimuthal moments [558]

AW(φS,φT) ≡ 2

∫
dφS dφT W(φS, φT)dσ(φS, φT)∫

dφS dφT dσ(φS, φT)
, (7.29)

where φS and φT denote the azimuthal angles of the transverse spin vector and
the measured transverse momentum, respectively. For instance, by taking W =
cos 2φT we define Acos 2φT ≡ 2〈cos 2φT〉. The maximum values of such observ-
ables/asymmetries in ep↑ → eJ/ψX [558], obtained from the positivity bounds of
the TMDs, are presented in Fig. 7.55 (left) in a kinematic region accessible at the
EIC. They turn out to be measurable, but depend very strongly on the specific set
of the adopted long-distance matrix elements (LDMEs). Similar predictions are ob-
tained for Υ production, and also for J/ψ + jet production [559], which by varying
the mass of the final state also allows one to test the evolution of gluon TMDs.
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Figure 7.55: Left: Maximal AW
N asymmetries with W = cos 2φT, sin(φS + φT), sin(φS− 3φT),

for J/ψ production in SIDIS. These three asymmetries are sensitive to the linearly polar-
ized gluon distribution h⊥g

1 (in an unpolarized nucleon), and two linearly polarized gluon

distributions (in a transversely polarized nucleon), hg
1 and h⊥g

1T , respectively. The maximal
asymmetries are calculated from the positivity bounds for the polarized gluon TMDs, and
they become identical for all three weight functions. The labels SV and CMSWZ refer to
the implemented LDME sets [565, 566]. (Figure from Ref. [558].) Right: projection of SSA
〈2 sin(φq − φS)〉 modulation in the dijet channel as a function of the reconstructed parton
momentum fraction xrec

parton. The following kinematic cuts are used in the selection of events

generated in the simulation at
√

s = 141 GeV with an integrated luminosity of 10 fb−1:
0.01 < y < 0.95, 1 GeV2 < Q2 < 20 GeV2, trigger jet Pjet1

T > 4.5 GeV and associated jet
Pjet2

T > 4 GeV.

On the other hand, dijet or high-pT charged dihadron productions [567] have also
been recently proposed to access gluon TMDs. In Fig. 7.55 (right), the projec-
tion [546] of the SSA 〈2 sin(φq − φS)〉 via dijet production is shown as a func-
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tion of xrec
parton = (pjet1

T e−ηjet1
+ pjet2

T e−ηjet2
)/
√

s for e + p↑ collisions at
√

s = 141
GeV. By defining ~qT as the dijet momentum imbalance, we can compute the an-
gle difference φq − φS between ~qT and the transverse spin vector ~ST of the target.
Using the anti-kT jet algorithm and the cone size R = 0.8, jets are reconstructed
from both charged and neutral particles with a minimum transverse momentum of
0.25 GeV/c within the pseudorapidity range |η| < 3.5. First of all, since the gluon
Sivers function is largely unconstrained, the dependence on xrec

parton of the result-
ing SSA strongly relies on the model inputs. Two different parametrizations of the
gluon Sivers function are used as inputs in this projection. One is the SIDIS1 set ex-
tracted from the RHIC AN data fit of π0 [568], and the other is an assumption based
on 5% of the positivity bound of the gluon Sivers function. The results of these two
sets of parametrizations of the gluon Sivers function are shown as blue and black
curves in Fig. 7.55 (right), respectively. In contrast, the background asymmetry
arising from the quark Sivers function is labeled with the curve in teal. Second, the
projected statistical uncertainty band as shown in Fig. 7.55 (right) is sufficient to
resolve the signal of the gluon Sivers function down to 5% of the positivity bound
for a wide range of x. Last but not least, the red dashed curve represents the gluon
Sivers asymmetry at the parton level. As expected, the jet-level SSAs inherit sim-
ilar shapes as the parton level ones with a smaller magnitude. The dotted curves
labeled as ”EIC smeared” stand for the SSAs with the EIC detector response and
smearing effects taken into account. The impact of detector responses becomes
significant only in the large-x region due to the limited statistics.

In summary, the gluon Sivers function can be probed at the EIC down to 5% of
the positivity bound, which allows to explore the little-known correlation between
the spin of the proton and the transverse orbital motion of the gluon inside. To
measure the gluon Sivers effects (and also the gluon saturation as discussed in
Sec. 7.3.1) via the dijet/dihadron process, a hermetic detector with good tracking
(momentum and angular) resolutions will be required, since dijets are produced in
the back-to-back azimuthal angle plane across a large range of rapidity, and their
momentum imbalance is measured from the vector sum of the reconstructed jet
momenta.

Chiral-odd distribution functions via di-hadron measurements

Di-hadron correlations are sensitive to parton distribution functions via their cou-
pling to di-hadron fragmentation functions (DiFFs) [224–226,229]. Due to the extra
degrees of freedom, they allow for a targeted access to the nucleon structure. One
well-known example is the existence of transverse-polarization-sensitive FFs in the
collinear framework. They have already been described in this report in their role
to extract the twist-3 PDF e(x) in Sec. 7.1.5. The partial-wave decomposition of
DiFFs is addressed in Sec. 7.4.1. Here, we focus on the access to transversity via
the DiFF H^1 and to the Boer-Mulders function via the TMD DiFF H̄^1 . Note that
here we follow the notation in Ref. [226], while a notation that unifies the di-hadron
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and single-hadron FFs was proposed in Ref. [569].

In SIDIS, transversity can be extracted from the Asin (φR+φS) ∝ h1H^1 asymme-
tries, where φR is the azimuthal angle of the difference of the two hadron mo-
menta [226, 569]. The FF H^1 has been extracted from e+e− data [570] by looking
at correlations between the azimuthal orientations of two hadron pairs in back-
to-back jets [571–574], and it has been used with SIDIS data [575–578] to extract
the valence components of transversity [266,579–581]. The combination h1H^1 was
predicted to be accessible also in pp collisions [582]. Using the STAR data [583],
transversity was recently extracted from a global analysis (Pavia18) including both
SIDIS and pp collision data [584]. Similarly to the case of the single-hadron Collins
effect, the impact of EIC di-hadron SIDIS data on transversity and the related
tensor charges has been estimated by producing pseudodata for proton and 3He
beams using the PYTHIA 8 and DIRE MC event generators, and re-weighing the
pseudodata with structure functions based on the Pavia18 extraction, including a
conservative estimate of the scaling of the H^1 error as 2/

√
NEIC, with NEIC the

number of EIC pseudodata points. In this analysis, the error on H^1 is a major
source of uncertainty. However, a significant reduction is expected beyond the
current conservative estimate with future BELLE II e+e− data and JLAB12 SIDIS
data.

Figure 7.56 shows the impact of EIC pseudodata for the electron-ion beam en-
ergy 10× 100 GeV using 10 fb−1 integrated luminosity — see Ref. [591] for more
details. The upper left panel shows xh1(x) at Q2 = 2.4 GeV2 for up and down
valence quarks. The statistical error is estimated by making replicas of the pseu-
dodata and by fitting them. The displayed uncertainty bands are built by tak-
ing the central 68% of all replicas (if the statistical error has a Gaussian distribu-
tion, this is equivalent to 1σ standard deviation). In the lower left panel, the ratio
of the uncertainty widths with respect to the Pavia18 extraction (pink curve) are
shown when including only the EIC proton data (light-blue curve) and the EIC
proton+3He data (blue curve). Although the projections are made with one en-
ergy configuration only and with the conservative cut 0.1 ≤ y ≤ 0.85, the impact
is quite evident with an average increase of precision by a factor 2. The polar-
ized 3He data are particularly important for the down quark transversity. They
cause a reduction of the uncertainty width by almost an order of magnitude for
x . 0.01 with respect to the Pavia18 extraction. Moreover, they shift up the mini-
mum to higher values of x, as shown in the upper left panel. In going from Pavia18
to Pavia18+EIC(ep) to Pavia18+EIC(ep+e3He), the isovector tensor charge changes
as gT = 0.53(25) → 0.63(9) → 0.54(2), respectively. The lower right panel of
Fig. 7.56 clearly shows that with the EIC data the uncertainties for phenomeno-
logical extractions of gT can become comparable to, and very likely smaller than,
current lattice-QCD calculations, which are indicated by black points and labelled
by [i], i = 1, . . . , 8 (see corresponding references in the figure caption). In the upper
right panel, the comparison is performed for the up tensor charge δu vs. the down
δd, involving only those lattice calculations that provide results for these flavor-
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Figure 7.56: Left upper panel: The transversity xh1(x) as a function of x at Q2 = 2.4 GeV2

for up and down valence quarks. Uncertainty bands for 68% of all fitted replicas of data (see
text). Pink band for the Pavia18 global extraction of Ref. [584], light-blue and blue bands
when including EIC SIDIS di-hadron pseudodata from ep and e3He collisions, respectively,
with electron/ion beam energy 10× 100 GeV; vertical dashed lines indicate the x-range cov-
ered by existing data. Left lower panel: ratio of the size of uncertainties with respect to
the Pavia18 extraction, with same color codes as before. Right panel: impact of EIC SIDIS
di-hadron pseudodata on the up quark (δu) vs. down quark (δd) tensor charges, and on
the isovector tensor charge gT (same color codes as before), in comparison with some recent
lattice calculations, represented by black points and labeled as: [1] Ref. [528], [2] Ref. [585],
[3] Ref. [586], [4] Ref. [587], [5] Ref. [527], [6] Ref. [588], [7] Ref. [589], [8] Ref. [590]. For more
information on the EIC impact studies, see Ref. [591]

diagonal components. The vertical dashed lines in the left plot indicate the x-range
covered by current experimental data, with the mininum x = 0.0065 attained by
COMPASS [578]. It is important to note that no other existing or planned data
covers the range x < 0.0065 whose impact on the full integral giving the tensor
charge should not be neglected. Persisting potential discrepancies between phe-
nomenology and lattice-QCD simulations, as in the upper right panel, would then
become relevant for searches of physics beyond the Standard Model [529, 530]. As
systematic effects are difficult to estimate from a fast simulation, consistent with
experience from previous SIDIS measurements, a 3% relative uncertainty and a 3%
scale uncertainty from the beam polarization were summed in quadrature to the
statistical uncertainties.
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Not shown here are projections for π± − π0 and π − K pairs which will allow
for improved flavor separation. The EIC will be able to make precision measure-
ments also in these channels due to its excellent capabilities in PID and electro-
magnetic calorimetry. In the kinematic region where a 3σ separation between pion
and kaons is possible, the background contribution to the π − K sample will be
less than 5%. The complementarity of extracting the tensor charges via three dis-
tinct methods (single, di-hadron and hadrons-in-jets FFs) will reduce the overall
systematic uncertainties, both experimental as well as theoretical, significantly.

Like the Sivers function, the Boer-Mulders function, h⊥1 , is naive T-odd [13], and as
such allows for the study of similar aspects of QCD as f⊥1T. However, because it is
chiral-odd, the present information on h⊥1 from experimental (SIDIS) data is sparse.
In addition to complementarity, extracting h⊥1 from di-hadron correlations, where
it couples to the TMD DiFF H̄^1 , has the advantage that contributions from cer-
tain higher-twist contributions are expected to be significantly reduced. Another
less tangible advantage of using di-hadron asymmetries to extract modulations
of the unpolarized cross section is that acceptance effects are averaged between
the hadrons in the pair, contributing to the complementarity of the measurement
and ideally leading to lower overall systematics. DiFFs can also be measured in
jets allowing, e.g., access to the Boer-Mulders function with a collinear FF and
a separation of the intrinsic transverse momenta of initial and final states in the
measurement of TMD DiFFs analogues to in-jet measurements discussed in this
section. There is some analogy between DiFFs and in-jet fragmentation, since both
introduce an additional momentum vector, increasing the number of degrees of
freedom. It will be interesting to explore opportunities that are given by the com-
bination of these approaches.

Jet-based TMD studies: electron-jet Sivers, hadron-in-jet Collins, and TMD evolution
with substructure

Over the last few years, various studies [28, 29, 126, 517, 553, 592–607] showed
that jets offer a novel way to probe quark TMDs and TMD evolution at the
EIC — this possibility was not discussed in the INT Proceedings [544] and the
EIC White Paper [2]. Jets are excellent proxies for partons, cleanly separate cur-
rent from target fragmentation [28, 126, 592], and can deconvolve TMD PDFs
from FFs [29, 592–599]. Moreover, jet substructure observables can probe TMD-
evolution effects [517, 553, 600–607]. Jet physics is flourishing in the LHC era [608]
and transforming the heavy-ion field [609], so is likely that the development of
tailored jet techniques will also advance the field of 3D imaging at the EIC in
synergy with traditional SIDIS studies. Studies of quark TMDs require jets close
to Born kinematics (γ∗q → q) as illustrated in the left panel of Fig. 7.57. There
are two frameworks to access TMD PDFs with jets: One uses the Breit frame,
which requires suitable jet algorithms [592], and defines the jet’s energy fraction
and transverse momentum in analogy to SIDIS [593–595]. Figure 7.57 shows a
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jet qT prediction, which probes TMD PDFs independently of TMD FFs. The sec-
ond possibility is to cluster jets with high transverse momenta in the lab frame,
which provides another hard scale, in analogy to RHIC studies [610–613]. The im-
balance between the electron and jet probes TMD PDFs independently of TMD
FFs [29, 597–599]. Figure 7.58 shows a prediction for the electron-jet Sivers asym-
metry in transversely-polarized scattering. Flavor sensitivity can be achieved
by tagging u, d or strange-jets using the jet charge [596, 614], identified leading
hadrons inside the jet [596,615], or neutrino-jet correlations in charged-current DIS.

Figure 7.57: Left: Lepton-jet production close to the Born configuration in the laboratory
frame. Right: predicted jet qT spectrum in the Breit frame, adapted from Ref. [593, 594]

TMD fragmentation can be studied through jet substructure measurements [517,
553,599,600,602,616,617]. For example, in the transversely polarized case, hadron-
in-jet measurements probe the quark transversity PDF and the Collins FF, as
shown in Fig. 7.58. Furthermore, novel techniques such as the winner-take-all
scheme [618] and jet grooming [619, 620] can boost the study of TMD evolu-
tion [601, 603–607]. Future jet substructure studies will likely exploit the unprece-
dented combination of tracking, PID, and full calorimetry of the EIC detectors.

Event shapes

Event-shape observables have been widely used for precision QCD studies at
various lepton and hadron colliders — see also Sec. 7.1.7 above. Transverse-
energy-energy correlators (TEEC) have recently been calculated to high precision
in hadronic collisions using techniques from soft-collinear effective theory [621].
In DIS, TEEC can be generalized by considering the transverse-energy-energy cor-
relation between the lepton and hadrons in the final state,

TEEC(φ) =∑
a

∫
dσlp→l+a+X

ET,lET,a

ET,l ∑i ET,i
δ(cos φla − cos φ)

=∑
a

∫
dσlp→l+a+X

ET,a

∑i ET,i
δ(cos φla − cos φ) , (7.30)



136 7.2. MULTI-DIMENSIONAL IMAGING OF NUCLEONS, NUCLEI, AND MESONS

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

qT/p
jet
T

0.00

0.01

0.02

0.03

0.04

0.05

0.06
A

si
n

(φ
S
−
φ

q
)

U
T

15 < peT < 20 GeV

〈x〉 = 0.21, Q2 > 50 GeV2

√
s = 105 GeV, 100 fb−1, 0.1 < y < 0.85

theory uncertainty projected precision

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

zh = |~pjet · ~phadron|
/
|~pjet|2

−20

−15

−10

−5

0

5

10

15

A
si

n
(φ

S
−
φ
h
)

U
T

[%
]

0.15< x <0.20, y >0.1, Q2 >50 GeV2

√
s = 105 GeV, 100 fb−1

theory, π+

theory, π−

proj. error π

proj. error K

proj. error p

Figure 7.58: Left: Electron-jet Sivers asymmetry. Right: Hadron-in-jet Collins asymmetry.
The error bars represent the expected precision, whereas the bands represent current uncer-
tainties of the Sivers, transversity and Collins TMDs. Note that in this case the observables
are calculated in the laboratory frame where qT corresponds to the transverse momentum
imbalance between scattered electron and jet. Figures adapted from Ref. [29, 597, 598].

where the sum runs over all the hadrons in the final states and φla is the azimuthal
angle between the final-state lepton l and hadron a measured in a plane transverse
to the collision axis in the lab frame. Recently, this observable has been evaluated
to the highest resummed accuracy in DIS [622] — N3LL matched with the NLO
cross section for the production of a lepton and two jets. Figure 7.59 shows the
precision of successive orders in the nearly back-to-back TEEC limit for EIC and
HERA center-of-mass energies as a function of τ = (1 + cos φ)/2.
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Figure 7.59: Resummed TEEC distributions in the back-to-back limit as a function of
τ = (1 + cos φ)/2, which describes the deviation of the scattered lepton and the produced
hadrons from being back-to-back in the transverse plane. The orange, blue, and green bands
are the predictions with scale uncertainties at NLL, NNLL and N3LL, respectively. The left
and right panels are for EIC and HERA energies, respectively.

The TEEC cross section can be factorized as the convolution of a hard function,
beam function, jet function and soft function in the back-to-back limit. A close con-
nection to TMD factorization is established, as the beam function, when combined
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with part of the soft function, is identical to the conventional TMD parton distribu-
tion function, and the jet function is the second moment of the TMD fragmentation
function matching coefficient. As such, the generalization of TEEC to DIS [622]
provides a new way to precisely study TMD physics and non-perturbative effects
at the future EIC.

Recently, for DIS a new definition of energy-energy-correlations (EEC) adapted to
the Breit frame has been introduced [623]. This observable can be calculated to
the same next-to-leading order and next-to-next-to-next-to-leading logarithmic re-
summed accuracy as the TEEC. One of its important advantages is its insensitivity
to experimental pseudorapidity cuts, often imposed in the lab frame due to detec-
tor acceptance limitations.

Opportunities with heavy quarks

Charm anti-charm hadron pair production in lepton-nucleon DIS proceeds at Born
level via the photon-gluon-fusion process and thus offers attractive opportunities
to study gluon TMDs [538, 543–546]. The gluon Sivers TMD, for example, and
TMDs of linearly polarized gluons can be linked to azimuthal anisotropies of the
produced charm anti-charm hadron pair. The Sivers asymmetry can be extracted
from measurements of the transverse SSA AUT, as a function of the azimuthal
angle of the cc̄ hadron pair relative to the orientation of the proton spin. AUT(pT) is
defined in the standard way as [σL(pT)− σR(pT)]/[σL(pT) + σR(pT)], where σL(R)
are the cross sections for particle-of-interest production with spin polarized in the
direction opposite to (same as) the spin of the proton, and pT is the transverse
momentum of the heavy hadron pair. The SSA is directly related to the gluon
Sivers effect, AUT(pT) ∝ f⊥g

1T (xg, kT)/ f g
1 (xg, kT), where xg is the gluon momentum

fraction, kT is the transverse momentum of the incoming gluon, and f⊥g
1T and f g

1
are the gluon Sivers function and the unpolarized gluon TMD, respectively.

The correlation between the azimuthal angle of the cc̄ pair momentum and that
of the corresponding hadron pair momentum in the case of D0D0 production was
studied in PYTHIA 6.4 simulations and was found to be well-preserved during
hadronization. This is because the cc̄ pair momentum, which is identical to kT at
leading order, is approximately equal to the D0D0 pair momentum pT. The signal
strength, AUT at the partonic level, can be reduced by up to 30% in the heavy-quark
production and subsequent hadronization in these simulations. The effects of de-
tector response were investigated using fast simulations that smeared the particle
tracks. The analysis included topological selections entailing cuts on the secondary
vertex fitted from the D0 and D0 decay daughter particles to assess signal signif-
icance and backgrounds [127]. Figure 7.60 shows uncertainty projections for AUT
for different values of Q2 and xB, in comparison with the possible signal size [546]
of this thus far poorly constrained quantity.
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levels. The above results are obtained by using the same inputs for the gluon TMDs as
in Ref. [546] and assuming that the gluon Sivers function takes the magnitude of its 10%
positivity bound.

7.2.4 Wigner functions

Generalized transverse momentum dependent parton distributions (GTMDs)
G(x, kT, ∆T,W) provide the most complete one-body information on the partons
inside hadrons [624–627]. They can be thought of as the mother distributions
of TMDs and GPDs, since they reduce to these lower-dimensional distributions
via appropriate projections. GTMDs contain richer physics than TMDs and GPDs
combined, as they can describe nontrivial correlations between kT and ∆T which
are inaccessible from the studies of TMDs and GPDs separately [628, 629]. This is
evident when considering Wigner distributions W(x, kT, bT,W), which represent
the counterpart of GTMDs in the phase-space of momentum (k+, kT) and posi-
tion (bT) coordinates [630, 631]. GTMDs and Wigner distributions are related by a
Fourier transformation in ∆T ↔ bT, at vanishing longitudinal momentum transfer
∆+ = 0 [628].

Originally introduced in the context of nucleon structure in 2003 [630, 631], the
Wigner distributions have long been thought of as purely theoretical constructs
without experimental relevance. In the EIC White Paper [2] published in 2012,
there was very little account of the Wigner distribution, let alone experimental
probes of it. However, the situation has changed dramatically over the past sev-
eral years. One of the remarkable findings is that the Wigner distribution for un-
polarized (U) partons in a longitudinally (L) polarized nucleon provides an intu-
itive, but rigorous and gauge-invariant, definition of the orbital angular momen-
tum (OAM) of quarks and gluons [628, 632, 633],

Lz
q,g =

∫
dx d2kT d2bT (bT × kT)

z Wq,g
LU(x, kT, bT,W) . (7.31)
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Depending on the path along which the Wilson line W is running, the rela-
tion (7.31) pertains to the two commonly used definitions of the quark OAM [632,
634, 635], i.e., the (canonical) one by Jaffe and Manohar (LJM) [4], and the (ki-
netic) one by Ji (LJi) [21], and allows for an intuitive interpretation of the difference
LJM − LJi [636]. Therefore, an experimental program to extract the Wigner distri-
butions will give the opportunity to gain information on the kinetic OAM that is
complementary to the study through Ji’s relation from GPDs. More remarkably, it
will open the way to experimentally access the canonical OAM, for which we can
obtain only indirect information from TMDs. While this is an unprecedented chal-
lenge, we believe that with sufficient theory efforts and experimental planning,
one may pursue such measurements at the EIC. The first theoretical ideas for ob-
servables can be found in [637–641], and their experimental feasibility tests have
begun at the LHC. The first preliminary results from ATLAS [642] and CMS on
dijet photoproduction [643] are now available for studies of gluon dynamics with
implications for the future EIC.

Another important development is the recognition that the gluon Wigner distri-
bution at small x is proportional to the so-called dipole S-matrix, which is a fun-
damental object in the physics of gluon saturation [644]. Almost all observables
calculated in the Color Glass Condensate (CGC) framework involve the dipole S-
matrix in one way or another. Moreover, the phase space distribution of gluons
and their correlation have long been discussed in the small-x literature, without
calling it a Wigner distribution. One can now put these efforts in a fresh context
and integrate them into the general goal of studying multi-dimensional tomogra-
phy at the EIC. This may also be a good starting point to explore the use of quark
and gluon Wigner distributions at large x.

In this Yellow Report, we consider using exclusive dijet production in ep colli-
sions to access the gluon GTMD (Wigner) distribution at small x, as suggested in
Refs. [644,645], see also [646]. This is possible because of the presence of two exter-
nal momentum vectors, the proton recoil momentum ∆T, which is approximately
the negative total dijet momentum −(pT1 + pT2), and the dijet relative transverse
momentum PT = (pT1 − pT2)/2 which is related to kT in the GTMD. The angu-
lar correlations between bT and kT are translated into the azimuthal modulations
of the dijet cross section in the angle between ∆T and PT, which is measurable.
First theoretical estimates in the CGC effective field theory suggest that the mod-
ulations can range from a few percents to some tens of percents, depending on
the dijet kinematics [647, 648]. It is important to check whether such modulations
survive after including higher-order corrections. The complete NLO calculation
for this process in the CGC framework has already been performed [649], but its
numerical implementation is still in progress [650]. In addition, the resummation
of soft gluons in the final state should also be considered as it can strongly af-
fect the total dijet momentum pT1 + pT2 [651]. The connection between the dijet
production cross section and the gluon Wigner distribution is established in the
so-called correlation limit where |PT| � |∆T| [644]. It is also interesting to study
dijet production away from this limit, where detailed information on multi-gluon
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correlations at small x can be accessed [652].

First exploratory simulations of exclusive dijet production at EIC are presented in
Sec. 8.4.9. However, we emphasize that, despite the enormous progress in recent
years, the study of GTMDs/Wigner distributions is still at an early stage. There-
fore, it is important to keep investigating if additional interesting physics is (ex-
clusively) encoded in GTMDs, and whether GTMDs can be probed in processes
other than diffractive dijet production. A single process has been identified so far
to access information on the quark GTMDs, i.e., the exclusive pion-nucleon dou-
ble Drell-Yan process πN → (l−1 l+1 )(l−2 l+2 )N′ [640]. This process is in principle
sensitive to all leading-twist quark GTMDs by making use of suitable polarization
observables. However, the count rate for the double Drell-Yan reaction is small
since its cross section is proportional to α4

em. A pressing question is then whether
one can identify a reaction that is sensitive to quark GTMDs, but which has a larger
cross section than the double Drell-Yan process.

GTMDs also play an important role in exclusive π0 production, ep→ e′π0p′ [653].
At lower energies, this process is sensitive to chiral-odd GPDs as discussed in
Sec. 7.2.2. But at the top EIC energy where physics becomes gluon-dominated,
the standard description in terms of quark GPDs ceases to be valid. Instead, the
cross section in this channel will be dominated by a particular gluon GTMD called
Fo

12 [624,627] which does not reduce to any known GPD upon kT-integration. Inter-
estingly, the forward limit ∆T → 0 of Fo

12 is the gluon Sivers function, and is in fact
equivalent to the QCD odderon at small x [654], which has evaded experimental
detection for decades [655].

7.2.5 Light (polarized) nuclei

Coherent DVCS on light nuclei

In hard photon electroproduction off nuclear targets (DVCS), two different chan-
nels are usually investigated: The fully exclusive coherent one, with detection of
the recoiling nucleus, and the incoherent one, with detection of the struck proton.
An important recent achievement has been the first separation of the two channels
in DVCS off 4He [656,657], which opens the way to a new series of measurements.
The ones planned at the EIC, due to the advantages offered by the collider setup
in detecting recoiling systems with respect to a fixed-target experiment, look very
promising.

We deal here mainly with the coherent channel, whose interest is described, for
example, in Ref. [658]. Here the main arguments are just listed, emphasizing the
possible role of the EIC: (i) nuclear tomography, along the lines of Ref. [35], to
obtain a pictorial representation of the EMC effect in the transverse plane. This
requires measurements at low xB in a wide range of t, a regime which is accessible
at the EIC; (ii) the comparison with realistic calculations using the impulse approx-
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imation (IA), which are possible for few-body nuclei, could expose non-nucleonic
degrees of freedom, according to an idea proposed in Ref. [659]. Indeed, the IA
predicts a narrow light-cone momentum distribution for light systems. If mea-
surements were performed in a wide enough range of t, which seems feasible at
the EIC, one could look for longitudinal momenta transferred to the struck nucleon
in the target larger than such a width, in a region forbidden by the conventional
IA description, pointing to possible contributions of non-nucleonic degrees of free-
dom, among other exotic effects; (iii) access to information on the nuclear energy
momentum tensor and the distribution of pressure and shear forces inside the nu-
cleus, and the D-term — see Ref. [22] for the initial idea, Ref. [418] for a report,
as well as Sec. 7.2.2. The necessity of accessing the real part of the nuclear Comp-
ton form factor makes this easier with an e+ beam, whose use at the EIC is under
study [364]; (iv) gluon GPDs in nuclei, exposing possible gluon degrees of freedom
in nuclei, planned already at JLab [660], will be easier to study at the EIC, due to
the accessible low values of xB. The same holds for all the low-x phenomena, such
as nuclear shadowing, for which a peculiar behavior has been predicted [661]; (v)
a specific access to the information for the free neutron, possible by using specific
nuclei and suitable polarization setups in the experiments [662].

Light nuclei play a very important role in general: Their conventional structure
is realistically known so that exotic effects in DVCS processes can be exposed. In
the following, the specific role of deuteron, 3He and 4He as beams at the EIC is
summarized.

The deuteron is a spin-1 system with a rich spin structure and many GPDs at lead-
ing twist [659]. Being a two-body system, its relativistic description is possible. The
deuteron GPDs have been evaluated in a light-front framework in Ref. [663] and,
for the transversity sector, in Ref. [664]. Theoretically well studied, the measure-
ments of coherent DVCS would allow the test of several predictions, concerning
the energy momentum tensor [178, 665] and the parton spin content, for which a
specific sum rule has been proposed [666]. Nuclear effects are expected to be small
and the deuteron is the obvious candidate to extract neutron information, mainly
in the unpolarized setup and in the incoherent channel, where final-state interac-
tions may be relevant but, in principle, can be evaluated realistically.

Since 3He is a spin-1
2 system, the amplitude of DVCS off 3He has the same GPD

decomposition as that of the nucleon. The CFFs can be extracted measuring the
same asymmetries defined for the proton target, and the GPDs can be obtained
by performing the same analyses. Its binding energy is in between that of the
deuteron and that of 4He, making it the ideal target for studying the onset of nu-
clear effects through the periodic table. Among the light nuclei, it is the only one
with nonzero isospin, so that it is unique to study isospin-flavor dependence of nu-
clear effects [667,668], more easily seen through 3H beams, whose use at the EIC is
presently under discussion. Realistic conventional effects have been studied in IA
calculations in terms of (spin-dependent) spectral functions [662, 667–670] and are
under control, so that possible effects due to an exotic nuclear parton structure can
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Figure 7.61: 4He azimuthal beam-spin asymmetry ALU(φ), for φ = 90◦: results of Ref. [672]
(red stars) compared with data (black squares) from the CLAS Collaboration at JLab [656].

be safely exposed in forthcoming data. Even the evaluation of relativistic effects in
a light-front framework, although challenging, are under investigation along the
lines of Ref. [671].

The specific spin structure of 3He has been used extensively to extract informa-
tion for the polarized neutron. Also in this exclusive process specific CFFs in (po-
larized) coherent DVCS, where final-state interactions should be negligible with
respect to the incoherent case, appear to be dominated by the neutron contribu-
tion [662, 669, 670], so that the extraction of the neutron information, complemen-
tary to that to be obtained from the deuteron, looks promising. The possible use of
(polarized) 3He (3H) beams, along with detection far from the interaction region,
makes the EIC the ideal machine for completely new studies.

The 4He nucleus is a spin-0 system and therefore the DVCS amplitude is described
in terms of one leading-twist GPD in the chiral-even sector, so that only one CFF
must be extracted in the experimental analysis, which is much easier than for the
nucleon target. From the point of view of nuclear dynamics, it is a deeply-bound
”real” nucleus and the nuclear effects are similar to those expected for heavier
nuclei. For 4He, realistic (non-relativistic) descriptions are challenging but possi-
ble, making it the ideal target to disentangle (novel) medium effects. As already
said, it is the only nucleus for which data for the coherent channel have been re-
leased [656]. Some calculations are also available since a long time [673,674]. In the
most recent IA theoretical analysis [672], a semi-realistic nuclear description based
on the AV18 interaction [675] and the UIX three-body forces [676] was used, with
the Goloskokov-Kroll model to parametrize the nucleon GPDs. This framework,
which was later extended to the incoherent channel [677,678], proved successful in
reproducing the data for the beam-spin asymmetry ALU, as shown in Fig. 7.61, and
for the real and imaginary parts of the CFFs. This model is currently used in the
TOPEG event generator and applied to simulate DVCS at the EIC kinematics. The
region of low xB, naturally accessible at the EIC and very important to study glu-
ons in nuclei and expose exotic effects, is presently under investigation, for both
DVCS and for the exclusive production of vector mesons. As for any coherent
exclusive process, in DVCS off 4He the collider setup makes the detection of the
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recoiling intact nucleus easy, which is very slow in a fixed-target experiment. This
is even more important in the incoherent channel, for which the detection of other
nuclear fragments could allow one to control effects from final-state interactions.

Tensor polarized deuteron

The deuteron, being a spin-1 particle, has additional spin degrees of freedom com-
pared to the nucleon. These can be probed using deuteron beams prepared in
a spin ensemble with tensor polarization. In inclusive DIS with a tensor polar-
ized target, this gives rise to 4 additional structure functions, b1−4, two of which
are leading twist (b1, b2) [679]. The b1 structure function has a partonic density
interpretation, which is also explicitly dependent on the nuclear magnetic state
of the surrounding deuteron. This makes the observable unique because it di-
rectly probes nuclear interactions at the parton level. As such, it can unravel novel
information about nuclear structure, quark angular momentum, gluon transver-
sity and the polarization of the quark sea that is not accessible in spin-1

2 tar-
gets [666, 680–684].

The b1 structure function is experimentally extracted from the tensor asymmetry

Azz = 2
(

σ+ − σ−

|P+
zz|σ− + |P−zz|σ+

)
, (7.32)

where Pzz is the amount of tensor polarization that ranges from −2 ≤ Pzz ≤ 1, and
σ+(−) is the cross section when the target is polarized along (opposite to) the beam
momentum.

Tensor-polarized deuteron is little explored in electron scattering. Elastic measure-
ments are discussed in Sec. 7.2.1, quasi-elastic measurements were carried out at
NIKHEF [685] and MIT Bates [686], and an inclusive-DIS measurement at HER-
MES [687]. Two measurements are planned at JLab [688, 689]. The JLab measure-
ments can be extended to probe QCD effects at much higher energies and lower
xB at the EIC.

Measurements of Azz in the quasi-elastic region illuminate QCD effects at short
range and high momentum that depend on whether the deuteron wavefunction
is hard or soft [99]. The discovery of short-range correlations (SRCs) in the quasi-
elastic high-x region, where all nuclear cross sections scale similarly to that of the
deuteron, has led to a renewed interest in understanding these effects — see also
Sec. 7.3.7. The tensor asymmetry Azz provides a unique tool to experimentally
constrain the ratio of the S and D wave functions at large momentum, which has
been an ongoing theoretical issue for decades.

Conventional nuclear physics models predict b1 and Azz in inclusive DIS to be very
small. This is due to the averaging over initial deuteron configurations inherent
to inclusive measurements and b1 being proportional to the (small) deuteron D
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wave. In combination with tagging of a spectator nucleon (see Sec. 7.1.2), however,
maximal Azz asymmetry values of −2 and +1 can be reached. The tagged-DIS
cross section also has several tensor-polarized structure functions which are zero
in the impulse approximation and hence offer an opportunity to study spin-orbit
effects specific to tensor polarization.

Detailed rate estimates for the Azz asymmetry at the EIC are in progress.

Medium modification of azimuthal modulations in SIDIS

Measurements of medium modifications of spin-(in)dependent azimuthal asym-
metries in semi-inclusive DIS (SIDIS) provide access to medium-modified parton
distributions, and to the relative magnitude of the transverse momentum width
of the nucleon TMDs. Orbital motion of quarks is modified in the medium [690].
That makes a variety of physics observables which are sensitive to orbital motion,
in particular several spin and azimuthal asymmetries, good candidates for pro-
viding important information on partonic distributions in bound nucleons. Mea-
surements of medium modifications of various spin and azimuthal asymmetries
using unpolarized and longitudinally polarized leptons and nucleons will provide
important information on the relative size of the transverse momentum in the pro-
ton, allowing to use nuclear targets as a microscope to study the proton in the
medium.

For SIDIS with nuclear targets, e + A → e + h + X, the quark TMDs in a nucleus
can be expressed as a product of nucleon TMDs and some functions depending on
the total transverse broadening ∆2F, which itself depends on the quark transport
parameter q̂ [691, 692],

f A
1 (x, kT) ≈

A
π∆2F

∫
d2`T e−(kT−`T)

2/∆2F f N
1 (x, `T) ,

k2
T g⊥A(x, kT) ≈

A
π∆2F

∫
d2`T e−(kT−`T)

2/∆2F (kT · `T) g⊥N(x, `T) , (7.33)

with A the atomic number. Using a Gaussian ansatz for the quark TMDs in a
nucleon, the integrations in the leading-twist contributions can be carried out ana-
lytically [691, 692],

f A
1 (x, kT) ≈

A
π〈k2

T〉A
f N
1 (x) e−k2

T/〈k2
T〉A ,

g⊥A(x, kT) ≈
A

π〈k2
T〉

g⊥
A

〈k2
T〉g

⊥

〈k2
T〉

g⊥
A

g⊥N(x) e−k2
T/〈k2

T〉
g⊥
A , (7.34)

where 〈k2
T〉A = 〈k2

T〉+ ∆2F and 〈k2
T〉

g⊥
A = 〈k2

T〉g
⊥
+ ∆2F.



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 145

Measuring higher-twist single-spin asymmetries (SSAs) in the medium will pro-
vide access to medium modifications of spin-orbit correlations, involving sev-
eral higher-twist TMDs which are sensitive to final-state interactions ( f⊥, g⊥, and
f⊥L ). Those TMDs are also essential components of the 3D structure of the nucle-
ons. Detection of jets with the EIC would allow for studies of medium-modified
TMDs, with completely different (compared to hadrons) systematics, viz., without
involvement of unknown fragmentation functions, and their modification in the
medium. Understanding jet formation in the medium and the correlation between
jet momentum and its parent parton is, however, needed. For example, medium
modification of the SSA Asin φ

LU (where here φ is the azimuthal angle between the
produced hadron and the leptoon plane) could be determined by the TMD g⊥,
modified in the medium [691],

〈sin φ〉eA
LU

〈sin φ〉eN
LU
≈〈k

2
T〉A
〈k2

T〉


 〈k

2
T〉g

⊥

〈k2
T〉

g⊥
A




2

exp

[( 1
〈k2

T〉A
− 1
〈k2

T〉
− 1

〈k2
T〉

g⊥
A

+
1

〈k2
T〉g

⊥

)
k2

T

]
,

(7.35)

where 〈k2
T〉g

⊥
and 〈k2

T〉
g⊥
A are the widths of g⊥ in a free and bound nucleon, respec-

tively. Nuclear modifications of this beam SSA, for example, appear to be very
sensitive to the relative widths of the involved nucleon TMDs, and change signifi-
cantly with transverse momentum (see Fig. 7.62). The overall magnitude of the ef-
fect is governed by the same transport parameter q̂, or equivalently the transverse
momentum broadening ∆2F, that controls nuclear suppression of hadron produc-
tion in unpolarized and polarized electron-nucleus scattering.

Figure 7.62: Ratio 〈sin φ〉eA
LU/〈sin φ〉eN

LU as a function of ∆2F/〈k2
T〉 for different kT values and

〈k2
T〉g

⊥
/〈k2

T〉 ratios.
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7.3 The Nucleus: A Laboratory for QCD

This section is devoted to an overview of the fundamental physics with light and
heavy nuclei that will be performed at the EIC. Of course, nuclei are made of nu-
cleons, which in turn, are bound states of the fundamental constituents probed
at short distances, namely quarks and gluons. The EIC will be the world’s first
dedicated electron-nucleus e+A collider. It will explore the effect of the binding of
nucleons on nuclear parton distributions, the momentum distribution of quarks
and gluons; but also, for the first time, determine their spatial distributions in a
nucleus via diffractive or exclusive processes. In addition, the wealth of semi-
inclusive probes at the EIC provides direct and clean access to fluctuations of the
density of quarks and gluons in nuclei.

The high-energy aspects of DIS on nuclei such as the physics of non-linear color
fields and gluon saturation are covered here in Secs. 7.3.1, 7.3.2. The latter section
also discusses the unique opportunity at the EIC to measure nuclear diffractive
PDFs and to understand their connection to shadowing. Section 7.3.9 covers co-
herent and incoherent photoproduction on heavy ion targets.

Additional topics addressed in this Sec. 7 are as follows.

Collective effects

Until recently, ”collective phenomena” were associated exclusively with large
fireballs formed in nuclear collisions. These event-by-event multiparticle az-
imuthal correlations, particularly a long-range pseudorapidity feature termed
”ridge” [693], were neither expected nor present in any modeling of ”small” sys-
tems such as p+p or p+A collisions. This paradigm was shattered with the discov-
ery of ridge ”ridge”-correlation in (high multiplicity) proton-proton and proton-
nucleus collisions [694–704]. These long-range correlations have two compelling
theoretical explanations based on orthogonal premises: one interprets the ob-
served effect in the small system data as a final-state phenomenon. The other is
the initial state effect. At the EIC, the selection of DIS-events at small-x will pro-
vides us with a unique testing ground to test and understand in detail the physics
mechanism behind the formation of these collective interactions, see Sec. 7.3.5.

Special opportunities with jets and heavy quarks

The technical capabilities of the EIC machine and detector concept under devel-
opments provide an excellent ground for extending jet and heavy quark measure-
ments beyond the inclusive cross-sections and simple semi-inclusive correlations.
There is a palpable shift in the research efforts towards the jet substructure studies,
including such studies with a required in-jet heavy flavor hadron presence, or ”tag-
ging.” While the methods for exploring the jet constituent distributions began to
develop in the 1990 [705] and possibly earlier, this direction has exploded in recent
years in the HEP community [706]. At the same time, the jet substructure methods
have been successfully adopted for studies of medium-induced jet modifications
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in the QGP by the nuclear physics community.

Jet substructure observables are indispensable tools for flavor-tagging, i.e., for sta-
tistical identification of the parton originating the jet. Flavor-tagging enables an-
other dimension to explore the nuclear modification effects, of both initial and final
state origin, for different hard-scattered partons. At the EIC, the jet substructure
observables, specifically jet angularity, can image the nucleon/nuclei 3D structure
and map out the hadronization process in a vacuum and nuclear medium. Another
substructure tool that has been studied in connection with future EIC data is the
jet charge, which showed promise to discern the contributions of quark and anti-
quark jets and to, again, pinpoint their original parton flavor. A high precision jet
charge measurements at the EIC will provide an excellent way to constrain isospin
effects and the up/down quark PDFs in the nucleus. The details are supplied in
Sec. 7.3.6.

Short range correlations and the structure of light nuclei

The EIC will also provide novel insight into the physics of short range correlations
(SRC) in nuclei and how they relate to the mechanism by which QCD generates
the nuclear force. The modification of the structure of bound nucleons as manifest,
for example, in the EMC effect could be caused by short-range correlated nucleon
pairs with high internal nucleon momentum. The new collider will investigate the
underlying physics of SRC in kinematic regions that so far could not be reached.
A more detailed discussion is presented in Sec. 7.3.7.

Also, the EIC will provide polarized 3He and 3H beams, possibly deuteron (2H)
beams and more. This allows to probe the spin structure of the neutron, the tensor
polarized deuteron, and measurements of the polarized EMC effect, in order to
understand the interplay between partonic QCD phenomena and nuclear interac-
tions; c.f. Sec. 7.3.8.

7.3.1 High parton densities and saturation

The study of emergent properties of the ultra-dense gluonic matter is an important
pillar of EIC physics. Since the emission of soft gluons is favored in QCD, a large
number of low-momentum gluons exist inside high energy nucleons and heavy
nuclei. These low momentum gluons are usually referred to as the low-x gluons,
where x is the longitudinal momentum fraction of the gluon with respect to the
parent hadron. As a consequence, one observes a rapid increase in the gluon den-
sity towards smaller x and a corresponding increase in the quark density coming
from sea quarks via the g→ qq̄ splitting process. On the other hand, the density of
quarks and gluons in the small-x limit will not become infinitely large due to the
gluon saturation effect. When the gluon density is sufficiently high, the recombi-
nation of gluons via the gg→ g process becomes important. Eventually, the gluon
density is expected to saturate, as a balance is reached between gluon radiation
and recombination.
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The “saturation” of the densely populated gluonic system in nucleons and heavy
nuclei [707, 708], is most commonly described in the theoretical framework pro-
vided by the Color Glass Condensate (CGC) formalism [24, 709]. This frame-
work can be viewed as an effective theory of high energy QCD in the low-x
limit. In the small-x formalism, the emission of soft gluons is captured in the fa-
mous Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation [286, 287], while the gluon
recombination manifests itself as the additional non-linear term in the extended
evolution equations, which are known as the Balitsky-Kovchegov (BK) equa-
tion [710, 711] and the Jalilian-Marian-Iancu-McLerran-Weigert-Leonidov-Kovner
(JIMWLK) equation [712–715]. These non-linear QCD evolution equations encode
gluon saturation, which emerges at asymptotically small x as the universal stable
fixed point independent of initial conditions of color sources [716]. In practice, one
often defines the so-called saturation momentum Q2

s (x) to separate the nonlinear
saturated dense regime at low transverse momentum (or virtuality) from the linear
dilute regime, and to characterize the strength of the saturation effects. Compar-
ing to the saturation momentum in the proton, the saturation momentum Q2

s for
a large nucleus with mass number A is enhanced by a factor of ∼ A1/3 due to the
overlap of nucleons at a given impact parameter [40]. This nuclear enhancement
factor is also known as the “oomph” factor, which indicates that the saturation
effect in e+Acollisions is much stronger than that in e + p collisions.

The initial condition for small-x evolution of a proton can be related [717,718] to its
light-front wave function as constrained by imaging (see sec. 7.2). This determines
the dependence of the dipole scattering amplitude on impact parameter and dipole
size, on their relative angle, and on the initial value of x where the resummation of
soft gluon emissions is started [719].

Inclusive cross sections at small x

At HERA, an extremely interesting phenomenon known as geometrical scaling
[720], has been discovered in the low-x inclusive DIS data in e + p collisions. In
general, the inclusive cross section is a function of two independent variables, x
and Q2. However, in the small-x regime, the inclusive cross section can be cast into
a single variable function which only depends on τ ≡ Q2/Q2

s (x) with Q2
s (x) =

Q2
0 (x/x0)

λ. Using Q0 = 1 GeV and x0 = 3.04× 10−4 and λ = 0.288, one can show
that all the inclusive data points within the range of x < 0.01 and Q2 < 450 GeV2

fall on a single curve. Later, it was demonstrated in Refs. [716] that this remarkable
geometrical scaling phenomenon can be elegantly derived from the traveling wave
type solution of the non-linear BK equation. This has been reckoned as one of the
striking pieces of evidence for the saturation formalism. At EIC, the inclusive cross
section in e+A collisions in the low-x regime will provide important information
about the nuclear shadowing effect and the saturation phenomenon.

A systematic way of calculating inclusive cross sections in the CGC formalism is
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provided by the dipole factorization picture. Here one separates the process into
an impact factor describing the fluctuation of the virtual photon into a partonic
state, at leading order a dipole and at NLO also a qq̄g state, and the scattering am-
plitude of this state with the target. This dipole scattering amplitude generalizes
the concept of a gluon distribution to include the possibility of nonlinear interac-
tions with the target gluon field. Its dependence on x (or the collision energy W)
is described by the BK or JIMWLK equations. Depending on the polarization state
of the γ∗ one must consider separately transversely and longitudinally polarized
photons. Measuring both cross sections will be a central part of the physics pro-
gram at the EIC. In particular, the total virtual photon-target cross section for both
protons and heavy nuclei are important “day one” measurements.

In a set of major theoretical advances in recent years both the BK [721] and the
JIMWLK equations [722, 723] are now known at NLO accuracy in the QCD cou-
pling constant. An additional resummation of transverse (“collinear”) logarithms
is required to stabilize the NLO equations, but by now robust practical methods
to achieve this resummation have been achieved [724–726]. Also, the impact fac-
tor required for calculating the cross section is now known, both in momentum
space [727, 728] and, in a more practical form for use with the BK equation, in
mixed transverse coordinate-longitudinal momentum space [729–731]. Using this
theoretical machinery, a very good description of existing HERA small-x inclusive
cross section data has been achieved using the collinearly resummed BK evolu-
tion equations both with LO [732] and NLO impact factors [733]. An extension
of the NLO calculation to heavy quarks is expected to appear soon. These cal-
culations are straightforwardly generalizable from protons to nuclei without any
parameters other than the Woods-Saxon nuclear density [734]. Together with EIC
measurements of the total and longitudinal γ∗p and γ∗A cross sections, they will
allow for a clear and precise window into the physics of gluon saturation.

Accessing low-x gluons via di-jets or di-hadrons

At the EIC, by going beyond inclusive measurements and studying SIDIS observ-
ables in the low-x regime, we can obtain deeper insights into the gluon distri-
butions. For many years, we have known that there are two gluon distributions
in the CGC formalism. On the one hand, there is the dipole unintegrated gluon
distribution (UGD), which is defined as the Fourier transform of dipole-target
cross section [735]. It often appears in the calculation of various inclusive pro-
cesses. On the other hand, the so-called Weizsäcker-Williams (WW) gluon distribu-
tion [736, 737] has also been derived as the genuine number density of gluons in a
target hadron by applying the well-known WW method of virtual quanta in QCD.
In the McLerran-Venugopalan model [709] for a large nucleus, these two UGDs
are found to have distinct pT behavior. The small-x evolution of these two gluon
distributions can be taken care of by applying the JIMWLK evolution equation to
the corresponding correlators in coordinate space [738, 739]. Based on the gauge
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Figure 7.63: Comparison between the dihadron azimuthal angle correlation in e+Au col-
lisions (labeled with filled red circles) and that in e + p collisions (labeled with filled teal
squares). The results with the detector smearing are shown in open markers. The solid lines
represent the results obtained from the theoretical model calculations in the CGC formalism.

link structure of the WW gluon distribution, and calculations within the CGC for-
malism, it has been proposed [537, 740] that the DIS back-to-back dijet/dihadron
production at the EIC can be used to directly probe the WW distribution, which
has not been measured before.

To directly probe the WW gluon distribution and gluon saturation effects at low
x, we can measure the azimuthal angle difference (∆φ) between two back-to-
back charged hadrons in e+A collisions (e+A → e′h1h2X). This azimuthal angle
distribution can help us map the transverse momentum dependence of the in-
coming gluon distribution. The away-side peak of the dihadron azimuthal an-
gle correlation is dominated by the back-to-back dijets produced in hard scatter-
ings. Due to the saturation effect, the WW gluon TMD can provide additional
transverse momentum broadening to the back-to-back correlation and cause the
disappearance of the away-side peak when the saturation effect is overwhelm-
ing [537, 741]. A comparison of the heights and widths of the coincidence proba-
bilities C(∆φ) = Npair(∆φ)/Ntrig in e + p and e+A collisions will be a clear experi-
mental signature for the onset of the saturation effect.

Furthermore, following the prescriptions in Ref. [742], a Monte Carlo simulation
has been carried out for the azimuthal angle correlations of two charged hadrons
at
√

s = 90 GeV in e+pand e+Aucollisions. The results of the simulation are also
compared with the prediction from the saturation formalism. To focus on the low-x
region, the events within the range of the virtuality 1 < Q2 < 2 GeV2 and inelas-
ticity 0.6 < y < 0.8 are selected. Events in nearby Q2 and y bins are expected
to yield similar results. The hadron pairs are required to have an energy fraction
0.2 < ztrig, zassc < 0.4 within the pseudorapidity range |η| < 3.5 with ptrig

T > 2



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 151

GeV/c and 1 GeV/c < passc
T < ptrig

T . The away-side peak of the C(∆φ) distribution
is shown in Fig. 7.63. The e + p reference is displayed by the squares in teal, while
the results in e+A collisions are shown in red. The results which include the de-
tector response to this measurement are represented by the open markers. Based
on the current EIC tracking resolution design, the impact of the detector smearing
effect on this measurement is negligible. The theoretical results plotted in solid
curves include the saturation effects together with the Sudakov resummation in
the CGC formalism [743–745]. A significant suppression of the away-side peak in
e+Aucollisions compared to the e+preference can be observed, given the projected
statistical uncertainty corresponding to an integrated luminosity of 10 fb−1/A (the
statistical error bars are too small to be visible.).

At last, it should be pointed out that the production of di-jets/di-hadrons, and of
heavy quark pairs, allows one to also probe the linearly polarized gluon distri-
bution described by the TMD h⊥g

1 [746]. In the low-x regime, the WW type gluon
distribution h⊥g

1 [747–750] can also be important, and generate sizable asymmetries
in azimuthal angle distributions. Detailed numerical studies of the corresponding
asymmetries at the EIC can be found in Ref. [751].

Recent Progress in Probing Gluon Saturation with Jet Observables

Jet observables provide an unprecedented opportunity to probe proton and nu-
clear structure at small Bjorken x in a more differential fashion as compared to
more inclusive observables. Several theoretical results have been obtained recently
for inclusive dijet production in the forward direction, leading in particular to the
introduction of new types of TMD distributions in the small x regime that are sen-
sitive to saturation effects [652, 749, 752, 753]. Moreover, with e+A collisions at the
EIC, one will be able to probe the partonic content of dense nuclear targets. In par-
ticular, production of jets at moderate and low values of x will offer a possibility
to study the interplay of the Sudakov effects related to hard scales present in the
perturbative description, and the nonlinear effects due to gluon saturation phe-
nomenon predicted in QCD [743,744,752,754,755]. Also, using a variety of nuclear
targets one will have the opportunity to explore the so-called small-x Improved
TMD factorization framework (ITMD) [752, 756–758].

One of the most promising tools for studying the saturation regime is the mea-
surement of multiparticle correlations in e+A, in particular, the distribution of az-
imuthal angles between two hadrons in the diffractive process e+A → e′ + h1 +
h2 + X. Furthermore, one will be able to measure similar processes with dijets.
These correlations are sensitive to the transverse momentum dependence of the
gluon distribution in a nucleus, as well as to gluon correlations, for which first
principles computations are becoming available [759]. The precise measurement
of these dihadron and /or dijet correlations at an EIC would allow one not only
to determine whether the saturation regime has been reached, but to study as well
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the nonlinear evolution of spatial multigluon correlations [7].

In addition, semi-inclusive photon + di-jet production is a highly differential mea-
sure of the many-body dynamics of gluon saturation in e+A DIS at small x. This
process can be computed systematically in the CGC effective field theory. At lead-
ing order, the cross-section is sensitive to both dipole and quadrupole correlators
of lightlike Wilson lines [760], and agrees with prior computations of the LO di-
jet cross-section in the soft photon limit [537]. This computation also allows one
to extract the LO photon+jet/hadron cross-section; this channel has been shown
recently [761] to have a clean and unique sensitivity to the saturation scale that is
complementary to that of di-jet/di-hadron correlations. In [762,763], the e+A pho-
ton+dijet cross-section was computed to next-to-leading-order. This result is suffi-
ciently differential to encompass NLO computations of inclusive photon produc-
tion, photon+jet correlations, dijet, and single jet production, as well as the fully
inclusive cross-section. When combined with the next-to-leading-log JIMWLK
evolution [722, 723] for the dipole and quadrupole correlators, these NLO cross-
sections can be computed to O(α3

S ln(1/x)) accuracy. Extracting concrete predic-
tions for the semi-inclusive channels in EIC kinematics will be crucial for the clean
and unambiguous characterization of gluon saturation.

Helicity TMDs and PDFs at small x

In recent years much progress has also been made in extending the discussion of
quark and anti-quark helicity TMDs, PDFs, etc. (see sec. 7.1.2) to the high-energy
limit of small x. This is a very interesting topic where the EIC is expected to
provide fundamental new insight. Evolution equations for these functions have
been derived [92, 93, 764] which resum powers of αs log2(1/x) in the polarization-
dependent evolution, and powers of αs log(1/x) in the unpolarized evolution. In
the ladder approximation they reduce to the Bartels-Ermolaev-Ryskin (BER) evo-
lution equations [765] for the g1 structure function. Initial conditions for these
evolution equations analogous to the McLerran-Venugopalan model for an unpo-
larized large nucleus, have also been constructed [766].

7.3.2 Diffraction

Inclusive diffraction with nuclei

Diffraction in e+A is a poorly studied subject, in particular inclusive diffraction,
which has never been measured. Similar considerations apply to diffraction in e+A
as to e+p collisions, Subsection 7.1.6, the main difference being that for incoherent
processes one must separately discuss processes where the nucleus breaks up into
smaller nuclei, and nucleon-dissociative processes where an individual nucleon in
the target dissociates. In terms of the typical t-dependence, the former is similar to
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Figure 7.64: Left: Ratio of nuclear to proton diffractive structure functions, scaled by A, at
ξ = 10−3 (also referred to as xP) as a function of β from dipole model calculations (Fig. 7
from Ref. [769]). Right: ratios of nuclear to proton diffractive parton distributions, scaled
by A, for sea quarks and gluons at the same ξ (i.e. xP) from the Leading Twist Shadowing
model (Fig. 72 from Ref. [285]).

.

coherent diffration in e+p, and the latter to proton dissociation in e+p.

Coherent diffraction is mostly sensitive to the nuclear radius and global nuclear
profile and structure, while incoherent diffraction is sensitive to nucleon degrees
of freedom, specifically to nucleon and subnucleon fluctuations, see e.g. Refs. [767,
768] for reviews and Subsection 7.3.9.

All of these cases are characterized by a rapidity gap between the target fragments
and the photon fragment system. While detecting experimentally whether the nu-
cleus has disintegrated or not might be challenging, the overall rapidity gap cross
section that includes both coherent and incoherent processes should be more eas-
ily measurable. In spite of the presence of more physically different sources of
fluctuations in nuclei than in protons (fluctuating positions of the nucleons in the
nucleus in addition to subnucleonic fluctuations), coherent diffraction is a larger
part of the diffractive cross section in e+A than in e+p. This is due both to the fact
that coherent diffraction grows parametrically as A4/3 with the atomic mass num-
ber, and to the fact that nuclei are closer to the black disk limit, where there are no
fluctuations and thus no incoherent processes.

Diffraction is generically more sensitive to gluon saturation than inclusive cross
sections, since the diffractive cross section is proportional to the square of the gluon
density. In hard diffraction, for instance, one should be able to distinguish predic-
tions based on the strong field effects of BK (or hard pomeron based approaches
in general) from the soft pomeron physics associated with confinement [770]. The
ratio of the (coherent) diffractive cross section integrated over t and some range
MX < Mmax to the inclusive cross section is, in the dipole picture used in the sat-
uration context, very generically enhanced in nuclei compared to protons, since in
nuclei the dipole-target scattering amplitude at a fixed impact parameter is larger
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than in the proton [2, 769, 771]. Some saturation models predict that hard diffrac-
tive events will constitute even up to 30-40% of the cross-section [772]. The impact
of nonlinear effects was recently investigated in Ref. [773], where predictions for
diffractive structure functions and reduced cross sections were obtained from so-
lutions of the Balitsky–Kovchegov equation with the collinearly-improved kernel,
and including impact-parameter dependence.

The gluon saturation computations can be compared with DGLAP predictions
which match soft Pomeron physics with hard perturbative physics [774]. The lat-
ter result in a much smaller fraction of the cross-section and should therefore be
easily distinguishable from CGC based “strong field” diffraction. Thus, in non-
saturation parameterizations of nuclear diffractive parton distribution functions
one observes, in contrast to saturation calculations, a nuclear suppression rather
than an enhancement. The difference can be traced back to the interplay between
multiple scattering and gap survival probability. This leads to a very striking dif-
ference in the predictions from dipole models vs. leading twist shadowing, as il-
lustrated in Fig. 7.64.

In the dipole or CGC picture, the virtual photon interacts coherently with all nucle-
ons at the same transverse coordinate. Parametrically, at large A, the amplitude for
a fixed impact parameter is proportional to the number of overlapping nucleons
∼ A1/3. With a nuclear transverse area ∼ A2/3 this leads to a diffractive (or elas-
tic) cross section that parametrically depends on the mass number as σD ∼ A4/3,
compared to σtot ∼ A. This growth saturates at the black disk limit, where the
diffractive cross section is half of the total cross section. At small β, i.e. for large
masses of the diffractive system, this saturation sets in much earlier because the
partonic system is not a simple qq̄ dipole, but a many-particle Fock state.

In the leading twist shadowing picture of Ref. [285], a diffractive interaction also
takes place coherently on all the overlapping nucleons of the nuclear target. In
contrast to the CGC dipole picture, one separates the interaction into a primary in-
teraction with one nucleon and reinteractions with the other A− 1 nucleons. The
reinteractions with target nucleons are treated in the Gribov-Glauber approach to
nuclear shadowing by including all possible diffractive intermediate states, which
results in a strong nuclear suppression (shadowing) of nuclear diffractive struc-
ture functions and parton distributions compared to the proton case. In a differ-
ent language, this suppression can be identified with the flavor-specific rapidity
gap survival probability calculated in the leading twist nuclear shadowing model.
Thus the question of nuclear suppression vs enhancement in the diffractive/total
cross section ratio is very sensitive probe of the role of coherence and saturation at
a specific x and Q2.

In the following we report on a more detailed study [775] of coherent inclusive
diffraction in the leading twist shadowing framework [285]. Here we assume that
coherent events have been distinguished from the incoherent case using forward
detectors, see Section 8.5.
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Assuming the same framework (collinear factorization for hard diffraction and
Regge factorization) described for e+pin Subsection 7.1.6 to hold for e+A, nuclear
diffractive PDFs (nDPDFs) can be extracted from the diffractive reduced cross sec-
tions, Eq. (7.9). Such nDPDFs have never been measured. The kinematic coverage
in eA at the EIC will be very similar to that shown for ep in Fig. 3 in Ref. [775].

Due to the lack of previous measurements, there are no parameterizations for nD-
PDFs but models exist for the nuclear effects on parton densities defined through
the nuclear modification factor

RA
k (β, ξ, Q2) =

f D(3)
k/A (β, ξ, Q2)

A f D(3)
k/p (β, ξ, Q2)

, (7.36)

with diffractive parton densities in a nucleus A denoted as f D(3)
k/A (β, ξ, Q2). We use

the model proposed in [285], where parameterizations for nuclear modification
factors are provided at the scale Q2 = 4 GeV2. Then DGLAP evolution is em-
ployed to evolve the ZEUS-SJ proton diffractive PDFs multiplied by RA

k from [285]
to obtain the nuclear diffractive PDFs, at any Q2. The structure functions and re-
duced cross sections are then calculated in the same way as in the proton case, and
these results are used to obtain the modification factors, analogous to Eq. (7.36), for
these quantities. We have also repeated the calculation in the Zero-Mass Variable
Flavor Number Scheme in order to check that the resulting modification factors do
not depend on the applied scheme.

The model in [285] employs Gribov inelastic shadowing [776] which relates diffrac-
tion in e+pto nuclear shadowing for total and diffractive e+Across sections. It as-
sumes that the nuclear wave function squared can be approximated by the product
of one-nucleon densities, neglects the t-dependence of the diffractive γ∗-nucleon
amplitude compared to the nuclear form factor, introduces a real part in the ampli-
tudes [777], and considers the colour fluctuation formalism for the inelastic inter-
mediate nucleon states [778]. There are two variants of the model, named H and L,
corresponding to different strengths of the colour fluctuations, giving rise to larger
and smaller probabilities for diffraction in nuclei with respect to that in proton,
respectively. The corresponding nuclear modification factors, Eq. (7.36), for FD(3)

2

and FD(3)
L in 208Pb, are shown in Fig. 13 in Ref. [775].

Pseudodata were generated for eAu collisions at the EIC using the same method,
and taking the uncorrelated systematic error to be 5%, as described for e+pin [775].
We assumed Ee = 21 GeV, EN = 100 GeV/nucleon and an integrated luminos-
ity of 2 fb−1. The results are shown in Fig. 7.65. Studies performed for e+pat
those energies show that the expected accuracy for the extraction of DPDFs at the
EIC is comparable to that in existing DPDFs for the proton at HERA, with some
improvements at large β, see Subsection 7.1.6. Assuming a similar experimen-
tal uncertainty, integrated luminosity and kinematic coverage, the accuracy in the
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Figure 7.65: Simulated data for the diffractive reduced cross section as a function of β in
bins of ξ and Q2 for e 197Au collisions at the EIC, in the models L (left plot) and H (right plot)
in [285]. The curves for ξ = 0.032, 0.01, 0.0032, 0.001 are shifted up by 0.005, 0.01, 0.015, 0.02,
respectively. Taken from [775].

extraction of nDPDFs at the EIC would then be similar to that of existing HERA
fits, see Subsection 7.1.6. Improvements would crucially depend on a decrease of
the systematic uncertainty, including the separation of coherent from incoherent
diffraction.

Finally, the relation between diffraction and nuclear shadowing [776] could be
tested at the EIC. The relation is a rigorous theoretical result for the deuteron case,
while its extension to larger nuclei becomes model dependent [285, 779]. The pos-
sibility of colliding electrons with different nuclear species, including deuterons,
will therefore be very important.

A more differential observable giving a more detailed access to the parton level
kinematics is provided by diffractive dijet measurements, since they also provide
access to the angle of the dijet with respect to the proton, which otherwise is inte-
grated over in inclusive diffraction. In the CGC picture the theoretical description
of diffractive dijet production has recently seen important theoretical advances
with the calculations advancing to NLO accuracy [780, 781]. Especially for the
proton, this angular information is used to extract the Wigner distribution, as dis-
cussed in Sec. 7.2.4. Diffractive dijet production in nuclei can also be addressed in
the collinear diffractive parton distribution framework [282], in a similar fashion
as in proton targets discussed in Sec. 7.1.6.
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7.3.3 Nuclear PDFs

Nuclear parton distribution functions (nPDFs) describe the behaviour of bound
partons in the nuclear medium. Like free-proton PDFs they are assumed to be
universal and are extracted through fits to existing data. To date, there is no com-
pelling evidence of factorization breaking or violation of universality.

The theoretical interpretation of A+A and p+A data from the LHC and RHIC also
relies on precise knowledge of nPDFs. However, in contrast to the free-proton
PDFs, the determination of nPDFs is severely limited by both the kinematic cover-
age and the precision of the available data.

The realization of the EIC will provide key constraints on nPDFs. Fig. 7.66 shows
the significant broadening of the kinematic coverage for all nuclei available at the
EIC. Note that nPDFs sets make different selections and apply extra kinematic cuts
that further reduce the explored space. In contrast with previous experiments, the
systematic uncertainties of the e + A inclusive DIS cross section measurements at
the EIC will be at most a few %, as depicted in Fig. 7.67. Additionally, the statis-
tical uncertainties will be negligible for almost the whole x coverage, gaining pre-
dominance only at the largest values of x. This broad kinematic coverage, almost
doubling the one from existing data, will revolutionize our current understanding
of partonic distributions in nuclei.
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Figure 7.66: Kinematic coverage of experimental data and EIC pseudo data used in nPDFs
fits. The coverage corresponds to all measured nuclei together. Each nPDFs set has extra
cuts that further reduce the explored space.
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Figure 7.67: Relative statistical and uncorrelated systematic uncertainties for inclusive cross
section measurements in 18x110 GeV e+A collisions expected at the EIC. Details of the sys-
tematic error estimate may be found in Section 8.1.

nPDFs via inclusive DIS

The DIS cross section can be expressed in terms of the structure functions F2 and
FL

σ ∝ F2(x, Q2)− y2

1 + (1− y)2 FL(x, Q2) . (7.37)

The former is mainly sensitive to the (anti-)quark content of the nucleon and dom-
inates the cross-section at high values of x. The latter, relevant in the unexplored
low x region, has a direct contribution from the gluon density [782]. The large Q2

lever arm of the EIC will allow us to precisely extract FL and further determine
the nuclear gluon PDF. Longitudinal and charm structure functions provide direct
access to the magnitude of nuclear effects on the gluon distribution [783].

The precision of the inclusive cross section measurements at the EIC at low values
of x (x < 10−2) and Q2 will significantly reduce the current theoretical uncertain-
ties. This is demonstrated in Fig. 7.68 which shows a comparison of the relative
uncertainties of three modern sets of nPDFs [26, 784, 785] in a gold nucleus (blue
bands) and their modification when including EIC DIS pseudodata in the fits (or-
ange bands). The overall effect is a significant reduction of the uncertainties in the
low-x region, where data is scarce or non-existent. The high-x, low Q2 region is
covered by fixed target experiments and will be further explored at CLAS.
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respectively.

Probing nuclear gluons with heavy flavor production

Heavy flavor (HF) production is a powerful observable that will complement in-
clusive DIS measurements in determining nuclear modifications of the PDFs, in
particular for the gluon distribution. Recent results from ultraperipheral A + A
collisions [786,787,787–790] as well as HF and dijet production in p + Pb [791–793]
at the LHC support nuclear suppression with respect to the proton gluon at
x � 0.1 (shadowing). However, little is known about gluon enhancement (anti-
shadowing) at x ∼ 0.1 or a possible suppression at x > 0.3 (“gluonic EMC effect”).
At the EIC it will be possible to obtain a direct constraint of the gluon density by
measuring HF pairs which at LO are produced through the photon–gluon fusion
process. This channel probes the gluon PDFs for x > axB, where a = 1 + 4m2

h/Q2

and mh is the heavy quark mass. This measurement will also permit the study of
different heavy quark mass schemes and constrain the intrinsic HF components in
the nPDFs [794].

The feasibility and impact of nuclear gluon measurements with HF production
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at the EIC has been studied in dedicated efforts [26, 795, 796] by tagging, from
the simulated DIS sample, the K and/or π decay products from the D mesons
produced in the charm fragmentation. The reconstruction methods used in this
analysis [795] demonstrate the key role that particle identification (PID) will play.
It was shown that the charm reconstruction is significantly increased [797] when
PID capabilities are included.

In Ref. [26] a full fit using the EIC pseudodata for the inclusive (σ) and the charm
cross-section (σcharm) has found a significant impact on the reduction of the gluon
uncertainty band at high-x. This is illustrated in the left panel of Fig. 7.69, where
the blue band is the original EPPS16* fit, the green band incorporates σ pseudo-
data and the orange one adds also σcharm. A similar dedicated study using PDF
reweighting with structure function Fcharm

2A was done in [96]. In the right panel of
Fig. 7.69 the impact of Fe pseudodata on the EPPS16 NLO gluon density [25] is
shown by the red band. The charm pseudodata substantially reduces the uncer-
tainty at x > 0.1, providing sensitivity to the presence of a gluonic EMC effect.
Comparing the red band (only charm pseudodata) with the results of Fig. 7.68
one can see that the high-x region can be equally studied considering inclusive or
charm pseudodata. It is by combining both observables that a striking reduction
is achieved (orange band, left panel of Fig. 7.69). Moreover, the measurement will
be complemented by jet studies that have already shown promising constraining
power for gluons in p+Pb collisions [793].
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Figure 7.69: Left: Relative uncertainty bands of the gluon for Au at Q2 = 1.69 GeV2 for
EPPS16* (light blue), EPPS16*+EIC σ (green) and EPPS16*+EIC σcharm (orange). Right: same
as left panel but for Fe at Q2 = 2 GeV2 for EPPS16 (yellow) and EPPS16+EIC σcharm (red).

Investigating the A dependence of nPDFs

The EIC will have the capability to operate with a large variety of ion beams from
protons to Pb in order to scrutinize the A-dependence of nuclear PDFs. The dif-
ferent nuclei used in the nPDFs fits are usually connected through parameters for
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which an A dependence is assumed. This allows one to use the whole set of avail-
able nuclei in a single fit instead of individually fitting nuclei, a task that, given the
current data, would be difficult if not impossible. The EIC, by effectively being a
nuclear HERA will provide the opportunity to perform a full scan of the kinematic
space for each nucleus individually, permitting a robust extraction of the A depen-
dence a posteriori. Studies have shown that the impact demonstrated in Fig. 7.68
is representative of the impact for all nuclei.

Finally, an EIC would allow, for the first time, a combined determination of proton,
deuteron, and nuclear PDFs within an integrated global QCD analysis. This is a
unique and invaluable benefit of this new facility, as it eliminates many of the
biases and assumptions that plague current PDF determinations.

7.3.4 Particle propagation through matter and transport properties of nuclei

Parton showers and energy loss in cold nuclear matter

Understanding particle propagation in matter and nuclear transport properties re-
main defining questions in the field. Theoretical efforts in the past decades have
been focused on understanding the energy loss of partons as they propagate in
strongly interacting environments [798–804]. Applications to DIS have yielded a
rather wide range of values for the transport coefficient of cold nuclear matter,
defined as the mean transverse momentum squared transfer from the medium
per unit length. Extracted q̂ parameter values vary in the range of 0.02 − 0.14
GeV2/fm [805, 806], thus varying by factor of seven between the low- and high-
limits. This spread in the possible q̂ values could be addressed at the EIC.

More recently, a much more complete understanding of parton showers in mat-
ter, beyond the soft gluon approximation, has emerged [807–811]. This allows
techniques that bridge the gap between nuclear and particle physics, such as
evolution and semi-inclusive jet functions to be applied to reactions with nu-
clei [806, 812–814], see Fig. 7.70. While theoretical approaches differ in the way
they treat final-state interactions, a universal feature is the fractional parton en-
ergy loss ∆E/E, or more generally the contribution of medium-induced parton
showers, becomes negligible for very high parton energies ν in the rest frame of
the nucleus owing to the non-abelian Landau-Pomeranchuk-Migdal effect. It is
thus advantageous to minimize the rapidity gap between the measured jet and the
target nucleus δη = |ηp/A − ηjet| and focus on the forward proton/nucleus going
direction.



162 7.3. THE NUCLEUS: A LABORATORY FOR QCD

j

kµ

(p− k)µ
qµγ

pµN

pµ − ∑ qµi

qµ2 qµnqµ1

Figure 7.70: Illustration of the indicated jet kinematics for SIDIS in the Breit frame. The dark
box represents the medium (nucleus) and the red cone represents the jet.

Formation of hadrons in matter

The low center-of-mass energies for the HERMES collaboration measurements of
DIS on nuclei [815, 816] (fixed target and 27.6 GeV electron beam) have spawned
phenomenology based upon the idea of early hadron formation and absorption in
nuclear matter. If particle formation times are smaller than the time to traverse
the nucleus, especially for small and large fragmentation fractions z = phad/pq,
they can be destroyed or transported away from the experimental acceptance [817,
818]. This leads to suppression of hadron production cross section in e+Aversus
e+preactions.

Hadron absorption phenomenology has not yet been developed for the EIC. The
much larger

√
s and the anticipated detector kinematic coverage relative to the

nucleon/nucleus rapidity will provide a large boost to hadron formation times,
making it unlikely for partons to hadronize in light pions and kaons at τf < 10 fm.
Uncertainty principle estimates [566, 819] show that the formation time τf is in-
versely proportional to the mass of the quark/meson squared. Heavy mesons,
such as the D and the B, thus provide the best opportunity to study hadron ab-
sorption physics at the EIC - something that should be investigated further in the
future.

Jet production and modification in e+A collisions

Nuclear effects on reconstructed jets in electron-nucleus collisions can be studied
through the ratio

ReA(R) =
1
A

∫ η2
η1 dσ/dηdpT

∣∣
e+A∫ η2

η1 dσ/dηdpT
∣∣
e+p

. (7.38)
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Figure 7.71: Left: modifications of the inclusive jet cross section in 18 × 275 GeV e+Au colli-
sions for the rapidity interval 2 < η < 4. The blue and green bands represent contributions
from initial-state PDFs and final-state interaction between the jet and cold nuclear matter,
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In the semi-inclusive jet function approach dσ ∼ fa(x, µ) ⊗ Hab(x, z; pT, η) ⊗
Jb(z, µ, R). The effects of final-state in-medium parton shower that come at O(αs)
are included as follows [813, 820],

Jb(z, µ, R) = Jvac
b (z, µ, R) + Jmed

b (z, µ, R) , (7.39)

and Jmed
b (z, µ, R) is calculated numerically from the medium-induced splitting

functions. Predictions for the resulting jet modification are taken from Ref. [814].
In the left panel of Fig. 7.71, for jets of radius R =0.5, bands correspond to scale un-
certainties from varying the factorization scale and the jet scale by a factor of two
independently. For the chosen kinematics the Bjorken-x values corresponding to
the so-called anti-shadowing and EMC regions of nuclear PDFs. As a result, there
is an enhancement for small pT due to anti-shadowing and an suppression for
large pT due to the EMC effect, which is shown by the blue band. The green band
represents the final-state effects, which give rise to 10 - 20% suppression when
pT ∼ 5 GeV. They are smaller for larger jet energy as expected, and going to back-
ward rapidities further reduces the effect of medium-induced parton showers. The
predicted full ReA(R = 0.5) for 18 GeV (e) × 275 GeV (A) collisions is given the
red band. The measurements of jet modification in future will improve our un-
derstanding of strong interactions inside nuclei and nuclear PDFs at moderate and
large x.
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To study cold nuclear matter transport properties with jets at the EIC, it is essential
to reduce the role of nPDFs and enhance the effects due to final-state interactions.
An efficient strategy is to measure the ratio of the modifications with different jet
radii, ReA(R)/ReA(R = 1), which is also an observable very sensitive to the details
of in-medium branching processes [821] and greatly discriminating with respect
to theoretical models [822]. Furthermore, it is very beneficial to explore smaller
center-of-mass energies. Our predictions for the ratio of jet cross section suppres-
sion for different radii at the EIC is presented in the right panel of Fig. 7.71, where
the upper and lower panels correspond to results for 10 GeV (e) × 100 GeV (A)
and 18 GeV (e) × 275 GeV (A) collisions, respectively. The plot in the upper panel
is truncated around pT ∼ 20 GeV because of phase space constraints in the lower
energy collisions. By comparing the 18 GeV × 275 GeV e+Au collision results to
the ones in Fig. 7.71 we see that ReA(R)/ReA(R = 1) indeed eliminates initial-
state effects. The red, blue, and green bands denote ratios with R = 0.3 , 0.5 , 0.8,
respectively. Since medium-induced parton showers are broader than the ones in
the vacuum, for smaller jet radii the suppression from final-state interactions is
more significant. Even though the scale uncertainties also grow, the nuclear effect
is clear an its magnitude is further enhanced by the steeper pT spectra at lower√

s.

7.3.5 Collective effects

For a long time it was believed that the collective multiparticle interactions in
“small” collision systems (collisions of protons and electrons) are qualitatively dif-
ferent from those in “large” systems, i.e. collisions of heavy nuclei. One of the most
important discoveries in nuclear physics during the last decade has been that this
is not necessarily the case. Instead, the kind of multiparticle correlations associ-
ated with hydrodynamical flow (see Sec. 7.5.4) of bulk, low pT particle in nucleus-
nucleus collisions have been observed in various systems where they were not
anticipated. Some of the first indications of this were the azimuthally near-side
structure elongated in the rapidity direction in the ∆φ, ∆η-distribution of particles
associated with a high-pT hadron, which became to be called the “ridge” [693], or
a similar correlation on the away-side once known as the “Mach cone” [693, 823].
These correlations were surprising since they involved high-pT particles that were
not expected to form a part of the thermal medium. These discoveries were fol-
lowed by the observation of the “ridge”-correlation in (high multiplicity) proton-
proton collisions at the LHC [694–697], followed soon by similar correlations in
proton-nucleus collisions [698–704], which were surprising because a collectively
interacting medium was not expected to be present at all.

Such multiparticle correlations are now typically analyzed in terms of Fourier har-
monic coefficients of two, four, or higher multiparticle correlation functions, typi-
cally involving particles with a large rapidity separation to eliminate correlations
from resonance decays. These coefficients are referred to in the field of heavy
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ion physics as “flow coefficients,” often even when they are calculated in mod-
els where they do not originate from any hydrodynamical interactions. Indeed,
these correlations have 2 competing, “final state” and “initial state” explanations,
that are in fact not mutually exclusive and may both contribute in varying degrees
to the observed signals in different small collision systems.

The explanation in terms of final state interactions assumes that the correlations re-
sult from interactions after the primary collision translating transverse coordinate
space structures into momentum space correlations (see Sec. 7.5.4). The interac-
tions can be modeled by either hydrodynamics [824] or by kinetic theory [825–827].
Many recent results, such as the “geometry scan” of collisions of proton, deuteron-
and helium with gold ions reported by PHENIX [828] seem to favor this interpre-
tation.

On the other hand, it is clear that there are also momentum correlations already
present among the small-x gluons in the colliding systems [829–831]. Such cor-
relations can naturally manifest themselves in the particles produced in the colli-
sion. The initial stage effects can be expected to be stronger in smaller collision
systems [832, 833] where they are not diluted by a large number of uncorrelated
domains elsewhere in the transverse plane. This is the opposite of the behavior of
final state effects that would generically become smaller in smaller systems due to
the shorter lifetime of the system. They could naturally explain e.g. observations
of flow-like correlations for even heavy flavor hadrons [834, 835].

A DIS-event at small-x provides us with an unique system to test and understand
in detail the physics of these collective interactions. The virtual photon interacts
as a hadronic system, whose size and lifetime can be tuned by varying x and Q2.
Recently, the ATLAS collaboration reported collective phenomenon in the photo-
nuclear ultra-peripheral A+A(this is equivalent to the γ∗A collision with almost
real photons) collisions as well [836]. The CMS collaboration has also released
a preliminary study of long-range azimuthal correlations in inclusive γp interac-
tions [837]. There is an interesting and strong physical resemblance between the
high multiplicity events in photo-nuclear collisions and those in p+Acollisions.
On the other hand, in a reanalysis of HERA data a ridge-like signal was not
found [838].

The wave function of a low-virtuality photon can in some event contain many
active partons due to the rare QCD fluctuation and the dominant contribution to
the high multiplicity events comes from such a partonic structure. Therefore, one
can argue that the collective phenomenon could also be observed [839] in certain
kinematic region of the EIC where the incoming virtual photon has a sufficiently
long lifetime. EIC can offer both e+pand e+Acollisions with different values of
virtuality Q2, which allows one to change initial conditions for the target and the
system size ∼ 1/Q of the collisional system. At the EIC one also expects a higher
luminosity than at HERA, which increases the possibilities to collect a large sample
of rare high multiplicity events, which has already been a condition to observe
these correlations in proton-proton collisions. The future efforts in the era of the
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EIC can help us unravel the origin of the collectivity in high multiplicity events in
small systems.

7.3.6 Special opportunities with jets and heavy quarks

Flavor-tagged jets and the jet charge

Different from inclusive jet cross sections, jet substructure measures the radiation
pattern inside a given jet and is governed by a smaller intrinsic scale. At EIC en-
ergies, the phase space for radiation inside the jet cone is restricted, which makes
it more challenging to study final-state cold nuclear effects. Even though the dif-
ferences between the substructure of jets in ep and e+Aare expected to be smaller
than in the case of heavy ion physics, the example of the jet charge [840] shows that
nuclear effects can indeed be identified. The average jet charge is defined as the
transverse momentum pi

T weighted sum of the charges Qi of the jet constituents

Qκ,jet =
1(

pjet
T

)κ ∑
i∈jet

Qi

(
pi

T

)κ
, κ > 0 . (7.40)

Studies in proton and heavy-ion collisions [614, 841–843] have found that the jet
charge is strongly correlated with the electric charge of the parent parton and can
be used to separate quark jets from anti-quark jets and to pinpoint their flavor
origin.

Fig. 7.72 presents jet charge results at the EIC in 18 GeV × 275 GeV e+Aucollision
and for radius parameter R = 0.5. The red, blue and green bands correspond to the
jet charge parameter κ = 0.3 , 1.0 , 2.0, see Eq. (7.40), respectively. The upper panel
shows the modification for the average charge of up-quark initiated jets, where the
rapidity is fixed to be η = 3. It is defined as 〈QeA

q,κ〉/〈Qep
q,κ〉, which is independent

of the jet flavor and originates purely from final-state interactions.

Flavor separation for jets has been accomplished at the LHC [844] and should
be pursued at the EIC. For a larger κ, the (κ + 1)-th Mellin moment of the split-
ting function is more sensitive to soft-gluon emission, this is the z ∼ 1 region in
the splitting function where medium enhancement for soft-gluon radiation is the
largest.

As shown in the upper panel of Fig. 7.72, the modification is more significant for
larger κ. The modification of the average charge for inclusive jets behaves very
differently because there is a cancellation between contributions from jets initiated
by different flavor partons, in particular from up quarks and down quarks. The
lower panel of Fig. 7.72 shows the ratio of average charges for inclusive jets with
R = 0.5 and 2 < η < 4 for e+A and e+p collisions. The modification is about 30%
and the κ dependence is small due to the large difference between up/down quark
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Figure 7.72: Modifications of the jet charge in e + Au collisions. The upper panel is the
modification for up-quark jet with η = 3 in the lab frame. The lower panel is the results for
inclusive jet with 2 < η < 4 in 18 × 275 GeV e + Au collisions.

density between proton and gold PDFs. Precision measurement of the charge for
inclusive jets will be an excellent way to constrain isospin effects and the up/down
quark PDFs in the nucleus.

Light and heavy-flavor tagged jet angularities

In the clean EIC environment jet substructure studies can be extended to heavy
flavor. In experimental simulations, initial jet reconstruction has been achieved
based on true particle information. Inclusive jets are reconstructed with the anti-kT
jet algorithm with cone radius at 1.0. Then jets are tagged with fully reconstructed
heavy flavor mesons by requiring these reconstructed heavy flavor hadrons be
within the associated jet cone [845]. If there is not a reconstructed heavy flavor
hadron can be found within the jet cone, this jet is labeled as light flavor jet.

Jet substructure observables can image the nucleon/nuclei 3D structure and help
map out the hadronization process in vacuum and nuclear medium. Recent the-
oretical developments suggest the jet angularity observable has discriminating
power to distinguish quark or gluon initiated jets. We have studied the jet an-
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Figure 7.73: Jet angularity distributions for light flavor jets (black open symbols) and charm
tagged jets (blue filled symbols) with different power order a value selections are shown in
the top panel. Distributions with a = 0.5 are shown on the left, with a = 1 are shown in the
middle and a = −2 are shown on the right. Bottom panel shows the ratio of the normalized
charm jet angularity distribution over the normalized light flavor jet angularity distributions
in the top panel with the corresponding a value selection. The statistical uncertainties are
projected with 10 f b−1 e + p at

√
s = 63 GeV.

gularity,

τa =
1
pT

∑
i∈J

pi
T(∆Ri J)

2−a , (7.41)

for light flavor jets and charm tagged jets with different power order a value se-
lections [845, 846]. Figure 7.73 shows the jet angularity distributions of light flavor
jets and charm tagged jets and ratio distributions of their shapes in 10 f b−1 e + p
at
√

s = 63 GeV. Charm jets have a broader jet shape which causes increasing
trends in the jet angularity ratio distributions presented in the bottom panels of
Figure 7.73. Nuclear modification effects for different flavor jets are under study.

Jets as precision probes in electron-nucleus collisions with electron-jet correlations and
jet substructure measurements

Jets produced in deep-inelastic scattering can be calibrated by a measurement of
the scattered electron. Such “tag and probe” studies focus on Born kinematics and
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call for an approach orthogonal to most HERA jet measurements, which measured
high pT jets in the Breit frame instead. The tag-and-probe approach has been dis-
cussed in Ref. [597]. and Ref. [28]. Key observables include electron-jet momentum
balance, azimuthal correlations, and jet substructure, which can provide orthogo-
nal constraints on the parton transport coefficient in nuclei and its kinematic de-
pendence. Jet substructure of DIS jets offers a wealth of new opportunities, which
have only recently been started; a calculation for the jet groomed radius is pre-
sented in Ref. [28]. Moreover, a comparison of standard jet reconstruction and the
winner-take-all scheme for DIS jets and their correlation with the electron will help
to gauge the modification of soft and collinear fragmentation in the nucleus [28].
Ref. [28] shows kinematic reach, projections of statistical uncertainty, and a discus-
sion of detector requirements.

Energy flow and quantum number correlations in jets

An interesting opportunity is to study the correlations between energy flow and
quantum numbers such as flavor, spin, and electric charge of the produced par-
ticles. The deconstruction of energy-energy correlations at a fixed angle into the
contributions of specifically identified particles builds on classic observables such
as jet charge. We have performed exploratory studies on samples generated from
Pythia (in future we plan to extend our studies to other event generators with dif-
ferent fragmentation assumptions). The observable we investigate focuses on lead-
ing and sub leading jet particles (for example, pion-pion) and the relative cross sec-
tions when their electric charges are of the same sign (NCC) or opposite sign (NCC).
Specifically, we consider the asymmetry observable r defined as:

r = (NCC − NCC)/(NCC + NCC) . (7.42)

We observe that in Pythia, opposite sign cross sections dominate. It is even more
pronounced for kaon pairs and proton-antiproton pairs. Its dependence on particle
kinematic phase space is being studied. We also propose to study the correlation
between jet and forward particles which were conventionally hidden in the beam
remnants. This direction will provide a new and essential window toward under-
standing hadronization through target fragmentation, global color neutralization
and enhancing the precision for event tagging.

7.3.7 Short-range correlations, origin of nuclear force

Diffractive J/psi production in electron-deuteron scattering at the EIC and its implica-
tion to short-range correlations

Understanding the role of Quantum Chromodynamics in generating nuclear forces
is important for uncovering the mechanism of short-ranged nuclear interactions
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and their manifestation in short range correlations (SRC). In recent years, experi-
mental data from Jefferson Lab suggested a strong link between the SRC and the
EMC effect [847–852]. Specifically, they suggest that the underlying mechanism
of nucleon modifications could be caused by short-range correlated nucleon pairs
with high internal nucleon momentum, such as a quasi-deuteron inside the nu-
cleus. However there are alternative phenomenological models that can explain
the EMC effect without involving SRCs; see Ref. [848] for a recent review.

The difficulty in drawing a definitive conclusion based on available experimental
data is primarily due to the complexity of the nuclear environment. Given the
differing structure and reaction dynamics of different nuclei, the nuclear mass (A)
dependence could in principle be attributed to other underlying physical mecha-
nisms. Nuclear effects that are driven by SRCs should be similar in light nuclei
at extreme high internal nucleon momentum and in medium and heavy nuclei
in a similar kinematic range. Therefore the observation of universal properties
across a wide range of nuclei would suggest that the effect may be independent
of the specifics of nuclear structure and reactions. A confirmation of such univer-
sal behavior would then provide a definitive explanation for the EMC puzzle. It
may also provide insight into similarly universal dynamics, independent of micro-
scopic details, in physical systems across varying energy scales.

Besides the modifications in the valence quark region in the bounded nucleon,
there are a number of other outstanding questions:

• What role do gluons play in the short-range correlations of nucleon pairs?

• Are gluon modifications linked to the SRC, similar to that for valence quarks?

• What is the relation of SRCs to gluon shadowing? Can this be related to the
phenomenon of gluon saturation?

• What are the spatial and momentum distributions of partons in such high
nucleon momentum configurations?

With regard to the last item, nucleon-nucleon elastic scattering experiments at high
momentum transfer showed that the energy dependence of such reactions is quite
sensitive to differing models of the internal spatial and momentum distributions
of partons [853].

The EIC will provide an unprecedented opportunity to systematically investigate
the underlying physics of SRC for energies and kinematic regions that are other-
wise impossible to reach. In this study, we propose to study the impact on gluon
distributions inside of nucleons that are associated with a SRC pair in electron-
deuteron (ed) scattering. Using the Monte Carlo event generator BeAGLE, we
investigate the sensitivity of observables to high internal nucleon momentum in
incoherent diffractive J/ψ vector meson production. In a plane wave impulse ap-
proximation, the initial state deuteron wave function can be accessed directly from
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the four-momentum of the spectator nucleon (See Fig. 7.74 for the Feynman dia-
gram). We use realistic physics estimates and a conceptual far-forward detector
simulations of the EIC to fully reveal the potential of this exclusive process. In par-
ticular, we provide the luminosity and detector requirements necessary to study
SRCs in the deuteron at an EIC.

γ*

e

e'

d p

n

p'

n'

J/ψ

t=(p'-p)2

t'=(n'-d)2-Mp

Figure 7.74: Diagram of incoherent diffractive J/ψ productions in electron-deuteron scat-
tering

In Fig. 7.74, kinematic variables are defined in the figure. In particular, the kine-
matic variable t is defined between the four-momentum of the incoming and
outgoing leading nucleon, while the incoming nucleon momentum inside of the
deuteron is not known directly due to the internal nucleon momentum distribu-
tion. This is different from the process of electron-proton (ep) scattering where
the incoming proton has the beam momentum. In an ep collider experiment, the
paradigmatic example thus far being the H1 and ZEUS experiments at HERA, the
t variable can in principle be reconstructed using different methods [854], includ-
ing a new method proposed in this study based on purely the spectator and the
leading nucleon. The conclusion based on this study is that the best resolution of
reconstruction of momentum transfer might come from a combination of differ-
ent methods, i.e., the spectator tagging technique can be used for identifying the
process while the method 3 in Ref. [854] can be used for the values of t.

In BeAGLE simulations of incoherent diffractive J/ψ meson production in ed scat-
tering, both cases where the spectator nucleon can be either a proton or a neu-
tron are considered. In the simulations, the two cases are treated identically at
the generator level, while in the reconstruction of the final state particles in the
detector simulations, the spectator proton or neutron would experience different
acceptances and detector smearing. In Fig. 7.75, the three-momentum distribu-
tions of the spectator, pm, associated with incoherent diffractive J/ψ production
in ed collisions, are shown for neutron (left) and proton (right) spectator, respec-
tively. In each panel, the truth level simulation from BeAGLE is shown by solid
star markers, where the open circles represent the results after the realistic simula-
tion of the detector acceptance and forward instrumentation. The results of the full
simulations (open square markers,) include acceptances, smearing effects coming
from intrinsic detector resolutions, and beam-related effects. With the capability of
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forward detectors, the access of high momentum configuration of the deuteron is
experimentally possible.

For the detector and beam-related effect simulations, one sees that the measure-
ments at low momentum would have a larger impact from detector resolutions
but with almost 100% acceptance; however, for the high momentum range, the
impact is found to be opposite.

Note even that at the generator level, proton and neutron spectator cases are iden-
tical, reflecting the assumptions on the deuteron wave function. However after
acceptance effects and detector smearing are applied in the reconstruction, the
resulting distributions are different. In the neutron spectator case, most of neu-
trons reconstructed by the ZDC are within a ±4− 6 mrad cone varying with the
azimuthal angle. The non-uniformity of the azimuthal acceptance is due to the
aperture of magnets and the other forward instrumentation. The neutron specta-
tor acceptance is almost 100% up to 600 MeV, while about 80% for pm ≈1 GeV.
The momentum smearing effect is noticeable for momenta up to 300 MeV. For a
nominal beam momentum particle, e.g., 110 GeV, the resolution is typically 5%,
dominated by the constant energy resolution term of the ZDC.

For the proton spectator case on the other hand, the pm distributions are found
to be different from the neutron. Since the proton has better overall resolution,
the pm distribution at low-momentum exhibits less bin migration in the tagged
proton case, and a better acceptance for high nucleon momenta. Most of the proton
spectators end up within the acceptance of the OMD instead of the RP due to the
protons having less magnetic rigidity (∼ 50%) compared to the deuteron beam.

In addition, by selecting different momentum range of the proton-neutron pair, the
gluon density distributions can be compared. Based on Ref. [854], a 10% different
size of proton in terms of gluon density is studied and is shown in Fig. 7.76. The
impact parameter distribution of the gluon density is based on the Fourier trans-
formation on the momentum transfer −t distributions, which can be measured up
to high precision at the EIC. For details, see Ref. [854]. With the assumption of a
similar statistical precision as obtained by the H1 result [855], the 10% difference
in the slope parameter of −t will result in a 3σ significant different source distri-
bution. This difference will be dominated by the statistical uncertainty, while the
systematic uncertainty will be largely, if not fully, canceled. Overall, the signifi-
cance of the results depends on the signal strength and the statistical uncertainty.
For a quantitative prediction, rigorous theoretical calculations are needed.

Studying short-range correlations with an EIC

Understanding the modification of quarks in nucleons within nuclei (EMC effect)
is a longstanding open question in nuclear physics [856]. Recent experimental re-
sults from electron scattering at Jefferson Lab strengthen the correlation between
the EMC effect and nucleon-nucleon short-range correlated pairs (SRC) within nu-
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Figure 7.75: Distribution of the three-momentum of the spectator nucleon in events asso-
ciated with incoherent diffractive J/ψ vector meson production in ed collisions are shown
for the BeAGLE event generator. The left panel is for the neutron spectator case, where the
right panel is for the proton spectators. The simulations at the generator level, with accep-
tances effects only, and for the full simulations, are shown with solid, open circles, and open
squared markers, respectively.

clei [847–849]. That means that the EMC effect is probably driven by the high-
momentum highly-virtual nucleons of the SRC pairs. This connection can be tested
experimentally by measuring electron deep inelastic scattering (DIS) from a nu-
cleon and detecting its correlated SRC partner nucleon (tagging).

The Electron-Ion-Collider (EIC) is an ideal machine for tagging measurements due
to the unique capability of measuring recoil nucleons in a collider compared to
fixed-target experiments. Furthermore, it will reach much higher Q2 values than
obtained in previous DIS measurements. The current design of the EIC detectors
allows for a full acceptance for forward-going proton, neutrons and nuclear frag-
ments besides the scattered electron. Ideally, it should be possible to measure the
struck nucleon or its target-remnant jet, the SRC-partner, any spectators that were
involved in final state interactions, and the nuclear remnant.

In the following figures 7.77 and 7.78, we show momentum distributions of the
recoil nucleons determined by the electron and leading nucleon with the current
IR design. These results were generated using the Generalized Contact Formalism
and then passed through EICROOT. Presently head-to-head comparisons are being
made between EICROOT and ESCalate’s g4e codes.

The results clearly show very good acceptance for recoil spectator nucleons over a
very large range of momentum. For neutrons the acceptance is not as good for the
lower energy setting though nearly complete at the highest energy. This is simply
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Figure 7.77: Momentum distributions for tagged recoil protons in quasi-elastic SRC breakup
in eC interactions. The black points show generated events for 10 fb−1 luminosity, and the
accepted events are shown by the red-dashed histogram. (Left) Results for beam energies
5 GeV e− and 41 GeV ions. (Right) Results for beam energies 10 GeV e− and 110 GeV ions.

the geometric effect of the size of the zero degree calorimeter along with kinematic
focusing provided by the energy.

7.3.8 Structure of light nuclei

The EIC, with its far forward detectors, provides a unique facility for studying light
ions at high center of mass energies. Light ions have several unique features that
can be used to study the interplay between partonic QCD phenomena and nuclear



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 175

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Recoil spectator momentum (Ion Rest Frame) [GeV]

1−10

1

10

210

310

410

E
ve

nt
s

-1
L = 10 fb∫eC: 5x41 GeV, 

recoil neutron

generated

accepted

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Recoil spectator momentum (Ion Rest Frame) [GeV]

1−10

1

10

210

310

410

E
ve

nt
s

-1
L = 10 fb∫eC: 10x110 GeV, 

recoil neutron

generated

accepted

Figure 7.78: Momentum distributions for tagged recoil neutrons in quasi-elastic SRC
breakup in eC interactions. The black points show generated events for 10 fb−1 luminosity,
and the accepted events are shown by the red-dashed histogram. (Left) Results for beam en-
ergies 5 GeV e− and 41 GeV ions. (Right) Results for beam energies 10 GeV e− and 110 GeV
ions.

interactions.

1. Light ions can be polarized. The EIC would allow for polarized 3He and 3H
beams, possibly deuteron (2H) beams and beyond. This allows to probe neu-
tron spin structure (see Sec. 7.1.2), tensor polarized deuteron (see Sec. 7.2.5)
and measurements of the polarized EMC effect.

2. The far forward detectors in the hadron going direction allow for the detec-
tion of specific nuclear breakup channels. In inclusive processes scattering
can take place on protons and neutrons, partonic structure can be modified
by nuclear interactions and non-nucleonic d.o.f. play a role. These effects
can all be controlled by selecting particular break-up channels. Particularly
effective breakup channels are the measurement of the so-called spectator nu-
cleons, where one or more nucleons are detected in the target fragmentation
region of the nucleus, see Fig. 7.16 for the deuteron. This allows to select
the active nucleon in the reaction, suppress the contribution of non-nucleonic
d.o.f. and select specific intra-nucleon distance scales in the initial nucleus.

3. For light ions well-developed techniques exist to compute nonrelativistic nu-
clear wave functions from first principles, starting from microscopic NN in-
teractions. This makes it possible to describe the initial nuclear state and
breakup into specific channels with high theoretical precision.

In this subsection the focus is on the use of light ions in the study of nuclear inter-
actions and their influence on medium modifications of parton distribution func-
tions. For free neutron structure, see Sec. 7.1.2; for 3D imaging of nuclear bound
states, see Sec. 7.2.5.

Nuclear interactions are effective interactions arising from QCD and describing the
low-energy structure of nuclei using interacting nucleons has proven to be highly
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successful. Several questions remain however. How exactly do the effective NN
forces arise from QCD? What are the short-distance properties of the nuclear inter-
actions? Where do non-nucleonic degrees of freedom become manifest in nuclei?
Reactions where these questions can be addressed are quasi-elastic or diffractive
knockout from nuclei (discussed in Sec. 7.3.7 in the context of nuclear short-range
correlations) and DIS in the scaling regime.

In the context of the influence of nuclear interactions on medium modifications,
the wide Q2-range available at the EIC means the Q2-dependence of the EMC ef-
fect can be investigated. DIS on polarized light ions results in measurements of the
spin-dependent EMC effect, such as planned within the 12 GeV program at Jeffer-
son Lab. The magnitude of the spin-dependent contribution remains unknown so
far. In combination with spectator tagging the relevant distances in NN interac-
tions that cause the EMC effect can be studied at the EIC. Accurate descriptions of
the reaction mechanisms are needed to disentangle the medium modification ef-
fects from nuclear final-state interactions [69,114,857]. This is especially important
for spectators with momenta of a few hundred MeV (relative to the ion rest frame).

In this way DIS on d with neutron tagging, 3He with d or pn tagging and 3H
with nn tagging, in combination with free proton data can be used to study pro-
ton medium modifications and help to constrain reaction mechanism frameworks.
This in turn then will help in the disentanglement of medium modifications and
final-state reactions for tagged DIS reactions on light nuclei accessing neutron
structure (d with proton tagging, 3He with pp tagging and 3H with d or pn tag-
ging).

For DIS at smaller values of Bjorken x, nuclear anti-shadowing and shadowing
effects in light nuclei are of interest. For the latter, light ions offer the advantage
that the multiple scattering series is limited and thus controlled, see below for 4He.

Studying nucleon structure in A=3 nuclei using double spectators tagging

While there are highly accurate data for proton structure function, it is very hard to
measure the neutron structure function due to the fact there is no free neutron tar-
get. Neutron structure functions are determined using nuclear targets (deuterium
or 3He) and often inferred using different theoretical models (see Secs. 7.1.1 and
7.1.2). Modern experiments, such as the Jefferson Lab BONuS experiment, tag the
recoil proton from deuteron [858, 859], but no such tagging experiment has been
done with 3He (see Fig. 7.79 for a diagram).

Simulations of DIS and SIDIS scattering from 3He show that both spectator pro-
tons can be detected in the far forward region of the EIC. By ensuring that in the
ion rest frame the two spectator protons have a low momentum, the initial momen-
tum of neutron can be constrained, which can provide an effective “free neutron”
target with minimal model dependence, see Sec. 7.1.2. Taking this idea one step
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Figure 7.79: Shown are Feymann diagrams for double spectator nucleons tagging from 3He
on the left and from 3H on the right.

further, by using a tritium beam one can tag two spectator neutrons. Since in this
case, the free proton’s structure function is well known, one directly tests how
well reaction mechanisms are understood (including final-state interactions with
the detected spectators) and a unique way to test the validity of the 3He extrac-
tions of the neutron structure functions as well as offering a window onto nuclear
medium modifications of proton partonic structure. At higher spectator momenta
spectator tagging yields information on the influence of nuclear interactions on
DIS cross sections, both through medium modifications of partonic distributions
(EMC effect, (anti)shadowing) and nuclear final-state interactions.

The DIS and SIDIS processes for both 3He and 3H targets were generated using
the CLASDIS generator, a CLAS version of the PEPSI [860] generator, which is
based on LEPTO version 6.5 and JETSET version 7.410. CLASDIS was originally
intended to be used for the fixed target event generation but has been extended
for EIC kinematics. The generated events were modified to include the effects of
nuclear motion. For a given event, the momentum of each nucleon was generated
using the spectral function of Ref. [861] (for leading nucleon momentum below
0.24 GeV) and the light-front Generalized Contact Formalism [862] (for higher-
momentum leading nucleons). This provided distributions for the spectator nu-
cleon momentum, as well as allowing adjustment of electron scattering quantities
for Fermi smearing of the leading nucleon. Results are shown in Fig. 7.80 and
made use of a version of EICSMEAR which includes an approximation of the far
forward region developed with EICROOT and GEANT4 for EIC (g4e). The results
show that with the EIC one will be able to uniquely determine that the initial-state
neutron was nearly at rest; minimizing model dependence for the extraction of
quantities such as Fn

2 from unpolarized 3He and An
1 from polarized 3He.

Tagging of spectator nucleons in these reactions means final state interactions be-
tween the detected hadrons in the final state should be considered. In Ref. [114],
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Figure 7.80: CLASDIS simulations for DIS and π+ SIDIS on 3He with double proton specta-
tor tagging (top) and on 3H with double neutron spectator tagging (bottom) at 5 on 41 GeV
(left) and 18 on 110 GeV (right).

polarized DIS on 3He with deuteron tagging was considered. This process would
allow to study the onset of the spin-dependent EMC effect in three-body systems
and can help to constrain FSI mechanisms in the deuteron tagged reaction on 3H,
used to probe neutron structure. Proper kinematical regions where the FSI effect
is minimized were identified in Ref. [114]. For spin dependent SIDIS off 3He and
3H (important for the extraction of the neutron Sivers and Collins single-spin as-
symetry), a recent paper [863] has shown that both at fixed target and the EIC, the
FSI described within a generalized eikonal approximation using AV18 [675] wave
functions are theoretically under control in the experimental observables. Neutron
information can be safely extracted using the same straightforward procedure pro-
posed in a plane-wave impulse approximation analysis [864].

Coherent scattering off the lightest nuclei

The leading twist theory of the gluon shadowing predicts shadowing both for the
pdfs and for coherent production of heavy mesons like J/Ψ. The theory predic-
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tions for coherent J/Ψ production off lead were tested in ultraperipheral collisions
at the LHC for x down to 10−3. For the most recent comparison of the leading twist
theory of nuclear shadowing with the LHC data on coherent J/Ψ production of Pb
and reference to the previous studies see Ref. [790]. So far the gluon shadowing
was studied only in the case of heavy nuclei. At EIC studies of the coherent diffrac-
tion off heavy nuclei and parallel measurements of the gluon pdfs in the inclusive
hard processes would provide further stringent tests of the gluon shadowing dy-
namics. A complementary set of measurements is possible at the EIC using the
beams of the lightest nuclei. In this case one can probe separately shadowing for
scattering off two and of three nucleons. Note here that the average number of
nucleons involved in the gluon shadowing at Q2

0 ∼ few GeV2, x = 10−3 is around
two, so the measurements with heavy and light nuclei would nicely complement
each other.

An important advantage of the lightest nuclei is that their wave functions are well
known and so the impulse approximation term can be reliably calculated. Also
it would be possible to test the calculation of the wave function by studying the
cross section at x . 0.03 where rescattering effects are small even for heavy nu-
clei and the impulse approximation dominates at all t. An important advantage
of 4He, 3He is that the single scattering term (which is proportional to the nuclear
form factor) goes through zero at moderate t (−t ≈ 0.3 GeV2 for 4He; see red line
in Fig. 7.81). This provides an opportunity to separate the combination of double
and triple rescattering amplitudes (interaction with all four nucleons is negligi-
ble) in a wide t range. Moreover combination of measurements off 3He and 4He
would allow to separate double and triple scattering amplitudes in a practically
model independent way due to the difference of the strengths of double and triple
rescattering contributions in these two cases.

One can see from the result of the calculation at x = 10−3 the shift of the position
of the minimum is very significant and hence would be easy to measure provided
the detector has an acceptance in the discussed t-range (−t . 0.5 GeV2)

In the case of the deuteron beams the rescattering effects are pretty small even for
−t ∼ 0.5 GeV2 due to a large contribution of the quadrupole form factor. How-
ever, if the polarized deuteron beams would become available, one would be able
to separate single and double rescattering contribution and consequently further
improve extraction of the amplitudes of scattering off two and three nucleons.

There are many other interesting coherent reactions with 4He, For example photo
and electroproduction of ρ-mesons. In the soft regime screening should be stronger
than for J/Ψ so the minimum of the differential cross section would be at smaller
−t, up to Q2 ∼ 10÷ 15 GeV2 where the t-dependence of ρ-meson should approach
that of J/Ψ.
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Figure 7.81: Coherent J/Ψ production on 3He (left panel) and 4He (right panel) at x = 10−3.
The cross section ratio to the t = 0 value for production on the nucleon is shown, as a
function of q =

√−t. Red curves do not include rescattering effects, green (blue) curves
include double (triple) rescatterings.

7.3.9 Coherent and incoherent photoproduction on heavy targets

Photoproduction and electroproduction are sensitive to the gluon content of the
target nucleus, and provide information on how quark-antiquark dipoles interact
in nuclei, providing information on the nuclear structure, as is discussed in Sec-
tion 7.3.2. This section will present the additional physics that can be probed by
studying coherent and incoherent production separately.

Exclusive production is an excellent probe of the gluon distributions in the nu-
cleus, providing information on the overall gluon content through the overall
cross-section, the spatial distribution of the gluons (through dσ/dt for coherent
production) and on event-by-event fluctuations in distributions, including gluon
hot spots through inelastic production [406, 865, 866].

High-energy photoproduction and electroproduction cross-sections on proton tar-
gets were first studied extensively at HERA, where the cross-sections were mea-
sured for a variety of mesons, from the ρ up to the Υ [867, 868]. The photopro-
duction studies were extended to include heavy nuclear targets in ultra-peripheral
collisions (UPCs) at RHIC [869] and the LHC [866, 870, 871]. The LHC UPC data
[872–877] had a larger energy reach than HERA. The LHC data exhibited a moder-
ate suppression of the Jψ cross-section, consistent with moderate gluon shadowing
- roughly as predicted by leading order twist calculations [786–788,878]. Although
the energy reach cannot match the LHC, the EIC will allow us to extend these
measurements to large Q2, and also, through vastly improved statistics, probe the
production kinematics in detail, exploring the photon energy and Q2 evolution of
the nuclear targets. As Fig. 7.82 shows, the ratio of photoproduction on light and
heavy targets, scaled by A−4/3 should be one in the absence of nuclear shadowing.
At large Q2, a Glauber calculation (implemented in the eSTARlight Monte Carlo)
predicts that the ratio should be close to one. However, at lower Q2, lighter mesons
are expected to exhibit a lower ratio, reaching 0.6 for ρ photoproduction. In con-



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 181

Figure 7.82: The ratio of the coherent photoproduction cross-sections on lead and iron tar-
gets, scaled by A−4/3, for ρ (black) and J/ψ (red), as a function of Q2. In the absence of
nuclear effects, this ratio should be 1. This ratio is roughly reached at high Q2, when the
nucleus is largely transparent, but, as the Q2 drops, shadowing reduces the relative cross-
section. From Ref. [879], but a very similar plot appears in Ref. [880].

trast, the heavier J/ψ is predicted to exhibit little shadowing. This plot shows the
importance of studying light mesons, and covering a range of Q2 extending down
to zero.

Photoproduction and partonic structure

At high energies, photoproduction occurs primarily via photon-Pomeron fusion.
In an optical approach, the Pomeron represents the absorptive part of the nuclear
potential [881], so it has the same quantum numbers as the vacuum. Therefore, the
final state particles predominantly have the same quantum number as the pho-
ton, JPC = 1−−, leading to vector meson dominance. In lowest order pQCD,
the Pomeron is treated as two-gluon exchange, thus the forward scattering cross-
section for a vector meson with mass MV is [882]

dσ

dt

∣∣∣∣
t=0

=
Γll M3

Vπ3

48α

[
αS(Q

2
)

Q4 xg(x, Q2)2(1 + Q2

M2
V

)]
, (7.43)

where Γll is width for the vector meson to decay to two leptons, g(x, Q2) is the
gluon distribution and Q2

= (Q2 + M2
V)/4. Because the vector meson mass pro-

vides a hard scale, for heavy quarkonium pQCD should hold, even for nearly real
photons.

There are several issues with this approach. The most fundamental is the treat-
ment of this 2-gluon exchange using parton distributions which, in rigorous the-
ory, should be treated using a GPD [883]. Treatment using standard lowest-order
pQCD introduces some theoretical issues: the assumption of two gluons each car-
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rying half the virtuality, the presence of two gluons with different x values for the
two gluons (fortunately asymmetric division, x1 � x2 is preferred) and the choice
of the mass scale [884, 885].

Similar difficulties apply in NLO pQCD. Although there is not yet a complete NLO
calculation. Ref. [886] presents a partial NLO calculation. This calculation has its
own difficulties, but, with careful choice of scale, the accuracy seems good enough
(±15% to ±25%), good enough for use in determining gluon distributions [887].

Most of the interest in using vector meson production to probe gluon distributions
has involved nuclear targets, since there is little data with nuclear targets at low x.
By using proton targets as a reference, it is possible to measure shadowing, with
many of the theory uncertainties cancelling out in the ratio. This has been done
for J/ψ photoproduction at the LHC, where the data clearly indicate moderate
shadowing [786,787,888], with uncertainties that are much smaller than in current
nuclear pdf parameterizations [25]. At the EIC, a comparison of vector meson
production in e+Aand e+pcollisions able to probe gluons at Q2 than other reactions,
such as open charm and dijet production.

The EIC should get large samples of the J/ψ and ψ′, over a wide range of Q2 and
significant samples of photoproduction of the three Υ states (at small Q2). The
rapidity y of the final state vector meson depends on the photon energy k and
Bjorken-x of the struck gluon. In the lab frame, for low Q2 and x � 1 [889]

k =
MV

2
exp (y) (7.44)

and
x =

MV

4γmp
exp (−y). (7.45)

Large Q2 will shift the relationship between y and x these slightly [879]. These
equations can be used to determine the x of the struck gluons accurately, subject to
the issues that come from the second gluon.

Other calculations use a dipole approach to determine the cross-section and dσ/dt
[42]. They find the cross-section by integrating the interaction probability over
d2b. In this approach, it is easy to introduce modified parton densities, such as
those expected in a colored glass condensate [890].

The rates for vector meson production are very high: 40-50 billion ρ0 for 10 fb−1/A
luminosity, for both e+pand e+A [879]. The rates for the φ are smaller, about
2.5 billion per 10 fb−1/A luminosity, while the J/ψ rates are about 100 million
events/year. Even the Υ states are accessible, with about 140,000/60,000 events
expected for ep and e+Arespectively. The rates for electroproduction Q2 > 1 GeV2

are lower, but, even for the J/ψ, about 5 million events events with Q2 > 1 are ex-
pected per 10 fb−1/A. This statistics will permit detailed multi-dimensional stud-
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ies, including studying the nuclear shape and fluctuations in narrow bins of x and
Q2.

Good-Walker and coherent photoproduction

Further information can be extracted from vector meson production using the
Good-Walker paradigm [891]. It relates the coherent cross-section to the average
wave function of the target, and the incoherent cross-section to wave function fluc-
tuations [892]. In the Good-Walker approach, coherent production occurs when
the final state nucleus remains in it’s ground state, while incoherent production is
when it is excited. The total cross-section includes all possible final states. From
the optical theorem:

dσtot

dt
=

1
16π

〈
|A(Ω)|2

〉
(7.46)

The cross-section is determined by summing the amplitudes for interacting on
each nucleon. Schematically,

dσcoh

dt
=

1
16π
|〈A(Ω)〉|2. (7.47)

Here, Ω is the nuclear configuration (nucleon positions, subnucleonic fluctuations
etc.). This leads to an A2 enhancement in dσcoh/dt at small t. This enhancement
applies as long as coherence is maintained, with |t| < (1/RA)

2 where RA is the
nuclear radius. In the absence of multiple interactions (i. e. for a small γp cross-
section), the coherent cross-section scales as A4/3.

The incoherent cross-section is just the difference between the total and coherent
cross-sections, i. e. the difference between the cross-sections in Eqs. (7.46) and
(7.47)

dσinc

dt
=

1
16π

(〈∣∣A(K, Ω)
∣∣2
〉
−
∣∣ 〈A(K, Ω)〉

∣∣2
)

(7.48)

Because of the switched ordering of the squaring and averaging, the incoherent
process is sensitive to fluctuations in the nuclear configuration. A more formal
treatment of this approach is given in Ref. [767].

Coherent photoproduction

Measurements of dσ/dt for coherent photoproduction can be used to image the
nucleus; this is the gluonic nuclear equivalent of a GPD. It maps out the trans-
verse positions of photoproduction interactions within the target nucleus. As
was discussed in the EIC White Paper [2], this may be determined from the two-
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Figure 7.83: (left) dσ/dt for coherent and incoherent J/ψ photoproduction with and without
saturation. From Ref. [2]. (right) dσ/dt for incoherent J/ψ photoproduction in the BeAGLE
Monte Carlo (black). The other lines show the effect of successive cuts that there are no
neutrons (red), no photons with energy above 50 MeV (green), no protons in the draft Roman
pot detector or off-energy detector, and no protons in the B0 forward detector, which is
discussed in Section 8.5.2.

dimensional Fourier transform of dσ/dt [893, 894]

F(b) ∝
∫ ∞

0
pTdpT J0(bpT)

√
dσ

dt
(7.49)

where J0 is a Bessel function and b is the impact parameter within the nucleus. The√ converts the cross-section into an amplitude. The square root introduces a sign
ambiguity. The positive root is taken at pT = 0, and then the amplitude flips signs
at each diffractive minimum. This sign flip needs to be included when analyzing
the data. The detector resolution and photon pT limit how well the positions of
these minima can be determined, limiting the accuracy of F(b).

The STAR Collaboration has applied this approach to ρ and direct π+π− photo-
production in ultra-peripheral collisions and found some limitations in the method
[894, 895]:

The pT integral runs from 0 to ∞, but the data is limited to a maximum pT. Un-
less the pT range encompasses several diffractive minima (up to pT ≈ 15h̄/RA),
F(b) will not fully capture the shape of the nucleus. In the upper half of this pT
range, incoherent production dominates over coherent, so good separating power
is required. This will be discussed in more detail later.

The measured dσ/dt includes contributions from the photon pT and the experi-
mental resolution. Naively, one might expect to remove the photon pT by mea-
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suring it via the outgoing lepton. However, this only works for large Q2, where
the scattered electron is detected. Even if the electron is detected, the momentum
spread of the electron beam limits the accuracy with which the electron pT can
be determined. The experimental resolution and remaining photon pT can be re-
moved by an unfolding, but this is problematic near the diffractive minima. Reso-
lution and the photon pT will partially fill in these minima, and unfolding does not
do a good job of restoring narrow spectral features. This may limit how well the
location of the minima can be found. This will limit the accuracy of the placement
of the sign flips in Eq. 7.49, reducing the accuracy of the measured F(b).

Finally, pT is two-dimensional, but the t in dσ/dt is a four-vector, with three spa-
tial components. The former implies a cylindrical geometry (usually treated as a
flat disk) while the latter implies spherical symmetry. Although the two cases are
related by a Lorentz transform, they differ by the inclusion of (or neglect of) the
longitudinal momentum transfer from the target. This is unimportant for lighter
mesons, where the longitudinal component is small, but it is a factor for heavier
mesons like the Υ. The two geometries lead to slightly different predictions for
impact-parameter dependent shadowing [896].

More study is needed to understand the severity of all of these issues.

Incoherent photoproduction

The incoherent component of photoproduction is sensitive to event-by-event fluc-
tuations in the target configuration, including variations in the positions of the
individual nucleons, and partonic density fluctuations. Equation 7.48 can be used
to test models of nucleon parton fluctuations, with small t corresponding to long
distance scales, and larger t probing shorter range fluctuations. However, dσ/dt
for incoherent production cannot be used to directly extract fluctuation measures.

The Good-Walker approach has been used to probe the proton using J/ψ produc-
tion data at HERA; predictions for incoherent photoproduction on a variety of nu-
clear targets at the EIC have been presented in ref. [897]. The analysis of HERA
data found that the incoherent cross-section was compatible with a proton model
where there were large event-by-event fluctuations in proton configuration, i.e.
large variations in parton densities [406,865]. These fluctuations are expected to re-
main visible with ion targets. Similar studies of ultra-peripheral collisions (UPCs)
at the LHC found that the fluctuations should increase the incoherent cross-section
by a factor of about 2 for heavy targets [406, 898]. Although the EIC has a smaller
energy reach than HERA or LHC UPCs, it can study these fluctuations for a range
of nuclear targets.
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Separating coherent and incoherent production

A key problem for pursuing this physics involves separating coherent and incoher-
ent production. Although most incoherent interactions involve neutron (or some-
times proton) emission, this is not always the case, and nuclear excitations which
decay via emission of MeV photons (in the nuclear rest frame) are not easy to de-
tect. The situation is further complicated because models of nuclear excitation in
photoproduction are subject to large uncertainties; in most cases, there is no rele-
vant data to constrain the models.

Figure 7.83 shows the magnitude of the problem. The left panel shows dσ/dt for
coherent and incoherent J/ψ production, while the right panel shows the incoher-
ent J/ψ production as modelled in the BeaGLE Monte Carlo.

At the position of the third diffractive minimum, the incoherent cross-section is
about 400 times larger than the coherent one, so to determine the coherent cross-
section, a rejection factor for incoherent photoproduction better than 400:1 must be
achievable; this factor must also be known accurately. In the right panel, BeAGLE
simulations show that, by vetoing on neutrons, protons and high energy (above
50 MeV) photons only leads to a 100:1 rejection factor in that |t| range. It should
be noted that calculations of the frequency of nucleon-free incoherent production
have large uncertainties, and one cannot use Monte Carlos to predict this fraction.

For |t| < 0.01 GeV2, the situation is reversed, with the coherent cross-section up to
100 times larger than the incoherent one. Here, the major misidentification danger
is the presence of random (uncorrelated) neutrons, forward protons or photons ac-
companying a coherent reaction. This probability is not small. In full-energy eAu
collisions at an eA luminosity of 8× 1031 cm−2 s−1, the rate for one background
reaction, photo-excitation of a gold nucleus, followed by Giant Dipole Resonance
decay, usually leading to a single neutron is about 2.5 MHz [899], leading to a sig-
nificant rate of background coincidences. Other sources will further increase the
rate. These rates can be measured using otherwise empty beam crossings, and sta-
tistically subtracted but, because of the large coherent to incoherent ratio, this will
significantly increase the measurement uncertainty at low |t|.
Section 8.5.1 will present some experimental constraints in separating coherent and
incoherent production, which will limit the use of exclusive production as a probe
of nuclear targets.

7.4 Understanding Hadronization

How do the degrees of freedom of QCD, quarks and gluons, relate to the hadronic
degrees of freedom we observe in nature? The EIC will not only address the many
outstanding questions about hadron structure, as described in the previous sec-
tions, but also will make substantial progress in our understanding of hadron for-
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mation. Hadronization in vacuum and in the nuclear medium are covered in
Secs. 7.4.1 and 7.4.2, respectively.

Section 7.4.3 is devoted to particle production for identified hadron species. It
is argued that hadronization mechanisms other than parton fragmentation should
also be considered for understanding particle production in lepton-hadron colli-
sions: threshold production, string-breaking, and coalescence or recombination.
The latter is arguably critical for particle production in high density environments,
such as in high multiplicity collisions involving hadrons or nuclei. Enhanced
baryon production at intermediate transverse momenta in heavy-ion collisions
has been considered for a long time to be one of the established signatures of
the ”Quark Gluon Plasma”, and to provide evidence for coalescence contributions
to hadron production. Could a similar effect occur in e+A collisions? The EIC
clearly is in a position to make groundbreaking progress in our understanding of
hadronization.

Production of quarkonia in e + p and e+A collisions will provide unique insight
into hadronization and is addressed in Sec. 7.4.4.

There is great potential also in studying new particle production mechanisms
such as exclusive backward u-channel production. Given its high luminosity the
EIC may be able to discover fundamental QCD particle production processes with
low cross sections such as via hard (perturbative) C-odd three gluon exchange.

This section also describes the impact the EIC will have on the study of hadron
spectroscopy, in particular in the heavy quark sector. Here, too, the projected high
luminosity of the EIC will enable detailed studies of exotic states that have recently
been observed at other facilities.

A complementary approach to insight into hadronization is via the study of target
fragmentation through the measurement of fracture functions. They describe the
hadronization of the target after a parton with a given momentum fraction x is re-
moved from it. Factorization theorems apply and fracture functions are universal
quantities, independent of the hard process.

7.4.1 Hadronization in the vacuum

Light meson fragmentation functions and flavor sensitivity

Fragmentation functions, FFs, describe the formation of final-state hadrons off
high-energetic, asymptotically free partons [451]. As such, FFs directly connect
to the confinement of the strong interaction. While data from electron-positron an-
nihilation mostly constrain the singlet combination of the FFs and proton-proton
collisions primarily constrain gluon FFs, the production of light mesons in semi-
inclusive DIS is the primary channel for the differentiation between the fragmen-
tation of light quarks and anti-quarks. In addition, semi-inclusive DIS data have a
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high sensitivity to the separation of quark flavors. Recent determination of spin-
averaged single-hadron fragmentation functions from electron-positron annihila-
tion data can be found in Refs. [900, 901] and global analyses based on the combi-
nation of data from electron-positron annihilation [902–911], proton-proton colli-
sions [912–917] and semi-inclusive DIS [469, 918], can be found in Refs. [919, 920].
The latter find their origin in Ref. [921].

The impact of EIC pseudo-data can be seen in Fig. 7.84 [75], which shows the pion
(left) and kaon (right) FFs obtained from the global analysis (DSS, [919, 920]) and
those obtained by including the EIC pseudo-data, at a c.m.s. energy

√
s = 140 GeV,

to the DSS global analysis (DSSrew, [75]), both normalised to the DSS best fit. The
darkly shaded bands reflect the statistical uncertainties from the pseudo-data as
well as those from the PDF set used. It can be seen that the EIC has a strong poten-
tial to improve the determination of the light-meson FFs, both for favored (upper
row) and for unfavored (lower row) fragmentation. The improvement is especially
pronounced for the unfavored pion FFs and for the favored kaon FFs, while the re-
sults for the unfavored kaon FFs should be evaluated with some caution because
of the more rigid functional form assumed. Based on the results for the single-

Figure 7.84: Pion (left) and kaon (right) FFs obtained from the global DSS analyses [919,920]
(dashed line with light uncertainty bands) and obtained from the global DSS analyses with
the inclusion of EIC pseudo-data, at a c.m.s. energy

√
s = 140 GeV, (continuous line with

dark uncertainty bands) [75], both normalized to the DSS best fit. The shaded bands reflect
the statistical uncertainties from the pseudo-data (evaluated at a luminosity of 10 fb−1) and
the uncertainties from the PDFs. The upper (lower) row corresponds to the (un)favoured
fragmentation.

hadron, spin-averaged FFs it is reasonable to expect that EIC data will have also a
significant effect on the extraction of di-hadron FFs and polarized FFs. In partic-
ular, the EIC will for the first time enable the measurement of spin-averaged and
spin-dependent FFs in jets. This allows for a direct measurement of transverse-
momentum-dependent FFs. For more details on jet measurements at the EIC, see
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Sec. 7.2.3.

Fragmentation into polarized Λ hyperons

The detection of self-analyzing Λ hyperons makes it possible to study the depen-
dence of the hadronization process on polarization degrees of freedom in the final
state. Here we will discuss polarized fragmentation functions that can be seen as
the FF analogue to the polarized PDFs g1 and h1 as well as polarizing FFs that can
be seen as the analogue to the Sivers TMD PDF or, in the twist-3 framework, the
Qiu-Sterman matrix elements [245].

Polarized Fragmentation Functions (PFFs) describe the hadronization process of
a polarized parton with a final state polarized hadron like Λ. The PFF of Λ and
Λ̄ have been widely studied in experiments including polarized lepton-nucleon
DIS process [922–925] and polarized hadron-hadron collisions [926–929]. The first
global analysis of longitudinally polarized fragmentation function ∆D [930] has
been performed with LEP data, but is not well constrained yet. The polarized jet
fragmentation function of Λ within a fully reconstructed jet was also studied re-
cently [599]. The spin transfer of Λ and Λ̄ from proton beam either longitudinally
or transversely polarized in lepton-nucleon DIS process, may also provide valu-
able information on strange quark helicity or transversity distributions [931–938]
if the corresponding PFFs are reasonably determined. The unprecedented high
precision data on hyperon spin transfer measurements at EIC will shed new light
into the PFFs and the strange quark distributions. Fig. 7.85 shows a projection of
longitudinal spin transfer to Λ and Λ̄ from polarized proton beam at EIC energy
of 18× 275 GeV.

Figure 7.85: Left panel: Projection of longitudinal spin transfer for Λ and Λ̄ from proton
beam at 18× 275 GeV at EIC. The curves are from model predictions [938]. The two right
hand panels show the origin of the reconstructed Λ/Λ̄. In the current fragmentation re-
gion a significant fraction originates from feed-down. A dominant part of the feed-down
component is contributed by Σ0 → Λγ. For more information, see Ref. [939].

In the case, where the initial quark is not polarized, the final state Λ can still carry
polarization. In fact, it has been a long standing challenge to describe the trans-
verse polarization of Λ hyperons in unpolarized deep inelastic reactions from a
factorized framework in perturbative QCD. Initiated by the strikingly large trans-



190 7.4. UNDERSTANDING HADRONIZATION

verse polarization asymmetries of Λ hyperons observed in early experiments at
Fermilab (along with follow-up experiments) in pA → ΛX fixed target pro-
cesses already 40 years ago [940–947], experimental and theoretical investiga-
tions [948–955] have spanned decades. More recently, polarization of Λ baryons
were investigated at the LHC by the ATLAS collaboration [956]. While a small po-
larization was found in the ATLAS measurements-essentially consistent with zero-
in the mid-rapidity region, such experiments demonstrate that the polarization of
Λ baryons can be studied at the highest LHC energies and may be larger in differ-
ent kinematical regions at forward rapidities. Experimentally, data on polarized
Λ fragmentation has been provided by the OPAL collaboration [957] at LEP. This
measurement was performed on the Z-pole, i.e. at a center of mass energy equal
to the mass of the Z-boson. While a substantial longitudinal polarization of the Λs
was detected by OPAL, the transverse polarization was found to be zero within
error bars. Recently the BELLE collaboration measured the production of trans-
verse polarization of Λ-hyperons [958] in e+e− - annihilation, where the hadron
cross section is studied as a function of the event-shape variable called thrust T,
fractional energy zΛ, and the transverse momentum j⊥ with respect to the thrust
axis. They find a significant non-zero effect for the process e+e− → Λ↑(Thrust)X
as well as for back to back production of Λ + h. In the TMD factorization frame-
work [440, 959] for back to back production of Λ + h, a chiral even, naively T-odd
fragmentation function, the so-called polarizing fragmentation function D⊥1T is pre-
dicted to be non-zero and universal [39, 953]. Recent extractions of D⊥1T from the
e+e− data can be found in Refs. [960, 961]. The FF D⊥1T can be seen as the fragmen-
tation analogue to the Sivers function therefore a test of its universality compared
to an extraction from SIDIS data is very interesting [953]. As with other FF mea-
surements, SIDIS data is needed to achieve better flavor separation. The EIC will
be the first SIDIS facility where a high statistics sample of Λ’s in the current frag-
mentation region can be collected which will revolutionize the study of FFs with
polarization degrees of freedom in the final state. Figure 7.86 shows the projected
transverse Λ polarization. For more information, see Ref. [939].

Partial wave decomposition of polarized and unpolarized di-hadron FFs including
TMDs

As discussed in Sec. 7.2.3, di-hadron FFs are more powerful than single-hadron
FFs, due to the additional degrees of freedom. This allows FFs to exist that do
not have a single-hadron analogue. One example that has been attracting recent
interest is the helicity dependent FF G⊥1 [226, 962]. Recent models, similar to the
ones for H^1 [227, 963], make projections for the magnitude of G⊥1 based on string
fragmentation models [964] or on the interference of partial waves (PWs) [965].
However, another consequence is that the di-hadron cross-section contains an in-
finite series of angular modulations. In the context of a PW decomposition, this
consequence can be interpreted as originating from the interference of waves with
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Figure 7.86: Projected transverse Λ polarization using the extraction in Ref. [961] for the
highest energy configuration. The projected uncertainty on Σ0 polarization is also shown
which is important by itself and to estimate the polarization of the feed-down component.
A 40% reconstruction efficiency is assumed but not the effect from feed-down which most
likely reduces the magnitude of the asymmetries.

different quantum numbers. We use here the usual notation with the total angular
momentum named L and each PW characterized by angular momentum eigenval-
ues l, m. Already in the spin averaged cross-section one encounters 12 terms up
to l=2 at leading twist, which is a limit following from angular momentum con-
servation [226, 569]. The measurement of these structure functions will provide
additional insight into hadronization mechanisms. Since these additional terms
are essentially unknown and can interfere with the extraction of the asymmetries
of interest, they are a dominant systematic effect for any di-hadron extraction (see,
e.g., discussion in Ref [575,966]), which is another strong motivation for their mea-
surement. For a separation of the PWs, a fit not only in the azimuthal angles but
also in the decay angle θ is necessary. A large acceptance in θ can only be achieved
by low minimum momentum cutoff and this has been incorporated into the re-
quirements for an EIC detector. Figure 7.87 shows projections for the PWs that are
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contained in the azimuthal modulations of AUT sensitive to transversity coupled
the chiral-odd, transverse polarization dependent, DiFF up to l = 2, i.e., taking
only s- and p-waves into account. For more details, see the discussion around
eq. (52) in Ref. [569]. The projections are for a luminosity of L = 10 fb−1 at the low
CME configuration of 5× 41 (in GeV), where the effect of the pT restriction is more
severe. A reasonable precision can be achieved for all PWs. The larger uncertain-
ties at low x are due to the smaller depolarization factor D(y) at these kinematics.

Figure 7.87: Projections for the nine partial waves contributing at twist-2 to AUT using L =
10 fb−1 at 5× 41 (in GeV). The labels on the figure indicate the m, l state and which PDF and
FF the PW is sensitive to.

Leading jets

Different than inclusive measurements, the reconstruction of leading jets or
hadrons allows for a well defined notion of energy loss which can be directly mea-
sured at the EIC [615]. By identifying in addition a hard reference scale Q2 = −q2,
the photon virtuality, the average radiation outside the leading jet 〈zloss〉 can be
calculated from first principles in QCD which can be directly identified with par-
ton energy loss. Semi-inclusive cross sections measurements with a suitable jet
reconstruction algorithm in the Breit frame [592], allow for a unique opportunity
to study the probability distribution of leading jets as well as their average energy
loss, see Fig. 7.88. In e+pcollisions leading hadrons and jets probe non-linear QCD
dynamics [615, 967, 968]. Additionally, in e+Acollisions this provides a unique op-
portunity to quantify the interaction of energetic quarks and gluons with the cold
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Figure 7.88: Left: The leading jet cross section at the EIC at NLL′ as a function of the jet’s
longitudinal momentum fraction zjet. Right: The average energy loss of leading jets 〈zloss〉
as a function of the jet radius R.

nuclear matter environment which also allows for a connection to corresponding
measurements in p+Aand A+Acollisions.

Jet substructure

Jets and their substructure will be an important tool for understanding hadroniza-
tion. Since jets are closely related to scattered partons, they can be used to relate
final-state hadrons to their parent parton. In particular, jet substructure offers the
opportunity to study both the process of fragmentation, or parton radiation pat-
terns, and hadronization, or the formation of the parton shower into bound state
hadrons. Single hadrons-in-jets will be used to study a variety of (un)polarized
transverse-momentum-dependent fragmentation functions. Fragmentation func-
tions can also be measured for different parton flavors by, for example, tagging
heavy quark mesons such as the D0. Additionally, novel jet substructure tech-
niques will be used to study parton radiation patterns in the theoretically clean
environment of DIS that allows for better separation of the target and current frag-
mentation regions. Soft drop declustering techniques can also be used to suppress
or enhance nonperturbative effects, which will be essential for better understand-
ing the interplay between the perturbative and nonperturbative roles in the pro-
cess of hadronization.

One set of substructure observables that have been explored in some detail for the
EIC are the one-parameter family of constructs known as jet angularities. For jets
with a given transverse momentum pT, the observable is defined as [294, 969–972]

τa =
1
pT

∑
i∈J

pTi∆R2−a
iJ . (7.50)

Here pTi, ∆Ri J are the transverse momentum of each particle in the jet and their
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distance to the jet axis, respectively. Fig. 7.89 shows numerical results for the
EIC [973] for two different values of a and representative jet kinematics. Jet an-
gularities and other jet substructure observables are of great interest at the EIC
to study various physics aspects: Test of perturbative methods at low energies
and particle multiplicities, universality aspects of nonperturbative shape functions
which model hadronization effects, study power corrections, extractions of the
QCD strong coupling constant, cold nuclear matter effects, and the tuning of par-
ton showers.
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Figure 7.89: Predictions for jet angularities at the EIC: Purely perturbative results (yellow
band) and with a nonperturbative shape function (red band) compared to simulations from
PYTHIA 6 [76].

7.4.2 Hadronization in the nuclear environment

Collinear nuclear fragmentation functions for light hadrons

The modification of the final state in the presence of a nuclear medium is a well
known but little understood phenomenon in cold nuclear matter physics, with dif-
ferent approaches proposed to describe the measured data [974–980]. In nucleus-
light hadron collisions from both RHIC and the LHC the observables depend on
nPDFs and in medium FFs simultaneously which leave very little sensitivity to
the in medium modification of the FFs or jet functions in the global fits. Thus
the cleanest way of exploring the final state effects is through SIDIS, pioneered by
the HERMES collaboration [816]. In this case the use of multiplicities increases
the sensitivity to the fragmentation functions. The first model independent ex-
traction of nuclear fragmentation functions (nFFs) used the HERMES [816] and
RHIC [981, 982] data [983]. Unfortunately the former had a restricted kinematic
coverage and no further exploration has been performed since.

Assuming nuclear effects in SIDIS at the EIC will be similar to those seen at HER-
MES, the incredible precision expected will allow us to fully characterize the nFFs
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(as well as the nPDFs, see section 7.3.3). Using the latest pion FFs in vacuum from
DEHSS [919,920], a new extraction of nFFs (LIKEn21) from the HERMES data was
performed [984].

With these novel nFFs an impact study for the EIC was performed using a re-
weighting technique. Pseudo data was created using LIKEn21, with appropriate
Gaussian noise from the estimated uncertainties that were obtained by PYTHIA
simulations reweighted with the nuclear modification of [983] for an accumulated
luminosity of 10 fb−1 for both collision species. Fig. 7.90 shows the distributions
for u + ū, ū and gluon densities at the initial scales. The corresponding ratios to
DEHSS vacuum FFs can be seen in Fig. 7.91. The blue band corresponds to the
90% CL of LIKEn21 and the (very narrow) light cyan band is the one resulting
after re-weighting π± pseudo data using so far only the lowest collision energy
of
√

s ∼ 30 GeV. Given the high precision expected at the EIC, about 10% of the
replicas remain. Higher values of

√
s produce similar results.

The z ≤ 0.2 region is not covered by the data and therefore the shape of the modifi-
cation should not be considered as anything other than an artificial outcome of the
fit at this point. The EIC will definitely explore SIDIS in a much broader kinematic
space, opening the way to a full characterization of the FFs and nFFs including
flavour separation. Eventually SIDIS data could become an asset in the extraction
of nPDFs as shown for the proton case in 7.4.1 for fragmentation functions in the
vacuum.

Studies that address the nuclear dependence of transverse momentum for final
state hadrons either on the initial state or final state have been discussed in 7.2.5.
Further aspects of light hadron fragmentation, such as transverse momentum
broadening, a possible ν dependence in the suppression of nFFs and other topics
can also be studied in detail using the high precision of the EIC data.
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Figure 7.91: Ratio of the distributions in Fig.7.90 to vacuum FFs from DEHSS [919, 920].

In medium evolution for light and heavy flavor mesons

The effect of nuclear environment on hadronization is one of the key questions
that the EIC will investigate. Fixed-target HERMES measurements with electron
beam of energy Ebeam = 27.6 GeV [815, 816] have clearly established attenuation
of light particle production. Different theoretical approaches have been proposed
to explain the data that differ in the underlying assumptions and in the extracted
transport properties of large nuclei [805, 806, 817, 818, 985–987]. With better under-
standing of in-medium parton showers, the traditional energy loss phenomenol-
ogy can be generalized to full fragmentation function evolution in the presence of
nuclear matter. It is given by:

d
d ln µ2 D̃h/i (x, µ) = ∑

j

∫ 1

x

dz
z

D̃h/j
(x

z
, µ
) (

Pji (z, αs (µ)) + Pmed
ji (z, µ)

)
, (7.51)

where in Eq. (7.51) Pmed
ji are the medium corrections to the splitting functions. In

addition to precision light flavor studies, the higher enter-of-mass energies at the
EIC provide new probes of hadronization - open heavy meson cross sections in
e+p and e+A collisions [988].

In contrast to light hadrons, the modification of open heavy flavor in DIS reactions
with nuclei, such as the one for D0 mesons and B0 mesons shown in Fig. 7.92,
is much more closely related to the details of hadronization. To investigate the
nuclear medium effects, we study the ratio of the cross sections in electron-gold
(e+Au) collision to the one in e+p collision. We use the cross section of inclusive
jet production for normalization that minimizes the effect of nuclear PDFs.

Rh
eA(pT, η, z) =

Nh(pT, η, z)
Ninc(pT, η)

∣∣∣
e+Au

/
Nh(pT, η, z)
Ninc(pT, η)

∣∣∣
e+p

. (7.52)
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Figure 7.92: In-medium corrections for D0 (left) and B0 cross sections (right) as a function of
the momentum fraction z at the EIC in three rapidity regions. Left panel presents results for
D-mesons and right panels is for B-mesons. The electron and proton/nucleus beam energies
are 10 GeV×100 GeV.

Here, Ninc(pT, η) denotes the cross section of large radius jet production [814] with
transverse momentum pT and rapidity η. The observed ReA(z) is qualitatively
consistent with the effective modification of fragmentation functions even after
their convolution with the PDFs and the perturbative hard part. There is a sig-
nificant suppression for large values of z, but it quickly evolves to enhancement
for z < 0.65 and z < 0.8 for D-mesons and B-mesons, respectively. The effect is
most pronounced at forward rapidities and one finds that Rh

eA as a function of z
is a more suitable observable for cold nuclear matter tomography at the EIC than
the transverse momentum distributions’ modification for hadrons in the labora-
tory frame alone. At smaller center-of-mass energies differential particle spectra
fall faster with pT, similar to what is observed in hadronic collisions [989], which
further enhances the observed nuclear effects. Production of particles that contain
strange quarks, such as kaons, can also be studied at the EIC [990].

Heavy meson reconstruction and physics projections

Due to the asymmetric nature of the collisions at the EIC, most of the final state
hadrons are produced in the nucleon/nucleus beam going (forward) direction. A
silicon vertex/tracking is critical to precisely measure these forward hadrons at the
EIC. A LANL experimental team has produced conceptual designs of a Forward
Silicon Tracker (FST) coupled to tracking in the central region to enable jet and
heavy flavor physics at the EIC [845, 846, 991]. EIC Fun4all simulations were per-
formed with both the Babar and BeAST magnets. A 95% detection hit efficiency is
used in both track and vertex reconstructions. In track reconstruction, the Kalman
Filter algorithm is used and a 20 µm vertex Gaussian smearing is applied to both x
and y directions. The full simulation results, including momentum resolution and
distance of closest approach resolution are applied to heavy meson reconstruction
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Figure 7.93: Reconstructed D-meson and B-meson mass spectrum using the Forward Silicon
Tracker with the Beast magnetic field. Pixel pitch for both barrel layers and forward planes
are selected at 20 µm. The integrated luminosity of e+ p collisions at

√
s = 63 GeV is 10 f b−1.

in physics simulation that are presented here.

Figure 7.93 shows the mass spectrum of fully reconstructed D±, D0 (D̄0), D±s , B±,
B0 (B̄0) and B0

s (B̄0
s ). For these heavy flavor hadron reconstructions charged tracks

are required to have pseudorapidity within -2 to 4. Clear D-meson and B-meson
signals have been obtained on top of the combinatorial backgrounds. The signal
over background ratios and the reconstruction efficiency are listed in the associ-
ated panels. An integrated luminosity of 10 f b−1 is assumed. In addition to heavy
flavor meson reconstruction, we also looked for the heavy flavor baryon recon-
struction (e.g. Λc). Although the combinatorial background is significantly higher
than the D-meson mass spectrum, clear Λc signal can be obtained.

The nuclear modification factor ReA measurements for different flavor hadrons at
the future EIC will not only explore both initial and final state effects on hadron
production in nuclear medium, but also provide further information on hadroniza-
tion process and its flavor dependence [988]. Figure 7.94 gives the projected flavor-
dependent nuclear modification factor for reconstructed flavor dependent hadron
versus the hadron momentum fraction zh with detector performance derived from
the FST design. The left panel shows that precise and differential measurements
can be made for different hadron flavors. Even for B-mesons the modification due
to final-state interactions can be clearly identified. The left panel shows the re-
constructed D0(D̄0) ReAu in different pseudorapidity intervals which is essential to
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Figure 7.94: Projected uncertainties for the nuclear modification factor ReAu for recon-
structed flavor dependent hadrons versus the hadron momentum fraction zh for

√
s =

63 GeV. (left panel). ReAu uncertainty projections for reconstructed D0 (D̄0) in different pseu-
dorapidity bins at the same center-of-mass energy (right panel).

understand detector requirements as a function of η. Extensive studies with dif-
ferent magnetic field options, technology options and tracker designs have been
performed [845, 846, 991] to ensure that the physics can be delivered. It forms the
basis of the reported tracking requirements.

Heavy flavor-tagged jet substructure at the EIC

Jet substructure will also be an essential probe for studying a wide variety of QCD
processes. Beyond the jet charge [814], observables such as jet shapes and jet frag-
mentation functions can be used to study parton propagation through a nuclear en-
vironment and could be sensitive to both fragmentation and hadronization modi-
fication in a medium. The relatively low transverse momenta of reconstructed jets
will enhance the role of the heavy quark mass in measurements of jet splitting func-
tions [992]. Even though parton multiplicities at the EIC will be low, hadronization
models, such as parton recombination, can also be tested by comparing jet sub-
structure measurements in e + p and e + A collisions. This can be extended to a
variety of mesons and baryons in jets, such as heavy flavor mesons or Λ baryons.
Studying the modification of hadronization and fragmentation with both light and
heavy quark jets will further our understanding of mass dependent partonic inter-
actions and energy loss with the medium. Techniques such as jet grooming can
be used to tease out signals that are weaker than the ones observed in heavy-ion
collisions.
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7.4.3 Particle production for identified hadron species

The ability to reliably identify different hadron species will be quintessential for
many aspects of the physics program at the Electro-Ion Collider. Particle identi-
fication (PID) will be essential for determining the flavor of partons involved in
the collision and elucidating how different quarks contribute to the integral prop-
erties of the nucleons and the nuclei. PID will provide unique insights for TMD
measurements through SIDIS studies, access to the strange sea quarks, and, of
course, allows separating final state hadrons from leptons of the initial scatterings.
But above all, PID capabilities will enable unprecedented access to the systematic
studies of hadron formation processes, the hadronization.

While substantial efforts have been invested over past decades into studies of the
nucleon structure, hadronization has received significantly less attention, with the-
oretical modeling of the process often not extended past in-vacuum collinear frag-
mentation of a single parton. The topic of hadronization was given renewed atten-
tion more recently, and received a more rigorous treatment, including transverse
momentum dependent FF, considerations for interferences between single parton
and parton-gluon hadronizations, and di-hadron FF (see, for example, recent re-
view [451]). However, other hadronization mechanisms have to be considered
in understanding particle production in hadronic and lepton-hadron collisions.
These include threshold production, string-breaking picture, and coalescence or
recombination. The latter is arguably playing a critical role in particle production
in higher-density environments, such as in collisions involving nuclei.

It is known from the previous experimental observations that cold nuclear matter
modifies the fragmentation patterns observed with identified particle species in
a non-trivial way. Nuclear modification factors for pion and kaon fragmentation
functions studied by HERMES in e+A collisions show significant suppression with
respect to “vacuum” reference, while protons suppression changes to enhance-
ment in specific kinematic domain [816].

The enhancement in baryon production at intermediate transverse momenta, at
some point termed “baryon-meson puzzle,” has been for years taken as one of the
established QGP signatures and evidence for coalescence contributions in hadron
production. This by itself begs the question: could the observed baryon enhance-
ment in e+A collision arise from a similar type of hadronization process? Addition-
ally, substantial baryon enhancements have been reported not only in A + A colli-
sions compared to p+p across all flavor sectors (most recently in charm [993,994]),
but in p+p collisions over what is measured in e+e− data. The enhancements in p+p
data are also found to be multiplicity dependent. These observations leave open
questions about the details and balance of different hadronization contributions
for future experiments to explore. The EIC is positioned to make groundbreaking
progress in our understanding of hadronization. Identified particle corrections and
ratios, particularly baryon to meson ratios across different flavors, are sensitive to
hadronization details. Having broad kinematic coverage and energy lever-arm
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will allow constraining relative contributions from competing processes. System-
atic studies of baryon-to-meson ratios with different ion species may offer sensi-
tivity to density dependence of coalescence/recombination contributions. Finally,
semi-inclusive measurements of identified hadrons with or in jets will provide dif-
ferentiating capabilities on light, strange and heavy quarks, as discussed in the
following sections.

7.4.4 Production mechanism for quarkonia and exotic states

(a) (b) (c) (d)
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Figure 7.95: Illustrative examples of quarkonium production mechanism in e+pand
e+Acolliders: (a) Direct photo/lepto-production, (b) resolved-photon quarkonium produc-
tion, (c) exclusive quarkonium production, and (d) heavy quark pair production and subse-
quent Glauber/Coulomb gluon exchanges with nuclear matter.

Quarkonia, Q, are the bound states of a heavy quark and the corresponding anti-
quark. Due to the large mass of heavy quarks, quarkonium production entangles
perturbative and non-perturbative QCD in a unique way. A quarkonium state is
assumed to be produced in two steps. First, the perturbative generation of a heavy
quark-antiquark pair with total momentum-squared near the bound state mass-
squared, then the pair hadronize into the quarkonium state non-perturbatively.
Since their discovery, three main production formalisms have been proposed: i)
the color evaporation model (CEM) [995, 996], ii) color singlet model (CSM) [997],
and iii) the effective theory of non-relativistic-QCD (NRQCD) [998] with the La-
grangian

LvNRQCD = ∑
p

ψ†
p

(
iD0 − (P − iD)2

2m

)
ψp + L(2) + (ψ→ χ, T → T̄)

+Ls(φ, φ̄, Aµ
q ) + LV(ψ, χ, Aµ

q ) , (7.53)

where ψ denotes the heavy quark field and χ the corresponding antiquark. The La-
grangian terms L(2) are higher order terms, Ls is the soft gluon and ghost part of
the Lagrangian, and LV contains the potential terms. While all three approaches
assume that quarkonia are produced from the hadronization of a heavy quark-
antiquark pair, they differ in how the probability of this happening depends on
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other quantum numbers. In the CEM one assumes uniform probability for all other
quantum numbers, where in NRQCD the probability depends on the angular mo-
mentum and color configuration of the pair. In CSM the only non-zero probability
is assigned to the leading color singlet combination. While all these frameworks
enjoyed partial success, the theory of quarkonium production still remains an open
question. For recent reviews of quarkonium physics see Refs. [999, 1000].

Precision quarkonium physics at the EIC

Lepton-nucleon/nucleus collisions constitute an excellent laboratory for studies
of quarkonium production. They provide a simpler and cleaner environment than
hadronic collisions, yet are far richer than electron-positron annihilation. Quarko-
nia can be produced either through photo-production (Q2 ' 0) or lepto-production
(Q2 > 1 GeV) processes. In these two cases the direct, resolved, and diffrac-
tive/exclusive productions (see fig. 7.95(a), (b), and (c) respectively) can be rel-
evant depending on the kinematic regimes considered. At HERA both photo-
production [1001–1007] and lepto-production [1003, 1008–1011] have been stud-
ied. Some of the variables typically used in these studies are: the inelasticity,
y = P · pQ/P · q, the quarkonia transverse momenta pT and p?T in the laboratory
and the γ/γ∗-proton c.m. frame respectively, as well as the corresponding rapidi-
ties. Although the data collected at HERA had a major impact on our current view
of quarkonium production, the interpretation of these data remains a subject of de-
bate until this day [1012–1015]. At the EIC the hadronization of quarkonia can be
studied in both the laboratory frame and the γ/γ∗-proton center-of-mass frame,
and in various kinematic regimes. We thus foresee that with the high luminosities
available at the EIC, we could also obtain multi-differential distributions, which
would help establish a global picture of quarkonium hadronization.

The various production channels can be disentangled by considering different
kinematic regimes, establishing this way DIS as a prime framework for the study
of quarkonium production channels. While at small values of inelasticity (y . 0.3)
the resolved process dominates, at intermediate and large values of y direct pro-
duction is paramount. At the same time, diffractive processes are expected to be
enhanced at the kinematic endpoint y ' 1, but drop quickly toward smaller y.
Quarkonium photo-production near threshold is also related to the trace anomaly
and the origin of the proton mass [170, 187, 1016–1018]. This is one of the funda-
mental questions to be answered at the EIC as discussed in more detail in sec. 7.1.4.

At small transverse momentum, p?T, quarkonium production can be approached
from the TMD factorization perspective. Several studies have considered both po-
larized and unpolarized proton beams [558,559,564,1019,1020]. Recent theoretical
developments in NRQCD [560, 561, 1015, 1021–1024] incorporate the leading per-
turbative effects from soft radiation to all orders in the strong coupling expansion –
allowing us this way to safely study the non-perturbative effects, which can be ac-
cessed in the semi-inclusive process in the y→ 1 and/or p?T → 0 limits. While the
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y → 1 limit involves the quarkonium fragmentation shape functions, the p?T → 0
limit involves the recently introduced TMD shape functions. There has been no
phenomenological extraction of the TMD shape functions. Meanwhile, it has been
proposed that exclusive quarkonium production can be understood through the
formalism of GPDs and Wigner functions [1025,1026]. Exclusive photoproduction
of exotic states, such as the so-called XYZ mesons, is described in Section 7.4.6.

Production of quarkonia and exotics in e+A collisions

The EIC will also offer the opportunity to observe quarkonium production in
e+Acollisions where one can study the interactions with nuclear matter and the for-
mation of quarkonia in a nuclear medium. The study of nuclear effects in quarko-
nium production is an emerging field of nuclear physics where EIC measurements
are expected to play a major role in our understudying of these effects. Most of
the recent field-theoretic developments rely on the effective theory of NRQCD. In
a recent formulations of NRQCD [1027,1028] the Glauber/Coulomb gluon interac-
tions with heavy quarks, Fig. 7.95 (d), in the non-relativistic limit, are incorporated
into the effective theory. The Lagrangian of NRQCDG is constructed by adding to
the vNRQCD Lagrangian the additional terms that encode such interactions with
quark and gluon sources through (virtual) Glauber/Coulomb gluons exchanges.
We may then write,

LNRQCDG = LvNRQCD + LQ−G/C(ψ, Aµ,a
G/C) + LQ̄−G/C(χ, Aµ,a

G/C) , (7.54)

where the effective fields Aµ,a
G/C incorporate the information about the nuclear

medium. This provides a systematic and formal approach to the inclusion of nu-
clear effects on quarkonium propagation [566, 1029]. A similar approach has been
applied successfully to the propagation of jets through nuclear medium [1030,
1031]. In a different direction, recently the formalism of open quantum systems
has been gaining a significant attention [1032–1037]. Although primarily formu-
lated in the context of quark-gluon plasma, these formalisms can also be applied
to cold nuclear matter effects.

Quarkonia produced in e+Acollisions at the EIC can hadronize inside the nucleus.
As the heavy QQ̄ pairs propagate through cold nuclear matter, they will be sub-
ject to disruption via interactions with partons in the nucleus, which can lead
to suppression with respect to e+pcollisions. These effects are distinctly differ-
ent from those measured in p+Acollisions at RHIC and the LHC, since at those
colliders the crossing time is shorter than the charmonium formation time. Char-
monium production inside the nucleus has been previously studied in fixed-target
p+Acollisions, where the crossing time is sufficiently long that hadronization also
occurs inside the nucleus. These measurements showed that the relatively weakly
bound ψ(2S) is suppressed more than the J/ψ(1S) state [1038, 1039]. This is un-
derstood phenomenologically in terms of the size of the state: weakly bound char-
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Figure 7.96: Top panel: illustration of weakly and tightly bound tetraquark state propa-
gation in a large nucleus. Bottom panel: the ratio of nuclear modification factors ReA for
X(3872) to ψ(2S), for two different assumptions of the X(3872) structure.

monia with a larger radius will effectively sample a larger volume of the nucleus
as they propagate outwards, and therefore have a higher probability of interacting
and being disrupted [1040]. The low backgrounds at the EIC will allow these mod-
els to be tested on higher charmonium states which are difficult to reconstruct at
hadron-hadron colliders.

These effects can also be used to discriminate between models of exotic hadron
structure. Multiple candidates for tetra- and pentaquark states have been identi-
fied, such as the X(3872) and the P+

c states, but there is no consensus on whether
these states are hadronic molecules or compact multiquark states [1041]. Embed-
ding these resonances in the nuclear medium provides a new environment to study
their properties. From previous experience with conventional charmonium states,
one would expect that large, weakly bound hadronic molecules would undergo
significantly more disruption while traversing the nucleus than a compact state, as
shown in Fig. 7.96.
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7.4.5 New particle production mechanisms

Exclusive vector meson production is usually modelled as occurring via the ex-
change of a Reggeized particle, either a Pomeron or a Reggeon. Pomeron and
Reggeon exchange models have provided excellent fits to a wide range of fixed
target and HERA data [1042]. However, other types of exchange are possible; this
section will explore some of the possibilities, which are shown in Fig. 7.97.

Pomeron exchange represents the absorptive part of the cross-section, so the
Pomeron has the same quantum numbers as the vacuum, JPC = 0++. This nat-
urally explains why vector mesons are predominantly produced; the final state
has the same quantum numbers as the incident photon. In pQCD Pomerons can
be treated as a gluonic ladder built on two gluon exchange, and obeying the BFKL
evolution equations [286, 287]. Almost uniquely, the cross-section for Pomeron-
mediated reactions rises with increasing energy.

Reggeons normally represent summed meson trajectories (baryon trajectories will
be discussed below), so carry a wider range of quantum numbers, including
charge. Thus, they can lead to a wide range of final states; this makes photon-
Reggeon fusion an attractive venue for meson spectroscopy. The cross-section for
Reggeon-mediated reactions drops with increasing energy, so these reactions are
best studied at energies that are not too high.

This section will explore alternate exchange mechanisms for particle production,
involving the Odderon (the three-gluon analog of the Pomeron, with negative
charge-parity) and backward production involving baryon trajectories. It will also
consider some unique facets of near-threshold production.

Odderon exchange

Hadronic reactions at low momentum transfer and high energies for charge-odd
exchange are described in Regge language in terms of Odderon exchange, Fig.
7.97(d), which is in QCD and at Born level a three gluon color singlet. Although
mandatory to explain the difference between pp and pp scattering, and a natural
object in QCD [1043–1045], its properties remain quite elusive. At an EIC, the Odd-
eron might manifest itself via the production of the f2(1270) via photon-Odderon
fusion (the same state may also be produced in two-photon interactions).

Exclusive π0 electroproduction data at HERA indicate a small magnitude of the
hard Odderon - exchange cross-section. However, with the high luminosity of
the EIC one may be able to observe hard C-odd three gluon exchange in large-|t|
exclusive production of a pseudo-scalar JPC = 0−+ meson. Examples include the
production of light π0, η, η′ at high Q2 or of heavy ηc, ηb at low Q2 [1046–1048].
The latter would be rather challenging to observe, not only due to the low cross
section but also because of the large background of ηc from radiative J/Ψ→ ηc +γ
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Figure 7.97: The exclusive photoproduction mechanisms discussed in this section. They
include (a) Pomeron exchange, (b) Reggeon exchange, (c) 3-gluon exchange, (d) Odderon
exchange and (e) baryon exchange.

Figure 2: Feynman diagrams describing π+π− electroproduction in the Born approximation

Since the transverse polarization of the pion pair is the only source of the amplitude

dependence on the azimuthal angle of the pions in their c.m. frame, the amplitudes

and cross sections are independent of this angle in our approximation. As a result, the

transverse charge asymmetry, resulting from the distribution in this angle and discussed

in [15], is zero. Due to that restriction, we only study the forward-backward charge

asymmetry.

In the present study we calculate the lowest perturbative order contribution to the

charge asymmetry, i.e. without taking into account the evolution following from the

BFKL or the BKP equation. Our results should be therefore treated as an estimate of

the asymmetries. The above mentioned evolutions can be included into the scattering

amplitudes in a similar way as in Ref. [10].

2. The basic object necessary to calculate the charge asymmetry is the scattering

amplitude for the process with a longitudinal virtual photon (Fig. 2).

γ∗
L(q) p(pN ) → π+(p+) π−(p−) p′(pN ′) . (2)

We introduce a Sudakov representation with the Sudakov momenta p1, p2 obeying the

equation s = 2p1 · p2, where s is related to the total energy squared of the virtual photon

- proton system, Q2 and the proton target mass M as

(q + pN)
2 = s−Q2 +M2 ≈ s ,

we get for the virtual photon momentum :

qµ = pµ1 −
Q2

s
pµ2 , (3)

and for the momentum of the two pion system :

pµ2π = (1− p⃗22π
s
)pµ1 +

m2
2π + p⃗22π

s
pµ2 + pµ2π⊥, p22π⊥ = −p⃗22π . (4)

The quark (l1) and antiquark (l2) momenta inside the loop before forming two pion

system are parametrized as :

lµ1 = zpµ1 +
m2 + (⃗l + zp⃗2π)

2

zs
pµ2 + (l⊥ + zp2π ⊥)

µ (5)

3

Figure 7.98: π+π− pairs may be diffractively produced through Pomeron and Odderon
exchange. The interference of the two amplitudes leads to a characteristic signature of a
charge asymmetric observable.

decays [1049]. These decays involve a soft and easy to miss photon. ηc from the
photon-Odderon process should have a harder |t| spectrum, so the large |t| region
should be a good place to search for this process [1048,1049]. Analogous processes
with a heavy ion target are largely unexplored.

The study of observables where Odderon effects are present at the amplitude level
would therefore promise increased sensitivity to the rather small normalization
of this contribution. One such observable involves charge asymmetries in open
charm production [1050] or two-pion electroproduction with the exchange of a
soft Odderon [1051, 1052] (shown in Fig. 7.98) or a hard Odderon [1053, 1054]. In
this latter process

eN → eπ+π−N (7.55)
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at high energy, large Q2, modest pion pair invariant mass M2
ππ = O(1GeV2) and

large rapidity gap between the pion pair and the final nucleon, one may factorize
the Pomeron-Odderon proton impact factor from a perturbatively calculable hard
subprocess where the π+π− pair is described by a generalized distribution am-
plitude (GDA) [1055–1057]. The interference of the C-even and C-odd amplitudes
leads to measurable charge asymmetries with a characteristic Mππ dependence,
with a magnitude large enough to be detected if the relative strength of the Odd-
eron to Pomeron couplings is not unexpectedly small.

Lastly, we note that C-odd three gluon exchange has also been related to the dipole
gluon Sivers TMD function of a transversely polarized proton [1058]. These func-
tions have been discussed in sec. 7.2.4.

Exclusive backward (u-channel) production

In Reggeon exchange events, the cross-section is usually largest at small |t|, with
dσ/dt ∝ exp(−b|t|), where b is related to the square of the transverse interaction
radius. In the 1970s fixed-target experiments made a surprising discovery that, at
very large |t|, there is an increase in cross-section near the maximum possible |t|,
corresponding to the region of small u, as is shown in the lower-left part of Fig.
7.99. This is known as backward production, because, in the center of mass frame,
the produced meson recoils, while the struck nucleon recoils. In very high energy
collisions, such as at the EIC, the produced meson will have a rapidity near that of
the incident ion beam, while the final state nucleon will be more central.

This can be easily accommodated in a Reggeon framework by allowing the ex-
change of baryon number, i. e. baryon trajectories. This effectively swaps u and t,
and may explain the photoproduction data on backward production. A compre-
hensive review article on the Regge model and its success in describing photopro-
duction of mesons can be found in Ref. [1059].

In this paradigm, it is relatively easy to extrapolate fixed-target data on backward
photoproduction upward to EIC energies. This is easiest for the ω meson, for
which there is data at sufficiently different photon energies to be able to fit for
the energy dependence. The photon-Reggeon component for ω production (with
the photon-Pomeron contribution removed) can be parameterized as [889, 1042]:

dσ

dt
= A(s/1GeV)B exp(−Ct) (7.56)

where A ≈ 18 µb/GeV2 and B = −1.92 for the ω and, from HERA data [1060]
C ≈ 10 GeV−2. In contrast, the backward-production data can be parameterized

dσ

du
= A(s/1GeV)B exp(−Cu) (7.57)
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where A ≈ 4.4µb/GeV2, B = −2.7 and C = −21 GeV−2. Compared to forward
photoproduction by Regge exchange, this formula has a constant about four times
smaller, a faster drop-off with energy, and a somewhat larger C. The C values may
not be directly comparable, because the fixed-target backward-production exper-
iments were at much lower photon energies, so tmin was much larger; this could
have led to a larger C than would be seen at larger beam energies.

The relative A, B and C all lead to smaller backward to forward cross-section ratios
at EIC energies. However, the cross-sections are still large enough for backward
production to be easily observable.

The final state consists of a proton at mid-rapidity, and an ω that is typically
near the beam rapidity. The decay ω → π0γ could be studied with far-forward
calorimetry. At lower proton beam energies, the ω moves further away from the
beam, so may be easier to detect. More importantly, if one chooses interactions
where the proton is produced closer to the incident hadron direction, the ω is
shifted further from the beam. In all cases, backward production studies require
good far-forward instrumentation.

u-Channel exclusive meson electroproduction

Figure 7.99: (left) Soft-hard-soft structure transition. (right) Forward-backward factorization
scheme.
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Exclusive electroproduction of mesons from the photoproduction to a large Q2

above the resonance region, is another good handle to study the Regge exchange
reactions. The pioneer experimental and phenomenological effort from JLab [1061,
1062] raise further questions: what are forward-backward cross section ratios in
other u-channel electroproduction interactions such as π0, π±, ρ, η, η and φ? Could
the t-channel phenomenology recipe for mapping out the W and x dependence,
be applied to the u-channel interactions? How would the u-channel interactions
factorize? These important questions form the core bases for the future studies.

The large acceptance, wide kinematics (in Q2 and W) and forward tagging capa-
bility at the EIC provide a great opportunity to study the near-forward and near-
backward electroproduction of all mesons simultaneously.

Combining the data collected at JLab 12 GeV and EIC, we aim to accomplish the
following objectives to unveil the complete physics meaning of u-channel interac-
tions:

• At low Q2 limit: Q2 < 2 GeV2, mapping out the W dependence for electro-
production of all mesons at near-backward kinematics.

• Extracting the u-dependence (σ ∝ e−b·u) as a function of Q2. This could be
used to study the transition from a “soft” Regge-exchange type picture (trans-
verse size of interaction is of order of the hadronic size) to the “hard” QCD
regime.

• Studying the model effectiveness between the hadronic Regge based (ex-
changes of mesons and baryons) and the partonic description through Transi-
tion Distribution Amplitudes (exchanges of quarks and gluons), is equivalent
to studying the non-perturbative to perturbative QCD transition.

Three-gluon exchange and near-threshold production

Near threshold, other quarkonium production mechanisms may visibly con-
tribute. One involves three-gluon exchange with a target, as in Fig. 7.97(c) Three-
gluon exchange is expected to be subdominant at high energies, but might be visi-
ble near threshold. The GlueX experiment at JLab has studied J/ψ production near
the energy threshold, and found that the cross-section was above that expected
in a two-gluon exchange model, but consistent with the sum of two-gluon plus
three-gluon exchange [190]. GlueX also searched for narrow peaks in the J/ψp
cross-section with increasing photon energy, and found none. From this, they set
limits on pentaquark production, eliminating some (not all) pentaquark models.

Near-threshold production of quarkonia is sensitive to the quarkonium-nucleon
potential [1063]. The quarkonium may be treated as a dipole, with length inversely
proportional to mass. The potential is itself sensitive to the internal structure of
the nucleon target. The potential is often quantified in terms of the meson-nucleon
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scattering length. This scattering length should decrease with increasing vector
meson mass, if, as expected, the potential decreases for small dipoles. The pro-
ton - vector meson coupling involves the strong coupling constant αs and the sep-
aration of the corresponding quarks. This separation (in first approximation) is
proportional to 1/mV .

Although there is an active program on near-threshold J/ψ production at JLab,
its energy reach does not extend to the ψ′ or Υ states, so this should be new ter-
ritory for the EIC. The EIC will be able to study electroproduction in addition to
photoproduction. The threshold region involves relatively low-energy photons,
so good detector acceptance in the hadron-going direction is required to study it.
The J/ψ-N and Υ-N cross sections measured via their re-scattering/absorption in-
side a nucleus are anomalously small for low energy photoproduction. This can
be explained because we deal with “young” J/ψ and Υ [1064] that are still small
dipoles. In J/ψ (or Υ) electroproduction, the “young” J/ψ and Υ produced at
larger Q2 should have smaller formation times and correspondingly smaller radii
of the heavy quarkonium.

7.4.6 Spectroscopy

Considerable progress in hadron spectroscopy has been made in recent years
through many unexpected observations in the heavy quark sector including the
proliferation of so-called XYZ states, charmed pentaquark Pc candidates and more
(see reviews Ref. [1041, 1065–1067]). Relatively early in the XYZ discoveries in
e+e− colliders and b−hadron decays it was recognized that they could be studied
in alternative processes, such as photoproduction, with many calculations for in-
dividual reactions over the years, for example Refs. [1068–1071]. Photoproduction
can also be used to study conventional mesons as well as exotica [1071].

Fixed target experiments using the Jefferson Lab 12 GeV electron beam, such as
GlueX [1072] or CLAS12 [1073], provide access to the light-quark regime and s-
channel production of Pc states discovered by LHCb [190], however they do not
have sufficient energies to produce XYZ states via t-channel exchange. Previous
measurements in ep collisions at HERA, however, have demonstrated the ability
to study heavy quarkonia through photoproduction, particularly the well known
vector cc̄ and bb̄ states [855, 1074–1076]. The COMPASS collaboration has stud-
ied muonproduction of the J/ψπ+π−p final state finding an indication of a new
state X̃(3872) [1077] and also set limits on Zc photoproduction in the J/ψπ+n final
state [1078]. The integrated luminosities expected for the EIC, provide the oppor-
tunity to study rare exclusive processes not accessible at HERA.

Photoproduction through photon-Pomeron fusion lead predominantly to JPC =
1−− states like the J/ψ, etc., so is only sensitive to exotic with those quantum num-
bers. Photon-Reggeon fusion leads to states with a wider range of spin, parity and
even charge, so can be used to search for a much wider range of both conventional
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Figure 7.100: (left) Z+ photoproduction rapidity distributions for colliders with varying
energies from [1071] and (right) integrated cross section predictions [1079] for fixed-spin
exchange, valid at low energies (center), and for Regge exchange, valid at high energies
(right).

mesons and exotica. Since the photon-Reggeon fusion cross-sections are typically
peaked at low photon-nucleon center of mass energies (a few times the threshold
energy) (Fig. 7.100 center-right) these reaction products are typically produced in
the forward direction, requiring good detector acceptance in that region. The left
panel of Fig. 7.100 shows the predictions for a typical exotica model, where the Z+

c
is a spin-1 tetraquark candidate. The different curves correspond to different pro-
posed colliders, with the eRHIC curves very close to the current design. It can be
seen that lower-energy collisions, e.g. at the Electron-Ion Collider in China (EicC)
lead to more central production; lower beam energies at the EIC may therefore be
beneficial for studying exotica.

Recent predictions from the JPAC Collaboration [1079] provide a comprehensive
assessment of the exclusive cross sections for several XYZ states. Figure 7.100
shows the predicted photoproduction cross section as a function of the center-of-
mass energy for three Z states: Zc(3900)+, Zb(10610)+ and Zc(10610)+ all pre-
viously observed in produced in e+e− collisions. In the low energy region near
threshold (left) fixed-spin charge exchange is expected to provide a valid descrip-
tion, while high energies are described by Regge exchange. With expected cross
sections at the ∼1-10 nb level the statistics available for some of these reactions
are comparable to current measurements of similar states in e+e− machines and
heavy flavor decays. More details on the simulation and detector requirements are
provided in Sec. 8.2.6.

7.4.7 Target fragmentation

Target fragmentation in ep/eA DIS (hadron production in the target rapidity re-
gion) offers new ways of exploring hadronization dynamics and nucleon structure
in QCD. The QCD factorization theorem for single-inclusive hadron production
e + p → e′ + X + h(xF, pT) permits separation of hard and soft contributions, in-
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cluding QCD radiation, and enables a description of target fragmentation in close
analogy to the total DIS cross section [273, 275]. The fracture functions (or con-
ditional PDFs) depend on x and Q2 as well as on the hadronic variables xF and
pT and combine aspects of parton distribution and fragmentation functions. They
obey standard DGLAP evolution and are independent of the hard process (univer-
sal). Physically, the fracture functions describe the hadronization of the target after
removal of a parton (quark, gluon) with given x at the scale Q2. As such they con-
tain rich information about hadronization dynamics (confinement, chiral vacuum
structure) and nucleon structure (multiparton correlations).

Present experimental knowledge of target fragmentation in DIS is very limited;
see [1080–1086] for fixed-target results. The HERA experiments measured p pro-
duction in the diffractive peak xF ≈ 1, and p and n production in the region
xF & 0.3 [152,1087–1090]. The results indicate strong baryon number flow in DIS at
small x (up to 50% is moved to xF < 0.3), which raises interesting questions about
multiparton dynamics that cannot be answered with the HERA data alone.

EIC could transform the knowledge of target fragmentation and open this area up
to systematic study [1091]. Measurements should focus on the following features
connected with specific questions of dynamics and structure:

(a) x-dependence of target fragmentation: Theoretical arguments predict qualitative
changes of the xF distributions of p and n depending on the x of the removed
parton: ∝ (1 − xF) at x > 0.2; constant in xF at x ∼ 0.2; ∝ 1/xF at x � 0.1
[1092]. Observing these changes would provide direct evidence of the nucleon’s
multiparton structure and enable quantitative understanding.

(b) Spin dependence and polarization transfer: Polarized ep DIS removes a parton with
definite spin from the nucleon wave function. Measuring the spin dependence of
the xF distributions in targer fragmentation provides insight into the role of spin-
dependent forces in fragmentation, a major open question with broad implications
(string fragmentation, chiral vacuum structure, spin-orbit effects). Fragmentation
into self-analyzing Λ baryons [1093] or use of the Collins variable [39] would allow
one to study the polarization transfer to the produced system.

(c) Quark vs. gluon fracture functions: Another interesting question is how the
hadronization process changes depending on whether a quark or gluon is removed
from the nucleon wave function. This could be studied by measuring target frag-
mentation induced by quark- or gluon-sensitive hard processes (e.g. heavy flavor
production). At x � 0.1, this comparison will probe the multiparton structure of
configurations building up small-x parton densities. At x > 0.1, it will reveal the
coupling of large-x gluons to valence quarks (e.g., if the leading Fock component in
the nucleon dominates, gluon fracture functions should be strongly suppressed).

(d) Correlations of target and current fragmentation: Measurements of hadron corre-
lations between the current and target fragmentation regions could directly probe
the multiparton structure of the nucleon. Correlations between sea quarks are in-
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Figure 7.101: Left: QCD factorization of target fragmentation in DIS. Right: Pseudorapidity
distribution of hadrons in target fragmentation in DIS as a function of pT for fixed values
of xF, for two different values proton beam energies, Ep = 100 and 41 GeV. The horizontal
line at η = 4 is the approximate boundary of the central detector. The distributions shown
here do not depend explicitly on the electron beam energy; the information on the electron
scattering process enters only through the variables xB andQ2.

duced by the short-range non-perturbative forces causing the dynamical break-
ing of chiral symmetry – the phenomenon responsible for hadron mass genera-
tion in QCD; these correlations could be revealed in back-to-back pion correlations
with pT ≈ 0.5 GeV and moderate rapidity separations ∆y ≈ 4 [1094]. Generally,
such measurements could elucidate the dynamical origin of intrinsic transverse
momentum in the nucleon.

The target fragmentation measurements described here could largely be per-
formed with the baseline EIC detector design. An important requirement is con-
tinuous coverage in xF from ∼ 1 down to ∼ 0.1, without gaps between the central
(η < 4) and forward detectors. Fig. 7.101 shows the pseudorapidity distribution of
hadrons in target fragmentation in DIS as a function of pT for fixed values of xF,
for two different values proton beam energies, Ep = 100 and 41 GeV. Simulations
are in progress.
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7.5 Connections with Other Fields

While the principal focus of the physics program at the EIC is QCD, there are nev-
ertheless important and unique points of contact with other fields. This is mainly
due to the high luminosity, the availability of polarized lepton and hadron beams,
and the wide kinematic coverage of the EIC. Section 7.5.1 presents the main oppor-
tunities for electroweak (EW) and beyond the standard model (BSM) physics.

Precision measurements at the EIC can provide new limits on various BSM cou-
plings. For example, a polarized positron beam would provide access to the parity-
conserving but lepton charge-conjugation-violating couplings C3q via a measure-
ment of the charge conjugation asymmetry of cross sections of polarized leptons
and anti-leptons scattering off a nuclear target. Precision measurements of the Ciq
couplings at the EIC over a wide range of Q2 can also test the running of Wein-
berg’s weak mixing angle. Furthermore, the availability of polarized electron or
positron beams with proton or deuteron targets, over a wide range of kinematics,
can scrutinize lepton flavor violation mechanisms in the charged lepton sector.

The high energy and luminosity at the EIC in principle offers opportunities for new
particle searches such as a heavy photon or a heavy neutral lepton. The ability to
polarize both electron and proton beams at an EIC may lead to much stronger
constraints on heavy new physics operators in the standard model effective field
theory (SMEFT) than exist today.

There is considerable overlap between the EIC science program and neutrino
physics, as outlined in some detail in Sec. 7.5.2. In fact, those two research ar-
eas are of mutual benefit. Measurements at the EIC could provide important input
for future experiments in neutrino physics, such as a more accurate estimate of
nuclear effects. In return, neutrino scattering can help to better understand the
parton structure of both nucleons and nuclei, where the nucleon strangeness con-
tent is one example.

Measurements at the EIC are also expected to deliver important input for several
areas of astroparticle physics. Fields such as cosmic-ray air showers and neutrino
astrophysics will benefit from better constrained models of hadronic interactions,
see discussion in Sec. 7.5.3.

Deeply-inelastic scattering and photo-nuclear processes of course have close ties
with the physics of hadronic collisions. Sec. 7.5.4 focuses on a few particular as-
pects which have not been addressed in other parts of this Yellow Report. These
relate to the issue of small-x gluons and factorization in DIS vs. p+p and p+A, to
the implications of the determination of PDFs for p+p and p+A collisions, to initial
conditions for hydrodynamics of heavy-ion collisions, and to parton interactions
in nuclear matter.

Remarkably, the EIC could also contribute to fundamental insights into nuclear
structure and the physics of exotic nuclei. Secs. 7.5.5 and 7.5.6 provide an
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overview of these interesting aspects.

Finally, Sec. 7.5.7 presents the interface to current and future efforts in the High-
Energy Physics community. In particular, in that section several points of overlap
with the ongoing Snowmass process are highlighted.

7.5.1 Electroweak and BSM physics

Introduction

The high luminosity, polarized lepton and hadron beams, variety of nuclear tar-
gets, and wide kinematic range at the EIC open the door to searches that go be-
yond the typical nuclear physics ”boundaries”. While the electroweak interac-
tion, through charged-current interactions, can be used as a clean probe to separate
quark flavors [1095], it can also be used to access new observables such as γ− Z
interference structure functions [1096] through neutral current interactions. Fur-
ther details on spin structure observables can be found in Sec. 7.1.2. This section
will explore how the EIC will contribute to searches of physics Beyond the Stan-
dard Model (BSM) and where possible will compare to the expected reach of other
experimental efforts.

Weak neutral-current measurements

For electron-hadron scattering, in the region where the virtuality of the exchanged
boson satisfies Q2 � M2

Z, the weak neutral current can be parametrized in terms
of contact interactions

L =
GF√

2
∑
`,q

[
C1q ¯̀γµγ5` q̄γµq + C2q ¯̀γµ` q̄γµγ5q + C3q ¯̀γµγ5` q̄γµγ5q

]
, (7.58)

where the Ciq are perturbatively calculable coefficients. The C1q and C2q depend
sensitively on the weak mixing angle, θW . A comparison of the experimentally
extracted values of the Ciq couplings with the SM predictions can be used to set
limits of the scale Λ at which new interactions may arise. At low energies, well
below the scale Λ, these new interactions can be parametrized by the effective
Lagrangian

δL =
g2

Λ2 ∑
`,q

{
η
`q
LL

¯̀Lγµ`L q̄LγµqL + η
`q
LR

¯̀Lγµ`L q̄RγµqR

+ η
`q
RL

¯̀Rγµ`R q̄LγµqL + η
`q
RR

¯̀Rγµ`R q̄RγµqR

}
, (7.59)



216 7.5. CONNECTIONS WITH OTHER FIELDS

where the mass limit for Λ is defined with the convention g2 = 4π. The coefficients
η
`q
ij take on the values of +1, 0, or −1, allowing for the possibility of constructive

or destructive interference with the SM contributions. The Ciq coefficients can now
be written as Ciq = Ciq(SM) + ∆Ciq , corresponding to the sum of the SM and
new-physics contributions. For example, the new-physics contribution to the C2q

couplings takes the form ∆C2q = [g2/(2
√

2GFΛ2)](η
`q
LL − η

`q
LR + η

`q
RL − η

`q
RR), de-

pending on a specific combination of chiral structures. Similar expressions can be
obtained for the C1q and C3q couplings. A new-physics scenario with the chiral

structure η
`q
LL = 1 and η

`q
RR = η

`q
RL = η

`q
LR = 0, results in a specific pattern of shifts

∆C1q = ∆C2q = −∆C3q = g2/(2
√

2Λ2GF) relative to the SM values which can be
used to set limits on Λ.

Different flavor combinations of the C1q coefficients have best been measured
through atomic parity violation [1097] and elastic parity-violating electron scat-
tering [1098]. The C2q couplings are more challenging due to their relatively small
values in the SM. They can be accessed through parity-violating DIS on a deuteron
target by measuring the cross section asymmetry between left-handed and right-
handed electrons,

Ae
PV =

dσL − dσR

dσL + dσR
. (7.60)

Recently [1099, 1100] at JLab, 6-GeV polarized electrons incident on a unpolarized
deuteron target were used to extract the combination 2C2u − C2d = −0.145± 0.068
at Q2 = 0, showing for the first time that this combination is nonzero at the 95%
confidence level. The SoLID spectrometer [1101] as part of the JLab-12 program is
expected to further improve the precision of this measurement. The EIC can pro-
vide complementary high-precision measurements on both proton and deuteron
due to its high luminosity and wide kinematic range, with access to different lin-
ear combinations of the Ciq and extraction of the combination 2C2u − C2d over a
different (higher) Q2-range.

On the other hand, experimental data on the C3q couplings are quite sparse. They
are parity-conserving but charge-conjugation-violating (charge conjugation for the
lepton). A positron beam would provide a unique opportunity to access these
couplings via a measurement of the charge conjugation asymmetries [364, 1102]

Ae−−e+ =
dσ(e−N)− dσ(e+N)

dσ(e−N) + dσ(e+N)
, Ae−L −e+R =

dσ(e−L N)− dσ(e+R N)

dσ(e−L N) + dσ(e+R N)
, (7.61)

through a comparison of cross sections of unpolarized and polarized leptons and
anti-leptons scattering off a nuclear target, respectively. Such a measurement has
been carried out only once before at CERN [1103], using polarized muon and anti-
muon beams scattering off a carbon target, resulting in the extraction 0.81(2C2u −
C2d) + 2C3u − C3d = 1.53± 0.45. Using the current experimental value [1099] of
2C2u−C2d, yields the result 2C3u−C3d = 1.65± 0.453. A positron beam at the EIC
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can improve upon this measurement [364, 1104]. The isoscalar deuteron target is
preferred over the proton target since it provides access to the combination 2C3u −
C3d and minimizes the uncertainty from the d/u PDF ratio. However, both the
proton and deuteron targets can be used in a complementary manner to extract
the C3q couplings.

The importance of precision measurements at the EIC of the Ciq couplings is well il-
lustrated by BSM scenarios that involve heavy leptophobic Z′-bosons [1105,1106].
Since they couple very weakly to leptons, their primary signature at hadron col-
liders corresponds to dijets with invariant mass mj1 j2 ∼ MZ′ . The large dijet back-
ground at hadron colliders makes it difficult to constrain such a scenario. However,
at the EIC, the existence of a leptophobic Z′-boson could introduce a deviation
from the SM values in the C2q couplings without affecting the C1q couplings. This
occurs via a vacuum polarization quark loop that connects a photon vector cou-
pling to the electron current and the Z′ axial-vector coupling to the quark current,
leading to a shift only in the C2q couplings.

Precision measurements of the Ciq couplings at the EIC for a wide Q2-range can
also test the running [1096] of sin2 θW(µ) in the previously unexplored region
10 GeV < µ < 70 GeV. We denote the MS-scheme value by sin2 θW(µ)MS. Note
that in the region Q2 < M2

Z, close to the Z-pole, the effective contact interaction
parametrization in Eq. (7.58) is no longer applicable and the full Q2-dependence in
the Z-boson propagator must be included for a proper interpretation of tests of the
running of the weak mixing angle. It is useful to define an effective running weak
mixing angle [1107–1111] by sin2 θW(Q2) = κ(Q2) sin2 θW(mZ)MS, where κ(Q2) in-
corporates γ− Z vacuum polarization mixing and other universal corrections that
appear in the low-energy parity-violating observables.

The parity-violating electron-scattering asymmetry in Eq. (7.60), for the extrac-
tion of the weak mixing angle sin2 θW(Q2) below the Z-pole, is typically seriously
considered only for the isoscalar deuteron target where structure function effects
largely cancel at leading twist facilitating improved precision and sensitivity to the
weak mixing angle. However, the high precision of the PDF data obtained by the
EIC may also allow for extractions to be made using a proton target. Figure 7.102
shows the impact of the observable Ae

PV on sin2 θW(Q2), assuming a proton and
deuteron target with 100 fb−1 and 10 fb−1 luminosity, respectively, and an uncor-
related systematic uncertainty of 1% from the pion background — for statistics
details as a function of Bjorken variable x see left part of Fig. 7.6. Within the JAM
Monte Carlo framework, the normalization of sin2 θW(Q2), along with the spin-
averaged PDFs, were simultaneously fit to obtain the result. The functional form
of sin2 θW(Q2) was fixed in this study and the anticipated EIC statistics were used
only to constrain the overall normalization. While the EIC will be able to make
measurements over a wide kinematic range (as depicted by the extent of the hor-
izontal uncertainty) this study determined the constraints from the entire data set
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(as seen from the vertical uncertainty). The Q2 of this point was selected to be in
the middle of the EIC kinematic range. The wide EIC kinematic region, where very
little data exist, will provide significant constraints on this fundamental parameter
of the SM.
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Figure 7.102: Impact of entire electron-proton and electron-deuteron EIC data on sin2(θW).
The horizontal uncertainty depicts the extent of the kinematic range.

Such precision tests of the Q2-dependence of sin2 θW(Q2) at the EIC, can also be
an effective probe of physics associated with new light degrees of freedom that
cannot be parametrized as contact interactions. One such scenario, dark parity vi-
olation [1112, 1113], arises through a light dark boson Zd corresponding to a spon-
taneously broken U(1)d gauge symmetry in the dark sector. The dark-Z boson is a
generalization of the standard dark photon which only couples to the electromag-
netic current by mixing with the photon, a result of kinetic mixing with the U(1)Y
hypercharge sector of the SM before the electroweak symmetry breaking.

The dark photon is phenomenologically motivated to explain the observed gamma
ray [1114] and positron [1115–1118] excesses through dark matter annihilation near
the galactic center. An extended Higgs sector can generalize the dark photon to the
dark-Z boson which couples to the SM via both kinetic and mass mixing with the
photon and the Z-boson, with couplings ε and εZ = mZd /MZδ respectively. Here
δ is a model-dependent parameter arising from the extended Higgs sector.

The dark-Z gives rise to an additional source of parity violation through its cou-
pling to the weak neutral current by mixing with the Z-boson. In parity-violating
DIS, its effects can be absorbed into a shift in the measured weak mixing angle,

∆ sin2 θW(Q2) ' −0.42 ε δ
MZ

mZd

m2
Zd

Q2 + m2
Zd

. (7.62)

For mZd � MZ, this shift is negligible near the Z-pole Q2 ∼ M2
Z. However, at

low Q2, below the Z-pole, the shift can be significant. In the region explored by
the EIC, 10 < GeV Q < 70 GeV, the mass range mZd ∼ 10− 30 GeV could result
in deviations in the running of the weak mixing angle, large enough to be within
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reach of the projected EIC sensitivities.

Charged lepton flavor violation

The discovery of neutrino oscillations have now firmly established lepton flavor vi-
olation (LFV) in the neutrino sector, confirming that neutrinos have nonzero mass,
pointing to new physics beyond the SM. By contrast, there has been no experimen-
tal observation of flavor violation in the charged lepton sector. LFV in the neutrino
sector implies charged-lepton flavor violation (CLFV) in processes such as µ→ eγ.
However, it is mediated at one loop and suppressed by the smallness of the neu-
trino masses, yielding Br(µ → eγ) < 10−54, well beyond the reach of any current
or planned experiments.

However, many BSM scenarios [1119] predict significantly higher CLFV rates that
are within reach of current or future planned experiments. A variety of experi-
ments [1120–1127] across the energy spectrum have searched for and set limits on
CLFV processes that involve transitions between the electron and the muon.

By contrast, the limits on CLFV involving the e ↔ τ transition are worse by sev-
eral orders of magnitude. Extensive searches for this CLFV transition e± + p →
τ± + X were conducted at HERA [1127, 1128]. Theoretical and simulation stud-
ies [544, 1129] have been performed for the EIC and indicate that significant im-
provement over the HERA limits can be achieved. A polarized positron beam
would complement these planned studies at the EIC, providing an independent
probe that can help distinguish between different CLFV mechanisms.

It is convenient to study CLFV within the Leptoquark (LQ) framework. LQs are
color triplet particles that couple to leptons and quarks and mediate CLFV pro-
cesses at tree-level allowing for larger cross sections. The Buchmüller-Rückl-Wyler
(BRW) parameterization classifies the LQs into 14 different types according to their
spin (scalar or vector), fermion number F = 3B + L (0 or ±2), chiral couplings to
leptons (left-handed or right-handed), SU(2)L representation (singlet, doublet, or
triplet), and U(1)Y hypercharge.

In the region of LQ mass MLQ �
√

s, the CLFV process is mediated via a contact
interaction and the cross section for e− + N → τ− + X is proportional to the com-
bination καβ ≡ λ1αλ3β/M2

LQ. Here λ1α denotes the coupling of the LQ to the elec-
tron and quark of generation α, λ3β denotes the coupling of the LQ to the τ-lepton
and quark of generation β. Limits on καβ have been set at HERA and through
low-energy experiments [1127, 1128]. In Fig. 7.103, we plot the cross section (for√

s = 140 GeV) for the production of the F = 0 scalar LQ state, SL
1/2, as a function

the variable z ≡ καβ/κlimit
αβ , where κlimit

αβ denotes the maximum value that saturates

the existing limit. Thus, z = 1 corresponds to the current limit καβ = κlimit
αβ , corre-

sponding to the largest allowed cross section. The factor of 102 − 103 increase in
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(1 1)
(1 2)
(2 1)
(2 2)

many beyond the SM scenarios predict significantly higher CLFV rates that are within the reach of current or future
planned experiments. While CLFV between the first two generations is severely constrained, for example Br(µ+ !
e+�) < 4.2 ⇥ 10�13 [? ], the limits on CLFV involving the e$ ⌧ transition are worse by several orders of magnitude.
This motivated extensive searches for CLFV at HERA [? ? ] through the processes e±p ! ⌧± + X. Theoretical and
simulation studies [? ? ] have been now been performed for the EIC. These studies indicate that with 1000 fb�1

of integrated luminosity, the EIC can improve upon the HERA limits by a factor between 10 and 200. A polarized
positron beam would complement these planned studies at the EIC, providing an independent probe that can help
distinguish between di↵erent CLFV mechanisms.

It is convenient to study CLFV within the Leptoquark (LQ) framework. LQs are color triplet particles that cou-
ple to leptons and quarks and arise in many beyond the standard model scenarios. Unlike most other models, LQs
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F=3B+L (0 or ±2), chiral couplings to leptons (left-handed or right-handed), SU(2)L representation (singlet, doublet,
or triplet), and U(1)Y hypercharge.

In the region where the LQ mass MLQ �
p

s, the CLFV process is mediated via a contact interaction. In this
approximation, for an electron beam, the cross-section for e�N ! ⌧� + X takes the form:
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where u = x(y�1)s and for a scalar LQ f (y) = 1/2, g(y) = (1�y)2/2 and for a vector leptoquark f (y) = 2(1�y)2, g(y) =
2. The lepton-quark-LQ couplings �i j are assumed to be real and the first and second indices denote the lepton and
quark generations respectively. In the above expressions for the cross section, the first and second terms arise from an
s-channel and u-channel LQ-exchange respectively. Similarly, for a positron beam, the cross section for e+N ! ⌧++X
takes the form:
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From the above expressions for the cross sections, we see that the s-channel process for an F=0 (|F|=2) LQ is larger
with a positron (electron) beam since it involves the parton distribution function of initial state quark as opposed to an
anti-quark. Thus, the positron and electron beams can be used to enhance the F=0 and |F|=2 LQ channels respectively.
The polarization of the electron and positron beams can be used to distinguish between LQs that couple to left-handed
electrons and right-handed positrons and those that couple to right-handed electrons and left-handed positrons. A wide
kinematic range allows distinguishing between scalar and vector LQs through the di↵erence in the y-dependence of
the corresponding cross sections. Furthermore, depending on the couplings and electroweak quantum numbers, the
production of LQ states might be dominated via lepton scattering from an u-quark (“eu” LQ) or a d-quark (“ed” LQ)
within the nuclear target. A comparison of cross sections between a proton and deuteron target can help distinguish
between these LQ states. We summarize these points below:

• electron vs. positron beams: distinguish between F=0 and |F|=2 LQs
• polarized electron/positron beams: distinguish between left-handed and right-handed LQs
• wide kinematic range: distinguish between scalar and vector LQs.
• proton vs. deuteron targets: distinguish between “eu” and “ed” LQs.

A more detailed analysis of these points to distinguish between various LQ states can be found in [? ]. An updated
analysis corresponding the EIC machine parameters is needed in order to further quantify these ideas.

As an example, Figure 2 illustrates the use of polarized electron and positron beams to distinguish between the
S R

0 (|F|=2) and S L
1/2 (F=0) scalar LQ states. The dominant partonic s-channel production process for these LQs are
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The polarization of the electron and positron beams can be used to distinguish between LQs that couple to left-handed
electrons and right-handed positrons and those that couple to right-handed electrons and left-handed positrons. A wide
kinematic range allows distinguishing between scalar and vector LQs through the di↵erence in the y-dependence of
the corresponding cross sections. Furthermore, depending on the couplings and electroweak quantum numbers, the
production of LQ states might be dominated via lepton scattering from an u-quark (“eu” LQ) or a d-quark (“ed” LQ)
within the nuclear target. A comparison of cross sections between a proton and deuteron target can help distinguish
between these LQ states. We summarize these points below:

• electron vs. positron beams: distinguish between F=0 and |F|=2 LQs
• polarized electron/positron beams: distinguish between left-handed and right-handed LQs
• wide kinematic range: distinguish between scalar and vector LQs.
• proton vs. deuteron targets: distinguish between “eu” and “ed” LQs.

A more detailed analysis of these points to distinguish between various LQ states can be found in [? ]. An updated
analysis corresponding the EIC machine parameters is needed in order to further quantify these ideas.p

s = 140 GeV
As an example, Figure 2 illustrates the use of polarized electron and positron beams to distinguish between the

S R
0 (|F|=2) and S L

1/2 (F=0) scalar LQ states. The dominant partonic s-channel production process for these LQs are
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Figure 7.103: Improvement over limits set by HERA on CLFV. The different color lines in-
dicate different leptoquark states, while the dashed line indicates the expected reach of the
EIC with 250 fb−1

.

luminosity of the EIC compared to HERA, will allow sensitivity to smaller cross
sections and correspondingly smaller values of z < 1. As seen in Fig. 7.103, with
an integrated luminosity of L ∼ 250 fb−1, the EIC can improve the bound on z by
one to two orders of magnitude depending on the specific LQ state considered. See
Ref. [1130] for a recent study evaluating the reach of EIC to probe CLFV physics in
the context of SMEFT.

Simulation studies are ongoing to evaluate the discovery sensitivity to e− τ con-
version given the conceptual design of the EIC detector. The challenge is to identify
the τ-lepton amidst the hadron remnants of the DIS event. The goal is to reach a
sensitivity to an e − τ appearance cross section at the level of 0.1 fb. Beyond in-
creased luminosity the EIC will take advantage of the improvements to detector
technology. In particular, improved reconstruction of jets, better tracking reso-
lution and most importantly a vertex detector will be hugely beneficial for this
search. Early studies indicate that the potential exists — though this must be con-
firmed with many detailed studies — to achieve an efficiency approaching 10%
while being background-free for an integrated luminosity of 100 fb−1.

The use of different combinations of polarized electron or positron beams with
proton or deuteron targets, over a wide range of kinematics, can allow for dis-
tinguishing between specific LQ states or CLFV mechanisms. The positron and
electron beams can be used to separate the contributions of the F = 0 and |F| = 2
LQ states. The lepton-beam polarization can be used to distinguish between left-
handed and right-handed LQ states. A wide kinematic range allows distinguish-
ing between scalar and vector LQs through the difference in the y-dependence of
the corresponding cross sections. Finally, proton vs deuteron targets can be used
to distinguish between “eu” and “ed” LQs, corresponding to LQs with different
electroweak quantum numbers [1131].
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Charged current chiral structure

The chiral structure of electroweak interactions allows only left-handed electrons
and right-handed positrons to couple to the W-boson. Thus, the SM predicts a lin-
ear dependence on the lepton beam polarization for the charged-current processes
e− + p → νe + X, e+ + p → ν̄e + X. Precision measurements of this polariza-
tion dependence can test the chiral structure of the charged-current interactions. A
right-handed W-boson (WR), arising in Left-Right Symmetric models with sponta-
neous symmetry breaking SU(2)L ⊗ SU(2)R ⊗U(1)B−L → SU(2)L ⊗U(1)Y, could
lead to a deviation from a linear dependence on the lepton-beam polarization. The
higher luminosity and degree of lepton-beam polarization at the EIC can allow for
modest improvements [1104] over the HERA limits [1132] on the WR-boson mass,
MR. While the Tevatron and the LHC have already set more stringent limits on
MR, in the TeV range, by looking for deviations in the transverse mass distribu-
tion of the Drell-Yan process pp → W → lνl, the observed distribution is sensitive
to a time-like charged boson and in general can be affected by physics involving
different chiral and flavor structures. In this way, the EIC measurements will com-
plement the limits that will be set by the LHC.

Heavy-photon and neutral-lepton searches

The high energy and luminosity at the EIC offers interesting opportunities for
searches for new particles including heavy photons as well as heavy neutral lep-
tons (HNL). At the EIC, these searches could take advantage of the unique kine-
matics, which make it equivalent to a multi-TeV lepton beam on a fixed-proton
or heavier target. In the nuclear rest frame, radiative production prefers to give a
substantial fraction of the beam energy to the radiated particle, producing highly-
boosted final states. Compared to that hypothetical fixed-target experiment, how-
ever, electron-going final states at the EIC have significantly lower boost and hence
wider opening angles in the laboratory frame, allowing access to kinematics that
are otherwise difficult to capture.

For the heavy-photon searches, current limits beyond 1 GeV are set primarily by
BaBar, LHCb, and CMS [1133, 1134]. The center-of-mass energy of the EIC reaches
above the Z0 threshold, competitive with the CMS dimuon result [1135], the high-
est mass range currently probed by a collider experiment. In particular, the pres-
ence of an initial-state lepton with large center-of-mass energy may also make it
possible to substantially expand probing of the parameter space in models with
new force mediators with leptonic couplings.

Dilepton searches for radiative production of a dark photon via e + p → e + p +
A′ → e + p + l+ + l− would directly test electronic and muon couplings to this
new mediator with minimal model dependence, and could also be performed in
e + A collisions, where the (additional) charge in the nucleus is expected to en-
hance radiative production. While detailed studies of the impact of these model-
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independent searches are still in their early stages, they have the potential to pro-
vide a significant contribution to the field.

The HNL searches [1136] are motivated by models suggesting that they could
contribute to the neutrino mass generation through the Type-I Seesaw mech-
anism [1137–1142] as well as the matter-antimatter asymmetry in the Uni-
verse [1143, 1144]. At the EIC the primary search will focus on the e + p → N + X
production channel with a particular focus on the events with a displaced vertex.
Preliminary studies suggest that searches at the EIC for such particles would offer
sensitivities beyond existing limits for mass ranges around 5 GeV. This mass range
can also be probed by other proposed experiments [1145].

General BSM searches

SMEFT: The SM effective field theory (SMEFT) provides a convenient theoreti-
cal framework for investigating indirect signatures of heavy new physics without
associated new particles at low energies. Considerable effort has been devoted
to performing global analyses of the available data within the SMEFT and other
frameworks. An issue that arises in such global fits is the appearance of “flat di-
rections” that occur when the available experimental measurements cannot disen-
tangle the contributions from different EFT operators.

The flat directions that appear when studying 2-lepton, 2-quark four-fermion op-
erators can be resolved with the inclusion of high-precision measurements using
polarized beams. Although the naive expectation is that these operators are well
probed by high invariant-mass Drell-Yan distributions at the LHC, only a very
limited number of combinations of Wilson coefficients can be probed by such
measurements. The ability to polarize both the electron and the proton beam at
the EIC allows for probes of Wilson coefficient combinations not accessible at the
LHC [1146]. Combined fits of LHC and projected EIC data lead to much stronger
constraints than either experiment alone. Moreover, the addition of polarized
positrons to the EIC would provide constraints on further flat directions in the
SMEFT framework leading us closer to a fully constrained system.

Lorentz- and CPT-violating effects: Lorentz and CPT symmetry are among the
most well established symmetries in physics. However, many BSM theories ad-
mit regimes where one or both of these symmetries can be spontaneously broken.
Low-energy tests of Lorentz and CPT symmetry can be performed using the ef-
fective field theory known as the Standard-Model Extension (SME) [1147–1149].
To date, SME operators describing Lorentz- and CPT-violating effects on QCD de-
grees of freedom are largely unconstrained.

Recent studies suggest that differential cross section measurements at the EIC
will allow for precision tests of Lorentz and CPT symmetry in the quark sec-
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tor [1150–1152]. Data for unpolarized inclusive DIS at 100 fb−1 integrated lumi-
nosity can increase bounds on quark-sector coefficients by two orders of magni-
tude compared to HERA data. Symmetry violations would be visible as variations
of the cross section as a function of sidereal time. Additional processes that can
be measured at the EIC, including those with polarization effects, charged-current
exchange, and QCD corrections, can place first constraints on a number of com-
pletely unexplored effects stemming from Lorentz and CPT violation.

7.5.2 Neutrino physics

The accurate characterization of the structure of nucleons and nuclei provided by
the EIC program can directly benefit neutrino physics. Massive nuclear targets are
typically required in neutrino experiments to collect sizable statistics, but they also
introduce uncertainties related to nuclear effects [1153]. Since the energy of the in-
coming neutrino is unknown on an event-by-event basis, it must be inferred from
the detected final-state particles, which are affected by a substantial nuclear smear-
ing. The latter is present even for an ideal detector since the initial momentum of
the bound nucleon is not known and hadrons produced in the primary interactions
can be absorbed or re-interact within the nucleus. Target nuclei commonly used in
neutrino experiments include C, O, Ar, Fe, Pb. Understanding the impact of nu-
clear effects on the measured cross sections and event distributions is particularly
critical for the next-generation long-baseline neutrino oscillation experiments like
DUNE [1154] and Hyper-Kamiokande [1155], which are looking for CP violation
via tiny differences between neutrino and antineutrino interactions off Ar and H2O
targets, respectively. The kinematic coverage of the EIC (see, for instance, Figs. 8.4a
- 8.4d) has overlap with the region accessible at the Long-Baseline Neutrino Facil-
ity (LBNF), which is dominated by inelastic interactions. In addition to the default
energy spectrum optimized for the neutrino oscillation measurements in DUNE —
in which more than 54% of the events have W > 1.4 GeV — a high-energy beam
option is available with energies in the 10− 20 GeV range.

Neutrinos and antineutrinos have many desirable properties for a probe of
the structure of nucleons and nuclei, including a complete flavor separation
(d/u, s/s̄, d̄/ū, valence/sea) through the charged-current (CC) process, the pres-
ence of an axial-vector component of the weak current, and the natural spin po-
larization. The possibility to address the main limitations of (anti)neutrino exper-
iments at future facilities, allowing the collection of high statistics samples com-
bined with an accurate control of the targets and fluxes [1156], can provide valu-
able information complementary to the EIC program. In particular, precision mea-
surements of ν(ν̄) interactions on both hydrogen and various nuclear targets with
the high intensity and the energy spectra of the planned LBNF beams can offer
a broad mixture of measurements of electroweak parameters, parton and hadron
structure of nucleons and nuclei, nuclear physics, form factors, structure functions
and cross-sections, as well as searches for new physics or verification of existing
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outstanding inconsistencies [1157,1158]. Exploring possible synergies and comple-
mentarities between the EIC and future neutrino programs could potentially fur-
ther enhance their physics reach by combining the unique features of the electron
and (anti)neutrino probes [1159]. For example, the ν-p CC DIS at LBNF and the
e-p CC DIS at the EIC are characterized by similar hadronic tensors and trivially-
related leptonic tensors, allowing to elucidate the complete flavor structure of the
nucleon. In the following, we review the neutrino-nucleon cross section and the
various kinematic regions in scattering with nuclei, and we list a few topics of
particular interest.

Cross sections and kinematical regions

The CC neutrino- or antineutrino-proton scattering cross section is given by three
structure functions F1, F2, and F3 [1160–1163],

dσν/ν̄
CC

dx dy
=

G2
F s

2π (1 + Q2/M2
W)2

[
F CC

1 x y2 + F CC
2

(
1− y− Mxy

2E

)
± F CC

3 xy
(

1− y
2

) ]
,

(7.63)

where ± indicates + and − for neutrino and antineutrino, respectively, GF is the
Fermi coupling constant, s is the square of the center-of-mass energy, and MW is
the W boson mass. The structure function F1 is related to F2 by the Callan-Gross
relation 2xF1 = F2 in the parton model, and the structure functions are expressed
by the PDFs for the proton as
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2 = 2x
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,
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)
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3 = 2x
(
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)
, (7.64)

in the leading order of αs. The neutral-current (NC) cross section is given
in the same way by the replacements MW → MZ, G2

F → ρG2
F where ρ =

M2
W/(M2

Z cos2 θW) with the weak-mixing angle θW , and F(CC)
1,2,3 → F(NC)

1,2,3 . The NC
structure functions are expressed by the PDFs defined by q± = q± q̄ as
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. (7.65)

The left- and right-handed couplings for a quark are expressed by the third
component of isospin T 3

a , charge eq, and the weak-mixing angle θW as qL =

T 3
q − eq sin2 θW , qR = −eq sin2 θW , with T 3

q , eq = +1/2, +2/3 (−1/2, −1/3) for
q = u, c (d, s).
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Figure 7.104: Kinematical regions of
neutrino-nucleus scattering.

In lepton-nucleus scattering, the kinematical re-
gions of quasi-elastic (QE), resonance (RES),
deep-inelastic scattering (DIS), and Regge-
exchange (REG) are shown in Fig. 7.104 as func-
tions of the energy transfer ν and Q2. For the
current neutrino oscillation experiments with
neutrino energies ranging from a few hundred
MeV to a few GeV, all of these kinematical re-
gions should be understood accurately [1164].
At low energies, the lepton interacts with nucle-
ons almost elastically, and nucleon resonances
appear as the lepton energy increases. In the
DIS region characterized by W2 ≥ 4 GeV2 and Q2 ≥ 1 GeV2, the nucleon breaks
up for the majority of the events. The region W2 ≥ 4 GeV2 and Q2 < 1 GeV2 is de-
scribed by the Regge theory. For calculating neutrino cross sections in all of those
regions, theoretical descriptions should be tested by charged-lepton data. Then
axial-vector components should be added, so that EIC measurements are valuable.

Studies of (anti)neutrino-nucleus interactions

The EIC program will provide important information on the nuclear modifica-
tions of the nucleon properties (see also Sec. 7.3) which are relevant to understand
(anti)neutrino-nucleus interactions [1153]. As a result of the structure of the weak
current, significant differences are expected for nuclear effects in charged leptons
and (anti)neutrino DIS. In general, nuclear modifications of structure functions and
parton distributions depend on the isospin of the target and on the C-parity, and
can therefore differ for neutrino and antineutrino interactions [1165]. At the typical
Q2 values accessible in ν(ν̄) inelastic scattering, higher-twist contributions play an
important role, both at the nucleon and at the nuclear level. Using both neutrino
and antineutrino DIS we can access the different structure functions F2, xF3, FT, as
well as R = FL/FT, which is expected to have a different behavior at small Q2 with
respect to electromagnetic interactions [1165].

The flavor separation of the weak current and the availability of precision
(anti)neutrino measurements off different nuclear targets would allow for explor-
ing the flavor dependence of nuclear effects on parton distributions, structure func-
tions, and form factors [25, 1166–1170]. To this end, a comparison between inter-
actions on hydrogen [1171–1173] and on nuclear targets is particularly relevant.
The isospin symmetry can provide a determination of the free neutron structure
function (Fν̄p

2,3 = Fνn
2,3) and hence the one of the average isoscalar nucleon using

interactions on hydrogen FνN
2,3 ≡ (Fνp

2,3 + Fν̄p
2,3)/2. We can then obtain a direct mea-

surement of the nuclear ratios RA ≡ FνA
2,3 /FνN

2,3 . An interesting point to study, in
addition to the flavor dependence of nuclear effects, is the role of the axial-vector
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current and the corresponding differences with electromagnetic interactions. All
of those nuclear physics measurements offer complementary information to the
EIC program and the corresponding CC DIS measurements.

Measurements of the strangeness content of the nucleon

Sensitivity to the strange-quark content of the nucleon can be achieved at the
EIC from measurements of identified hadrons in semi-inclusive DIS [75] and with
charm jets in CC DIS [86]. Neutrino and antineutrino scattering provide a direct ac-
cess to the strangeness of the nucleon via charm production. The intensity of LBNF
beams will allow for precision measurements of exclusive decay modes of charmed
hadrons (e.g., D∗+, Ds, Λc) and of charm fragmentation and production parame-
ters. In addition, the strange sea quark distributions s(x) and s̄(x) can be probed
with the µµ and µe inclusive semi-leptonic charm-decay channels with a statistics
more than one order of magnitude higher than the largest samples currently avail-
able [1174, 1175]. The analysis of both neutrino- and antineutrino-induced charm
production, in combination with the EIC measurements (Sec. 7.1.1), can provide
an accurate determination of the strange-quark content of the nucleon and of the
corresponding s− s̄ asymmetry [1176–1178].

While the elastic form factors of the strange quark vector current have been mea-
sured with good accuracy in parity-violating electron scattering (PVES) [1179], the
strange axial-vector form factors are still poorly constrained by experiment. Neu-
trino and antineutrino measurements can accurately determine the latter from NC
elastic scattering off protons, νµ(ν̄µ)p → νµ(ν̄µ)p [1180–1183]. In the limit Q2 → 0,
the NC differential cross section is proportional to the axial-vector form factor,
dσ/dQ2 ∝ G2

1 = (−GA/2 + Gs
A/2)2, where GA is the known axial form factor and

Gs
A is the strange form factor. This process provides a direct measurement of the

strange-quark contribution to the nucleon spin, ∆s, by extrapolating the NC dif-
ferential cross section to Q2 = 0 since in this limit Gs

A → ∆s. A combined analysis
with PVES data would allow for an accurate determination of all three strange
form factors Gs

E, Gs
M, Gs

A [1184, 1185].

Isospin physics and sum rules

Isospin physics is a compelling topic for future neutrino experiments looking for
differences between neutrino and antineutrino interactions. The EIC can pro-
vide accurate measurements of the d/u content of the nucleons with proton and
deuteron data (Sec. 7.1.1), as well as the corresponding nuclear modifications in
nuclei (Sec. 7.3). Complementary measurements can be obtained using both ν and
ν̄ interactions on hydrogen [1171–1173]. In particular, the isospin symmetry al-
lows for a direct measurement of the free neutron structure functions Fνn

2,3 ≡ Fν̄p
2,3

and Fν̄n
2,3 ≡ Fνp

2,3. This measurement provides, in turn, a precise determination of the
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d/u quark ratio up to values of x close to 1 [65, 71].

The Adler sum rule [1186, 1187], SA = 0.5
∫ 1

0 dx/x(Fν̄p
2 − Fνp

2 ) = Ip, gives the
isospin of the target and can be measured as a function of Q2 using ν(ν̄) inter-
actions on the proton and heavier nuclei [1165]. The value of SA is sensitive to
possible violations of the isospin (charge) symmetry, heavy-quark (charm) pro-
duction, and strange sea asymmetries s− s̄. The Gross-Llewellyn-Smith (GLS) sum
rule [1188, 1189], SGLS = 0.5

∫ 1
0 dx/x(xFν̄p

3 + xFνp
3 ), can also be measured in ν and

ν̄ interactions. The value of SGLS receives both perturbative and non-perturbative
QCD corrections and its Q2 dependence can be used to extract the strong coupling
constant αs [1190,1191]. Measurements with both proton and heavier nuclei [1165]
would allow for an investigation of the isovector and nuclear corrections. The
EIC measurements can constrain the small-x behavior of the structure functions,
reducing the uncertainties on both the Adler and GLS sum rules.

We repeat that isospin symmetry implies the relation Fν̄p
2,3 = Fνn

2,3 and that for an
isoscalar target Fν̄

2,3 = Fν
2,3. These relations as a function of x and Q2 can be ex-

ploited for precision tests of isospin (charge) symmetry using a combination of
proton and isoscalar nuclear targets. The EIC data can provide valuable constraints
to improve the accuracy of such measurements — see Sec. 7.1.1 for more details.

Electroweak measurements and the NuTeV anomaly

Neutral currents not only contain isospin currents, which act on left-handed com-
ponents, but also electromagnetic currents which act on both left- and right-
handed ones. The mixing fraction of those currents is determined by the weak-
mixing angle θW . This angle was accurately measured by collider experiments;
however, the NuTeV Collaboration reported an anomalously large weak-mixing
angle [1192], sin2 θW = 0.2277± 0.0013 (stat)± 0.0009 (syst). It is different from a
global analysis of other data, sin2 θW = 0.2227 ± 0.0004, in the year 2002. This
is called the NuTeV anomaly, which has not been fully understood until now.
Since θW it is one of the fundamental parameters of the SM, it is important to
find the cause for this difference. Neutrino and antineutrino charged- and neutral-
current events were analyzed for extracting sin2 θW in the NuTeV experiment. The
Paschos-Wolfenstein relation R− = (σνN

NC − σν̄N
NC)/(σ

νN
CC − σν̄N

CC ) = 1/2− sin2 θW ,
which is supposed to hold for the isoscalar nucleon, was used for its determina-
tion.

Since the NuTeV target was iron instead of the isoscalar nucleon, various correc-
tion factors needed to be considered to this Paschos-Wolfenstein relation. In ad-
dition, this relation was obtained by assuming isospin symmetry which provides
a relation between PDFs of the neutron and PDFs of the proton. There are correc-
tion terms to the Paschos-Wolfenstein relation from isospin breaking in the PDFs,
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different nuclear corrections for uv and dv, finite distributions of s(x) − s̄(x) and
c(x)− c̄(x), and neutron-excess effects [1193–1197]. These factors can be accurately
measured from the γ-Z interference at the EIC via parity-violating asymmetries
in polarized electron scattering, providing an independent check of the NuTeV
anomaly [1096]. It must be emphasized that ν and ν̄, contrary to charged lep-
tons, give a direct access to both the weak-mixing angle θW and the Z0 coupling to
(anti)neutrinos. Therefore, combined electroweak measurements using electrons
and (anti)neutrinos are required. Precision measurements of electroweak param-
eters can be performed at LBNF using various independent channels including
DIS, νe− elastic scattering, elastic scattering off protons, coherent ρ production,
etc. These processes are characterized by different scales of momentum transfer,
providing a tool to test the running of sin2 θW , in addition to the EIC measure-
ments. The range of accessible scales covers a region from 0.01 GeV to a few GeV,
partially overlapping the EIC coverage (Sec. 7.5.1) and extending it to lower scales.

Possible GPD measurements in neutrino scattering

GPD ′NN

π

Wν µ

µ

Figure 7.105: Sample leading-order di-
agram for the reaction νµ + N → µ +
π + N′ involving GPDs.

The detailed understanding of the GPDs [117]
is one of major goals of the EIC science pro-
gram — see Sec. 7.2.2. For instance, GPDs
can provide crucial new insights into the ori-
gin of the nucleon spin through quantifying the
contributions due to partonic orbital angular
momenta. However, there is another impor-
tant motivation to study GPDs, namely to de-
termine gravitational form factors to find the
origin of hadron masses and pressure distri-
butions inside hadrons in terms of quark and
gluon degrees of freedom, as obtained in the
timelike GPDs (or generalized distribution amplitudes) [1198]. The LBNF can
supply a 5 − 10 GeV neutrino beam, so that it is possible to measure the GPDs,
for example, in the pion-production reaction νµ + N → µ + π + N′ as shown in
Fig. 7.105 [1163, 1199, 1200]. Since the neutrino reactions are sensitive to the quark
flavor, their measurements are complementary to the EIC project, and the flavor
separation of the quark GPDs will be facilitated using measurements from both
EIC and LBNF.

7.5.3 Cosmic ray/astro-particle physics

Measurements at the EIC will provide important input into several areas of astro-
particle physics. These areas require more precise models of hadronic interactions
to be able to interpret astrophysical data. These areas include cosmic-ray air show-
ers and neutrino astrophysics.



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 229

Cosmic ray air showers

Cosmic-ray air showers occur when a high-energy proton or heavier nucleus
strikes the atmosphere, producing a shower of millions to trillions of particles.
Cosmic rays with energies above about 1015 eV are rare enough so that they
can only be studied with ground-based detectors. These detectors sample the
shower particles that reach the ground, measuring their density and lateral spread.
Cosmic-ray physicists use these indirect data to determine the energy spectrum
and nuclear composition of cosmic-rays. The energy can be determined largely
from the overall particle density. The composition is often inferred from the
muonic content of the shower. The muons are mostly from the decays of charged
pions and kaons and neutral kaons, while photons and electrons come from pho-
tons from π0 decays. Strangeness production models thus play a large role in
inferring the composition from muon data. Very few hadrons reach the ground,
so they are only a useful observable below about 1 PeV, where showers are more
copious.

Air fluorescence detectors image the shower as it develops in the atmosphere to
find the depth of shower-maximum, Xmax, the point along the shower trajectory
containing the most particles. For a given cosmic-ray energy, heavier particles,
like iron, have a larger interaction cross-section and a lower per-nucleon energy,
so reach Xmax at a higher altitude than for lighter primaries. Because more of the
interactions occur at higher energies, they also produce more muons than incident
protons. A hadronic interaction model is required to quantify this relationship,
and to infer event energies and composition. Cosmic-ray physicists use a num-
ber of different models, for this, with SIBYLL, QGSJet and EPOS being the most
common. These models use pQCD to model hard interactions, with a Pomeron
inspired phenomenology to simulate the soft interactions that account for most of
the produced particles. They are tied, to varying degrees, to RHIC and LHC data,
but still vary significantly in their predictions [1201].

Since cosmic-rays essentially follow a fixed-target geometry, measurements in the
far forward region are critical to track energy flow downward through the atmo-
sphere. Although the TOTEM [1202] and LHCf & RHICf [1203] experiments have
made some cross-section and forward multiplicity measurements, this phase space
has not been well studied at colliders. The EIC will have excellent forward and far-
forward instrumentation, allowing for accurate studies in the target fragmentation
region. In particular, a knowledge of the inelasticity of struck protons in hadronic
collisions is a vital input to hadronic models. Electron-proton collisions are not the
same as pp, but they will help constrain the models.

These models are receiving attention because the energy spectra measured by the
two very large (area more than 1,000 km2) experiments, Auger [1204] and Tele-
scope Array (TA) [1205] are in tension. A joint working group could not resolve
this disagreement [1206]. The difference may be due to physically different cosmic-
ray spectra in the Northern and Southern hemispheres [1207]. This would be
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a very important discovery, pointing to the existence of a few local cosmic-ray
sources. However, before reaching that conclusion, we need to exclude other pos-
sibilities. The two experiments use somewhat different detection techniques - wa-
ter Cherenkov detectors for Auger, scintillator for TA, so inaccuracies in hadronic
models could lead to differences in energy calibration.

Unfortunately, there is considerable tension between different composition mea-
surements, both between the two experiments, and, for Auger, between composi-
tion measurements using air fluorescence and that using muon detectors. Compo-
sition is often quantified using the log of the mean atomic number, 〈ln(A)〉. This is
a single number, easy to quantify, but it misses the intricacies of the nuclear mass
spectrum.

The Auger Xmax analysis finds a significant composition shift with increasing en-
ergy, from an apparent mostly-proton composition, with 〈ln(A)〉 ≈ 0.3 at 1018.5

eV to a mixed composition at 1019.5 eV, with 〈ln(A)〉 ≈ 1.3 [1208]. This is with
the QGSJET-II-04 hadronic model; with EPOS-LHC, 〈ln(A)〉 is about 0.5 larger -
a very significant shift. As was discussed in the EIC White Paper, this inflection
point in dXmax/dE could also come from a change in the character of the hadronic
interaction, such as the onset of saturation. In contrast, the TA study of Xmax finds
a rather small change in 〈ln(A)〉 with increasing energy [1209]. For QGSJET-II-04,
their data is consistent with mostly protons, while other hadronic models imply
somewhat heavier compositions.

Other Auger analyses, using muons, have found somewhat different results. A
study using detector rise time as an indicator of muon content found a somewhat
larger composition shift with energy, with the composition at 1019.5 eV consis-
tent with pure iron (for the EPOS-LHC model) [1210]. A newer, still preliminary
measurement using dedicated muon counters, found an even larger muon excess,
pointing to, if naively interpreted, a composition heavier than iron [1211]. The
muon content is 40-50% higher than is expected with a lighter (consistent with the
Xmax analysis) composition. These muon mismatches are a rather clear sign that
there is a issue with the air shower simulations, likely in the hadronic model.

At medium energies (1015 - 1017.5 eV), the situation appears somewhat better, in
that there are fewer obvious inconsistencies. However, recent studies, such as
a new IceCube measurement [1212] show that uncertainties to hadronic models
are a major contributor to systematic uncertainty on the cosmic-ray composition.
Complementary studies, using high pT muons in air shower, should allow for com-
position extraction in a pQCD framework, are less advanced [1213, 1214].

EIC data could significantly help to reduce these uncertainties, by providing high-
accuracy measurements of hadronic particle production to tune the models, espe-
cially in the forward region, and, for high pT muon analyses, by pinning down
parton distributions at low x. If it is observed, saturation could also explain some
of the inflection points seen in the composition distributions. Data from oxygen
and/or nitrogen targets is of particular value, to match the air-shower targets.



CHAPTER 7. EIC MEASUREMENTS AND STUDIES 231

Astrophysical neutrinos

The discovery of high-energy (up to at least 1016 eV) cosmic neutrinos [1215] is
one of the most exciting recent developments in high-energy astrophysics. EIC
data can offer important information for future astrophysical neutrino studies, by
helping constrain the background from atmospheric neutrinos, and by better pre-
dicting the absorption of high-energy neutrinos in the Earth.

Atmospheric neutrinos from cosmic-ray air showers are a significant background
to astrophysical neutrinos. A better understanding of atmospheric neutrinos
would lead to smaller systematic uncertainties on cosmic neutrino fluxes, espe-
cially at lower energies, where atmospheric neutrinos are dominant. One impor-
tant question is how often downward-going atmospheric neutrinos are self-vetoed
by being accompanied by high-energy muons [1216], either by a muon produced
in the same weak decay as the neutrino, or elsewhere in the hadronic interaction
or elsewhere in the air shower.

Prompt neutrinos are of particular interest, since they have a harder energy spec-
trum than neutrinos from pions/kaons, so they are closer to astrophysical neutri-
nos. A standard calculation [1217] has large uncertainties, due to uncertainties on
the cosmic-ray flux and composition, on the pQCD cross-sections, and on the low-
x gluon distributions in nitrogen and oxygen. Currently, the only measurements of
gluon distributions in medium nuclei come from fixed target experiments, which
can only probe the region x ' 10−2 (and that at low Q2). EIC data will extend
these results downward in x and cover a wide range in Q2, reducing the uncer-
tainties on prompt neutrino production. Beyond this, it will be another place to
compare charm production cross-sections with theoretical calculations; this com-
parison should lead to more accurate treatments of charm production in air show-
ers.

Looking ahead, future detectors, like IceCube Gen2 will instrument much larger
areas (order 100 km3) with radio-detection stations and thereby study astrophysi-
cal neutrinos at higher energies, up to 1020 eV [1218]. It is necessary to know the
interaction cross-section to measure the flux accurately. At 1020 eV, neutrino inter-
actions probe quark distributions with a typical x ≈ 10−7, at Q2 ≈ M2

W . One recent
calculations, using NLO pQCD with DGLAP evolution found roughly 15% [1161]
uncertainty in the DIS cross-sections at 1020 eV, while another calculation, with
different assumptions about parton evolution, found a considerably larger, 50%
uncertainty at the same energy [1219]. A newer calculation used data from LHCb
on D meson production to constrain the low-x parton distributions, with a conse-
quent decrease in uncertainty [85]. This study used a NNLO calculation found a
cross-section about 10% below the previous calculations, except at neutrino ener-
gies above 1019 eV. The stated uncertainties were under 10%.

These results were for isoscalar targets, without nuclear effects. Water has more
protons than neutrons, so there are deviations from the expectations for targets



232 7.5. CONNECTIONS WITH OTHER FIELDS

with Z = N. Also, shadowing may be significant for very high energy neutrinos.
Ref. [1220] finds that nuclear corrections are small at low energies, but increase
to up to 10% (with large uncertainties) at energies above 1020 eV. The calculations
in Ref. [1221] find smaller overall changes, with anti-shadowing increasing the
cross-section in some ranges. Further, in the region where large-x parton distribu-
tions are significant, the proton excess in water can have a very large effect, with
large uncertainties. This change is particularly visible in the ν inelasticity (fraction
of neutrino energy transferred to the nuclear target) distribution. Since, for most
analyses, acceptance varies with inelasticity [1222], assuming the correct inelastic-
ity distribution is critical in determining the neutrino flux. Measurements of the
inelasticity distribution are also used to determine the ν/ν ratio in atmospheric
neutrinos, using the different distributions for ν and ν.

Knowing the cross-section is critical for estimating interaction rates and zenith an-
gle distribution in a detector [1223,1224]. A larger cross-section increases the num-
ber of downward-going neutrinos that interact, but, because neutrinos interact in
the Earth, reduces the number of upward-going events. Neutrino absorption in
the Earth has been observed for energies above 6.3 TeV, at a level consistent with
the standard model [1225]. The inelasticity distribution is important because, for
charged-current νµ and most ντ interactions, only the energy transferred to the
struck target is visible in radio-based detectors [1222].

Beyond rate estimates, a good understanding of the standard-model cross-section
is critical in searching for BSM contributions to the total cross-section. A variety
of BSM models predict an increase in the neutrino-nucleon cross-section, includ-
ing those positing sphalerons, leptoquarks, and extra rolled-up dimensions [1224].
EIC measurements of quark distributions in nuclei should reduce the uncertain-
ties on the cross-section and inelasticity distributions significantly. Although EIC
measurements cannot cover the full range of Bjorken-x needed for neutrino astro-
physics, EIC data should be able to significantly constrain the non-linear evolution
to lower x values, reducing the uncertainties at all energies.

Finally, some recent studies have applied pQCD to calculations of prompt neutrino
production in astrophysical accelerators [1226]. Improved measurements of gluon
distributions in protons would reduce the uncertainties on the predicted neutrino
flux and energy spectrum. The spectra are of particular importance because differ-
ent spectra can be characteristic of different source classes.

7.5.4 Other connections to p+p, p+A, A+A

Low-x gluons and factorization in eA (ep) vs pA and AA

A few years ago, an interesting connection between the CGC formalism and the
TMD factorization has been established, and a lot of progress in both fields is made
[1227]. In particular, this has led to a fundamental understanding of two different
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gluon distributions, namely the Weizsäcker-Williams (WW) gluon distribution and
the dipole gluon distribution, from the perspective of the operator definition in
the CGC formalism [536, 537]. The progress and its impact on EIC physics are
discussed in detail in Sec. 7.3.1. This part is devoted to the small-x gluon and its
factorization in e+Avs p+Aand A+Acollisions.

First, based on the small-x factorization in DIS and p+Acollisions, the WW and
dipole gluon distributions can be viewed as the fundamental building blocks of
all gluon distributions in the CGC formalism, and they can be used to construct
other more complicated gluon distributions appearing in the dijet production in
p+Acollisions in the large Nc limit. Since the gauge links associated with the gluon
distributions depend on the details of the scattering process, the low-x gluons are
then process-dependent as shown in Table 7.2. The table also shows that many
processes are sensitive to the dipole gluon distribution, while the back-to-back di-
jet production in DIS can provide the direct measurement of the WW gluon dis-
tribution. Meanwhile, pA collisions can serve as a gateway to the EIC as far as
saturation physics is concerned, and it also plays an important and complemen-
tary role in the study of these two fundamental gluon distributions. Furthermore,
in this factorization at the low-x limit, the virtual photon and the proton are treated
as dilute probes for the dense gluons in the target. The corresponding cross section
for a certain process in DIS and pA collisions can still be expressed in terms of the
convolution of the relevant gluon distributions and the short distance hard part.
The small-x factorization in DIS and pA collisions is expected to hold at higher
order [1228], since the higher-order corrections do not generate genuine new cor-
relators in the large Nc limit. Last but not least, the production of color-neutral par-
ticles in hadron-hadron collisions, such as the Higgs production [744, 1229, 1230]
in p+Aand A+A, are also sensitive to the WW gluon distribution in heavy nu-
clei. However, for the productions of hadronic final states in A+Acollisions, the
issue of the factorization [1231, 1232] becomes more complicated due to the color
entanglement of initial and final state interactions, and one needs to use a more
complicated form [1233–1235] of small-x factorization in the CGC formalism and
resort to numerical methods to obtain results in this case.

Inclusive DIS SIDIS DIS dijet Inclusive in p+A γ+jet in p+A dijet in p+A
xGWW − − + − − +

xGDP + + − + + +

Table 7.2: The process dependence of two gluon distributions (i.e., the Weizsäcker-Williams
(WW for short) and dipole (DP for short) distributions) in e+A(e+p) and p+Acollisions. Here
the + and − signs indicate that the corresponding gluon distributions appear and do not
appear in certain processes, respectively.
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Figure 7.106: (Left) The PDF sensitivity, |S f |, of the main EIC e− pseudodata of Sec. 7.1.1 to
σH(14 TeV), the total gg → H cross section for Higgs production at 14 TeV. Redder points
indicate points with stronger pull as described in Refs. [61–63], implying significant impact
of the e− information on σH(14 TeV). (Right) Computed total Higgs cross sections at 14
TeV cross sections, with Higgs-tt̄ uncertainty ellipses for the calculations based on the CT18
NNLO [64] baseline shown as the outer black and EIC post-e− uncertainties shown by the
inner red and post-e−/e+ (inner blue) fits.

Implications of PDF determinations for proton-proton collisions

The realization of ultimate precision at hadron colliders like the (HL-)LHC remains
limited by uncertainties in the unpolarized proton PDFs. Achieving hightened sen-
sitivity to various BSM scenarios requires a variety of improvements, including
next-generation theoretical accuracy (such as N3LO hard cross sections) and addi-
tional constraints to the PDFs themselves. By recording copious high-precision DIS
data, the EIC has the potential to impose important constraints to the PDFs as il-
lustrated in Sec. 7.1.1 with implications for observables in pp scattering at the LHC
and precision QCD and EW theory. We show here two representative examples.

Figure 7.106, concentrating on potential EIC impacts in the Higgs sector, shows the
PDF sensitivity of the total gg→ H cross section. The plot uses EIC pseudodata as-
suming an integrated luminosity of L = 100 fb−1, corresponding to the optimistic
scenario for detector performance and systematic uncertainties. The significant
per-point sensitivities translate into a pronounced total impact on the computed
14 TeV cross sections.

Figure 7.107 focuses on precision QCD and EW physics, where precise DIS data
over a wide range of x and Q2 are expected to impose significant constraints to
QCD-sector Standard Model inputs, including αs and heavy-quark masses. The
figure demonstrates the effect of the main EIC e− optimistic scenario pseudodata
on the likelihood function, χ2, for αs in the CT18 NNLO global analysis. The effect
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Figure 7.107: (Left) The likelihood function, χ2, for αs in a fit with the EIC e− data (red)
relative to the CT18 NNLO global analysis baseline (black). The narrowing corresponds to a
∼40% reduction of the 68% C.L. uncertainty of the strong coupling. (Right) The uncertainty
ellipses for total W vs. Z cross sections in pp collisions at 14 TeV once the EIC e− (inner
red ellipse) or combined e−/e+ (inner blue) pseudodata are included on top of the baseline
CT18 prediction (outer black).

of the EIC pseudodata corresponds to a ∼ 40% reduction of the 68% C.L. uncer-
tainty of the strong coupling. Also shown is the impact the uncertainties for total
W vs. Z production at 14 TeV once the EIC e− pseudodata are included on top of
the baseline CT18 prediction.

Implications of PDF determinations for proton-nucleus collisions

It has been demonstrated [26, 1236] that measurements at EIC are bound to sig-
nificantly improve our knowledge of the nuclear PDFs. In particular, it should
be possible to tightly constrain the gluon distribution at x & 10−2 at scales com-
parable to the charm-quark mass, Q ∼ mcharm. Due to DGLAP dynamics, this
translates to well constrained gluons even at x � 10−2 at higher interaction scales

Such an improved description will lead to more precise predictions for
p+Acollisions at the LHC and thereby allow for stringent tests of factorization. For
example, the forward D-meson production measured by LHCb [1237] can probe
the nuclear structure down to x ∼ 10−6 at perturbative scales. It thus serves as
an ideal place to search e.g. for non-linear dynamics beyond DGLAP. At the mo-
ment, the nuclear PDFs are not particularly well constrained at small x and can be
easily fitted to reproduce the LHCb D-meson data without conflicts with the other
existing data [791, 792]. However, since the EIC constrains nuclear PDFs at much
lower x than existing DIS data, there should be significantly less room for addi-
tional tuning to fit LHC data. This increases the chances for discovering e.g. the
onset of non-linear evolution at the LHC. Similar conclusions hold in the case of
other observables such as the direct photon production at forward direction [1238]
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possibly to be measured by ALICE [1239]. In fact, even the inclusive Z and W
production at the CMS and ATLAS acceptances carry a significant sensitivity on
the gluon PDFs [1240] (Sect. 10.4.2) as the gluons at low Q dictate the behaviour
of sea quarks at the electroweak interaction scale. On the other hand, phenomeno-
logical studies of J/Psi production in ultra-peripheral Pb-Pb collisions will profit
from precise nuclear PDFs when modeling the generalized nuclear PDFs. In this
sense an extraction of nuclear PDFs in a clean environment such as EIC will al-
low for precision searches of new phenomena in a broad range of observables in
p+Acollisions.

Initial conditions for hydrodynamics in A+Acollisions

Heavy ion collision experiments at RHIC and LHC aim to produce deconfined
quark-gluon matter and study its properties [1241]. The standard model of the
“little bang” of a heavy ion collision consists of several stages. The initial particle
production is followed by a phase of thermalization and equilibration leading to
the creation of a droplet of quark-gluon plasma. The plasma then cools and ex-
pands in a process that is usually modeled by relativistic hydrodynamics, before
undergoing a phase transition to ordinary hadronic matter which then decouples
into the hadronic final states that are observed by the detectors. Extracting proper-
ties of the quark gluon plasma from measurements requires a simultaneous analy-
sis of different experimental observables in a common theoretical framework. Re-
cent years have seen significant process performing such analyses in a systematical
statistical framework (see e.g. [1242]).

The standard little bang framework is able to predict heavy ion collision observ-
ables starting from a given initial condition at the time of equilibration, and from
a given set of transport coefficients describing the evolving matter. Inverting this
process to infer both the matter properties and the initial conditions is a daunting
task, and can in many cases be an ill-posed problem. This is where the physics
program of the EIC is relevant in several ways. Firstly, exclusive and diffractive
measurements of protons and nuclei at the EIC, discussed e.g. in Secs. 7.2.2, 7.2.4
and 7.3.9, will provide accurate information on the spatial distribution (and its
fluctuations) of quarks and gluons in protons and nuclei [768]. This spatial struc-
ture is one of the most important inputs into hydrodynamical calculations of the
quark-gluon plasma, because collective interactions can transform spatial struc-
tures in the initial condition into momentum space correlations among produced
particles, i.e. hydrodynamical flow generated as a response to pressure gradients
in the matter.

As discussed in Sec. 7.3.5, multiparticle correlations that are present in the wave-
functions of the colliding systems can have effects that are very similar to ones
resulting from hydrodynamical flow [1243, 1244]. Especially in what are referred
in the heavy ion context to as “small systems”, i.e. proton-proton and proton-
nucleus collisions, it can be difficult to disentangle the effects of hydrodynamical
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correlations (i.e. “flow”) from such multigluon “initial state” correlations. The
“initial state” correlations can be studied very precisely at the EIC, and analyzed
in terms of concepts like linear gluon polarization [749,1245], or Wigner functions.
A precise understanding of the CGC wavefunction from the EIC will also help con-
strain our understanding of the pre-equlibrium thermalization stage of the heavy
ion collision.

Parton interactions in matter

The importance of understanding parton and particle propagation and parton en-
ergy loss in DIS has been well articulated in Secs. 7.4.2, 7.4.4, 7.3.4. Advances in
this direction will facilitate the interpretation of the data from pA and AA reac-
tions. In proton-nucleus collisions, final-state effects associated with the quark-
gluon plasma (QGP) are expected to be absent/suppressed. However, experimen-
tal results on the centrality dependence of high energy jet cross sections in pPb col-
lisions at LHC [1246] and in dAu collisions at RHIC [1247] show highly nontrivial
and large nuclear effects from different centrality selections. These are observed
at all transverse momenta pT at forward (in the direction of the proton beam) ra-
pidities and for large pT at mid-rapidity, and they are manifest as suppression
of the jet yield in central events and enhancement in peripheral collisions [1246],
see Fig. 7.108. Theoretical work on hadron, jet, Drell-Yan, and J/ψ production in
p+Areactions has emphasized the importance of cold nuclear matter (CNM) en-
ergy loss [804, 1248–1250]. Calculations that incorporate this physics are qualita-
tively consistent with the central to peripheral cross section ratio denoted Rcp in
Fig. 7.108 [1251]. Away from kinematic bounds, CNM energy loss effects are small
but can still contribute to the observed quenching in AA [1252]. The impact on
cross sections and particle correlation is amplified at smaller center-of-mass ener-
gies [989, 1253].

7.5.5 The EIC and nuclear structure physics

Even though the EIC is a high-energy collider with typical energy scales in the
tens-to-hundred GeV range, there are key measurements that are of relevance to
nuclear physics at much lower energies in the tens-to-hundreds MeV range. This
section outlines the possibilities for measurements at the EIC that have the po-
tential to provide insights into certain aspects of nuclear structure physics. Con-
versely, guidance from nuclear structure physics is also important in realizing key
aspects of the EIC program.

Short-range nucleon-nucleon correlations (SRCs) [848, 1254, 1255] dominate the
high-momentum tails of the many-body nuclear wave function and show signs
of universal behavior in nuclei from deuterium to the heavy nuclei [1256–1263].
Data from JLab indicate that SRCs may provide novel insights into the EMC effect,
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Figure 7.108: Rcp for inclusive jet production in p+Pb collisions at
√

s = 5.02 TeV in central
(left), mid-central (middle) and mid-peripheral (right) events. Four different rapidity inter-
vals (2.1 < y < 2.8, 2.8 < y < 3.6 and 3.6 < y < 4.4) are presented. Data are from the
ATLAS collaboration at the LHC [1246].

and one expects that future Jlab data will help to distinguish between competing
explanations [848, 1264, 1265]. The dynamics of these SRCs can also be studied at
the EIC using quasi-elastic two-nucleon knockout — see Sec. 7.3.7 for more details.

A key question is the role of gluons in SRCs, and in the EMC effect. At small x,
gluon shadowing is expected to be important for nucleon modification in nuclei,
as confirmed now in ultraperipheral heavy-ion collisions [786, 787]. Also, what is
the role of gluons at large x? At the EIC, the higher energies and the large lever
arm in Q2 will allow one to probe the role of gluons in short-range forces. A novel
way to explore gluon degrees of freedom in the nucleon-nucleon potential is by
looking at exclusive heavy quarkonium (“onium”) production in coincidence with
knock-out reactions of protons and neutrons. The simplest example to consider is
exclusive scattering off the deuteron1. In this context, there exist two interesting
possibilities as shown in Fig. 7.109. The first is when there is a color-singlet gluon
exchange between the onium and a “leading” proton or neutron with a spectator
counterpart. In this case, at large relative momentum transfer between the two

1Other light nuclei (such as 3He) will also be interesting to consider but will require to reconstruct a more
complicated kinematics.
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Figure 7.109: Diagrams for two mechanisms in exclusive quarkonium production on the
deuteron with diffractive breakup. The virtual photon fluctuates into a color dipole and
exchanges two gluons with the deuteron. Left: Two gluons attach to the same nucleon
(color-singlet SRC). Right: Two gluons attach to different nucleons (color-octet SRC).

knock-out nucleons, the scattering is sensitive to color-singlet SRCs in the deuteron
wave function [69]. The second case also corresponds to color-singlet exchange
between the onium and the deuteron, but in this instance one gluon attaches to the
proton and the other to the neutron. The color-singlet structure of the interaction is
then necessarily sensitive to color-octet SRCs in the deuteron wave function [1266].
The first of these gluon-dominated SRCs has been simulated recently using the
Monte Carlo event generator BeAGLE [1267] and a novel idea for extracting the t-
dependence of the knock-out reaction by simultaneously tagging the leading and
spectator nucleons [854]. This study suggests that deuteron configurations with
typical internal momenta of up to 1 GeV are accessible — see Sec. 7.3.7 for more
details.

An important challenge for both the outlined processes and nuclear breakup chan-
nels is to identify and isolate final-state interactions (FSIs). In exclusive measure-
ments with nuclear breakup, the dominant FSI will be between the slow-moving
(relative to the nucleus center-of-mass) breakup products. In nuclear DIS with tag-
ging, re-interactions of slow hadrons in the DIS target fragmentation region with
the spectator fragments also contribute [69]. Given the low relative momenta in
these FSIs, the dynamics have a lot in common with low- and medium-energy
nuclear breakup reactions [69, 1268–1274].

Because of the collider environment, the potential for clean measurements of nu-
clear fragments with its far-foward detectors, and the high luminosity, the EIC can
provide novel insights into low-energy nuclear reactions and correlations. The
most relevant measurements are diffractive observables corresponding to a low-
momentum transfer color-singlet exchange (of momenta larger than the nuclear
Fermi momentum) and a large rapidity gap separating nuclear fragments from the
current fragments for a wide range of invariant masses MX. At high energies, there
is a very clean separation of time scales between the hard QCD physics of the cur-
rent fragmentation region and the soft physics of nuclear fragments. On the other
hand, accurate nuclear structure input is needed in coherent exclusive channels
with light ions — enabling the study of nuclear tomography in partonic degrees
of freedom — and in reactions with spectator tagging, which result in additional
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control over the initial nuclear configuration. The latter is important for studies
of the structure of free neutrons, the short-range nature of the nuclear force and
medium modifications of partonic structure.

Since the nuclei are strongly boosted at the EIC, the light-front framework for
nuclear structure and correlations is appropriate. Because the nucleus is probed
at fixed light-front time in a high-energy reaction, boost-invariant wave func-
tions can be constructed and off-shell effects remain finite. In the reaction
frameworks these enter as light-front momentum distributions and spectral func-
tions [69,99,109,114,116,1275,1276]. High-precision phenomenological or effective-
field-theory-derived potentials [675, 1277–1279] enter in this description or can be
reformulated starting from light-front quantization [1276, 1280]. The similarity be-
tween light-front approaches like the “basis light-front quantization” [1281] and
many-body approaches to nuclear structure and correlations such as the no-core
shell model [1282] has been noted previously. For a review of such ab initio meth-
ods, see Ref. [1283].

In particular, considerable insight can be gained into understanding how the high-
momentum tails of nuclear wave functions that we noted in the context of SRCs
scale with nuclear size [1284]. Furthermore, similarity renormalization group
methods [1285], pioneered originally in the light-front framework [1286], allow
for extending the study of such ultraviolet correlations in nuclei to lower mo-
menta [1287].

Polarized light ion beams will be available at the EIC. Measurements with the
deuteron’s tensor polarization allow one to probe the interplay between high-
energy QCD dynamics and low-energy nuclear interactions — see Sec. 7.2.5 for
more details. Tensor-polarized observables are proportional to the deuteron’s ra-
dial D-wave (L = 2) component and therefore place constraints on the size and
momentum dependence of the D-wave [115]. This is important in the context of
the universality of SRCs. With spin-1 nuclei such as the deuteron one can also
probe the distribution of linearly polarized gluons in inclusive DIS [681], which is
impossible for the nucleon.

Precision nuclear-structure input is essential to extract the full potential of the
(high-luminosity) EIC for many of the channels considered in this Yellow Report.
For inclusive DIS, the dominant neutron structure uncertainty in the high-x region
arises from nuclear structure corrections. Pinning down the link between medium
modifications and nuclear interactions or inferring the size of non-nucleonic com-
ponents in nuclei (like ∆ isobars) cannot be done without a baseline nuclear struc-
ture calculation. Observables such as the deuteron tensor b1 structure function
encode the difference of the unpolarized quark PDF between a deuteron in the
polarization state M = ±1 (“dumbbell”) and M = 0 (“donut”), and are thus in-
herently sensitive to nuclear interactions.

Another aspect of the EIC program where nuclear structure input can play a deci-
sive role is the separation of the coherent and incoherent part of the cross section
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for diffractive and exclusive processes on heavy nuclei. This is critical for nuclear
imaging and studies of gluonic fluctuations. In the incoherent signal, the reaction
can involve nuclear excitations that decay with the emission of MeV photons in
the nucleus rest frame. Detecting these photons with the EIC detectors would be
very hard, and is further complicated because of large uncertainties (due to lack
of data) in the models of nuclear excitations and differences in the level structure
between different heavy nuclei (spectra, decay times) which have an impact on the
detection. Other contributions to the incoherent signal have nucleons evaporat-
ing from the nucleus. The models for nucleon evaporation in heavy nuclei used
in e+AMonte Carlo generators for the EIC (such as BeAGLE) can be better con-
strained. All this complicates the vetoing of incoherent events at larger momen-
tum transfer (direct detection of a coherent scattering event with a heavy nucleus
being impossible) — see Secs. 7.3.9 and 8.5 for more details.

Further input from and collaboration with the nuclear structure community will
help resolve those as well as other outstanding issues. In recent years there have
been several workshops with specific input from the nuclear structure commu-
nity [1288, 1289], and a stronger interest is expected with the EIC project fully un-
derway now.

7.5.6 Exotic Nuclei at the EIC

Seventy years after the introduction of the nuclear shell model, low-energy nu-
clear structure is still a vibrant field of research. Ever more capable rare isotope
facilities have made it possible to create new super-heavy elements and reveal the
properties of nuclei far from stability. The latter is important for understanding
basic nuclear properties such as modifications to the shell structure, and provides
input for solving outstanding problems in other fields, an example of which is
nucleosynthesis in astrophysics. Elements that are heavier than iron are typically
created in stellar events (supernovae, neutron star mergers) where high fluxes of
neutrons lead to captures intermixed with β-decays. The rapid neutron-capture
process (r-process) defines a path towards the heavier elements going through the
most neutron-rich nuclei. Measuring the properties of these is therefore one of the
key goals of the Facility for Rare Isotope Beams (FRIB), where rare isotopes are
produced in low-energy nuclear reactions. A more detailed overview of the FRIB
program can, for instance, be found in Ref. [1290]. However, recent studies suggest
that rare isotopes could also be measured at the EIC in parallel with other planned
experiments using heavy-ion beams. In addition, the unique capabilities offered
by the EIC would make these data complementary to those collected by FRIB.

Short-lived nuclei will decay in flight between the production and detection points
(at the IP and Roman pots, respectively). But at the EIC, where the relativistic γ
is 100, a flight time in the lab frame of 100 ns corresponds to only 1 ns in the rest
frame of the ion. As a consequence, only nuclei with half-lives below 1 ns will
experience significant in-flight decay. The high survival probability would allow
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the EIC to study the shortest-lived isotopes very far from stability.

The high-energy kinematics of the EIC are helpful for photon detection. In
e+Ascattering at the EIC, the initial interaction causes an intra-nuclear cascade
that typically knocks out a few nucleons, leaving the residual nucleus in an ex-
cited state. The de-excitation initially proceeds through fission and/or emission
of nucleons and light nuclei (d, α). Once below the neutron separation energy, the
decay proceeds through γ emission. Measuring these photons is of particular in-
terest since the transitions reveal the level structure of the final (rare) isotope. The
photons are emitted isotropically in the rest frame, but in the lab frame they are
preferentially moving in the ion beam direction, where they can be detected close
to zero degrees with an energy up to a factor 100 higher than in the rest frame. For
spectroscopy, this shift in photon energy means that naturally occurring sources
(as well as activation in the vicinity of the beamlines), will not contribute to the
background. Since the photons will be measured in coincidence with the ion, the
resulting spectrum should be much cleaner than in traditional γ spectroscopy mea-
surements. On a practical side, it also means that it should be possible to replace
the commonly used HPGe detectors with, for instance, LYSO crystals that do not
require cryogenics. One should also note that in contrast to other applications
such as vetoing of incoherent backgrounds in coherent diffraction on heavy ions,
spectroscopy would benefit from a good photon acceptance, but it would not be a
critical requirement.

The production rates of rare isotopes in e+Acollisions have been studied using the
BeAGLE event generator. Figure 7.110 shows the distribution of final nuclei with
statistics corresponding to about 4 minutes of running at the EIC. The left panels
show results for 238U and the right panels for 208Pb targets. In the former case,
medium-mass fragments are produced abundantly through fission. While such
fragments are already on average more neutron-rich than the parent nucleus, the
tails of the mass distribution reach very far from stability. This is already evident in
the simulated sample. For 208Pb, fission is less prevalent, but heavier exotic nuclei
are produced through evaporation following the intra-nuclear cascade. This pro-
cess may be intrinsically less efficient than multi-step fragmentation reactions at
FRIB, but the EIC production rates seem sufficiently high to provide opportunities
for complementary measurements.

Our initial BeAGLE simulations use Fluka for the de-excitation process. Detailed
comparisons between Fluka and codes used at FRIB [1291,1292] and GSI [1293] are
in progress. The goal is to use the latter to make more reliable estimates for the EIC.
Nevertheless, preliminary comparisons suggest a good qualitative agreement.

Experimentally, identification of the produced ions would use the far-forward de-
tectors located 30-50 m downstream of the collision point. The forward spectrom-
eter measures the magnetic rigidity of the ion, which is equivalent to measuring
A/Z. However, in order to uniquely identify an isotope one would need an addi-
tional independent measurement of Z. The most straightforward way to do this
would be to use a small Cherenkov detector behind the tracker in the Roman
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Figure 7.110: Final-state nuclei produced in 4 minutes of beam time in collisions at
1033 cm−2s−1 luminosity between 18-GeV electrons and 110-GeV/A ions. The upper panels
show the full distribution for (a) 238U and (b) 208Pb, while the lower panels zoom in on the
(c) fission region for 238U and (d) evaporation region for 208Pb, respectively.

pot(s). The number of Cherenkov photons produced by an ion is proportional
to Z2, and a heavy ion passing through a few mm of fused silica can produce 105

photons. Adding such a “mini-DIRC” should be relatively straightforward. The
associated R&D challenge would be to find an optimal readout which could count
the photons with desirable precision. Alternative solutions exist, but would be
more bulky (other Cherenkov radiators) or introduce more mass (dE/dx). High-
resolution timing could also provide a helpful constraint.

A rare-isotope program at the EIC would greatly benefit from an excellent forward
acceptance for isotopes that undergo small changes in rigidity compared with the
ion beam (which is equivalent to small changes in pT for light ions). A second
focus on the Roman pots, which has part of the original IR design for the JLab EIC
concept, would thus be highly desirable. However, it is also essential to retain the
highest possible luminosity at the maximum ion beam energies, where most of the
data on heavy ions will be taken at the EIC.
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7.5.7 Interface to High-Energy Physics efforts

A new generation of high-energy physics experiments will deepen our knowl-
edge of the subatomic matter and evolution of the Universe. Particle interactions
through the fundamental strong force are of crucial importance in their own right
and play the key role across many studies, from electroweak precision tests and
Beyond-Standard-Model (BSM) searches at the Large Hadron Collider (LHC) to
high-intensity experiments and neutrino and cosmic ray physics. There is signifi-
cant potential for cross-fertilization between studies of hadronic matter in particle
and nuclear physics experiments. While the EIC will provide essential new inputs
about the structure of nucleons and nuclei for particle experiments, multi-decade
experience of the particle community in QCD studies at colliders can benefit vari-
ous aspects of the EIC program.

The Particle Physics Community Planning Exercise (”Snowmass’2021”) [1294] is
a study organized by the Division of Particles and Fields (DPF) of the Ameri-
can Physical Society to consider all options of interest to the US particle physics
community and to identify a path forward. The Snowmass study is taking place
concurrently with the EIC Yellow Report study. It will inform the Particle Physics
Project Prioritization Panel (P5) and High Energy Physics Advisory Panel (HEPAP)
with recommendations and research priorities for the US Department of Energy
and the US National Science Foundation to pursue.

The EIC will be a unique facility to study electron-hadron/nucleus collisions in a
broad range of center-of-mass energies,

√
s = 29− 141 GeV, and with high lumi-

nosity — about 100-1000 times larger than that achieved by HERA. The versatility
of the machine performance, required by the EIC science, pushes the frontiers of
accelerator science on many fronts [1]. It is hence natural that the EIC Yellow Re-
port and the Snowmass’2021 process cooperatively explore the opportunities that
the EIC and its integrated detector will provide to the HEP community and the
broader scientific community. It is fortuitous that both the European and the US
particle physics communities are engaged in their future planning activities ex-
actly at the time when the US EIC crossed a major milestone of a formal approval
(CD0) by the US Department of Energy. The European Particle Physics Strategy
Update (EPPSU) [1295] concluded in Spring of 2020, and the US particle physics
community is conducting the Snowmass study as this report goes into print. Both
studies proactively engage the high-energy physics communities in exploring op-
portunities for their own interests at the EIC. Community inputs pertinent to the
EIC studies are submitted to the Snowmass process in the form of Letters Of In-
terest, Snowmass Proceedings, and Snowmass Frontier reports (see website for
details [1294].

Hadron tomography: The EIC is expected to have a significant impact on the reach
in precision of hadron scattering experiments at future hadron colliders. The pro-
gram of the High-Luminosity LHC (HL-LHC) is premised on achieving the next-
generation sensitivity to a wide variety of SM and BSM processes. The success
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of this program in testing the SM and performing impact measurements at the
TeV scale is critically dependent upon advancements in knowledge of the inter-
nal structure of hadrons within QCD. As developed in this Yellow Report, the EIC
will undertake a dedicated tomography program to measure the 2+1-dimensional
(dependent on two transverse and one longitudinal direction) structure of the nu-
cleons and a broad range of nuclei [1296]. This program envisions measurement of
observables sensitive to various parton distributions in the proton and other QCD
bound states, including TMDs and GPDs, in addition to (un)polarized collinear
(longitudinal) PDFs. By facilitating controlled extractions of these various parton
distributions and testing relations among them predicted by QCD, the EIC will
provide unique data that will clarify detailed mechanisms of formation of QCD
bound states. The EIC measurements will be confronted with advanced predic-
tions from multi-loop QCD and lattice QCD. While currently fixed-target DIS ex-
periments provide leading constraints on the spin-independent nucleon PDFs at
large x [62, 64] relevant for new-physics searches at the HL-LHC, the EIC will sig-
nificantly advance in constraining these PDFs and separating parton flavors in the
same kinematic region.

Precise determinations of PDFs and TMDs at the EIC will elevate accuracy of
the HL-LHC measurements of electroweak parameters: weak mixing angle and
weak boson mass. For example, precision measurements of the weak boson mass
at the LHC rely on the theoretical formalism of TMD factorization to model the
transverse recoil of weak bosons against QCD radiation. The EIC will constrain
TMD PDFs associated with the nonperturbative radiation from up- and down-
type quarks. The knowledge of the flavor dependence of TMD PDFs will re-
duce an important theoretical uncertainty in the LHC W boson mass measure-
ment [463, 1297, 1298]. These measurements will stimulate theoretical develop-
ments to accurately compute QCD and electroweak radiative contributions, as well
as their interplay, in a consistent framework applying to both the EIC and LHC.

Semi-inclusive DIS, hadron fragmentation, and jet formation: The large range
of beam energies available at the EIC, combined with the fine resolution and par-
ticle identification of the EIC detector, opens a unique venue for exploring for-
mation of hadronic jets, especially the interplay of perturbative QCD radiation
and nonperturbative hadronization. The process of semi-inclusive production of
hadronic states in DIS will measure in detail the flavor composition of the initial
hadronic states as a function of the parton’s momentum fraction x and fragmen-
tation of partons into various hadrons as a function of the momentum fraction
z. At the EIC, it will be possible to study the multiplicity and angular distribu-
tions of final hadronic states as a function of the variable center-of-mass energy
of lepton-hadron scattering events [1299]. These observations will offer unique
insights about the formation of final-state jets, jet substructure and jet angular-
ity, and they will test universality of underlying perturbative and nonperturbative
QCD mechanisms. In turn, production of hadronic jets accompanied by the rel-
evant theoretical advancements will offer novel channels to probe the flavor and
spin composition of the EIC initial states ranging from nucleons to heavy nuclei.
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EIC studies of jet formation and jet properties go hand-in-hand with the LHC jet
physics program, by focusing on aspects of nonperturbative hadronization that are
difficult to access in the complex LHC environment. These observations will guide
the development of advanced parton shower algorithms for event generators used
by LHC experiments.

Heavy-flavor production: At the EIC, heavy-flavor production will play an
important role and will elucidate QCD factorization formalisms (”factorization
schemes”) for processes with massive quarks, as well as the nonperturbative as-
pects of heavy-quark scattering dynamics [1300]. Advanced capabilities for de-
tection of jets containing charmed particles will open avenues for unique mea-
surements, like the determination of the strangeness content of the (polarized) nu-
cleons and nuclei at momentum fractions x > 0.1 [86]. Hypothetical dynamical
mechanisms for massive quark scattering such as ”intrinsic charm” [80] will be
constrained. As an example of unique synergistic capabilities, the construction of
a multi-purpose Forward Physics Facility (FPF) is proposed in the next 5-10 years
in a cavern in a far-forward region of ATLAS to carry out diverse searches for
long-lived particles such as neutrinos and dark bosons [1301]. Production of for-
ward neutrinos in the ATLAS collision point and their detection in the FPF will
proceed through interactions of weak bosons with charm quarks in a proton or a
heavy nucleus, in a similar kinematic region as the one accessed at the EIC. Stud-
ies of charm-quark production at large momentum fractions at the EIC thus can
provide essential theoretical inputs for the LHC FPF program, by measuring the
”intrinsic charm” and other production mechanisms.

Electroweak precision and BSM physics: The combination of high luminosity, the
range of accessible energies, and beam polarization at the EIC opens unique oppor-
tunities for precision tests of the SM and searches for new BSM physics [1302]. A
whole series of observables will be extracted from the measurement of the parity-
violating asymmetry APV in DIS, the unique EIC process that can be studied using
a combination of initial beams and spin polarizations. By tagging on either a final-
state electron or missing transverse energy, the EIC will distinguish between DIS
events mediated by neutral (γ∗, Z) and charged (W±) vector bosons. In neutral-
current DIS, the EIC will measure the less constrained parity-violating structure
function Fγ∗,Z

3 that would access the EW coupling constants gγ,Z
1,5 of the fundamen-

tal SM Lagrangian and look for their possible deviations due to BSM interations.

The difference between neutral-current weak couplings of leptons to up- and
down-type quarks can be measured in the previously unexplored region of boson
virtualities Q = 10− 70 GeV, providing information about the energy dependence
of the weak mixing angle θW . These measurements will impose constraints on BSM
models based on ”dark parity violation” and a leptophobic Z′ boson.

The ability to register various leptonic final states — e, τ, missing transverse en-
ergy — in DIS with either electron or positron beams will be used to look for evi-
dence of heavy elementary particles such as dark photons, extra Z′ bosons and new
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fermionic states. A search for charged-lepton flavor violation in the e+ N → τ + X
channel at the EIC will surpass the HERA collider in searches for massive lepto-
quarks generically predicted by grand unified theories. The kinematic reach of
the EIC will allow one to distinguish between scalar and vector leptoquarks. The
polarization of the EIC beams, alternations between electron and positron beams,
and between hadronic targets will enable versatile tests of leptoquark electroweak
couplings as a function of spin and flavor.

We expect synergy between the EIC and HL-LHC programs of new-physics
searches, especially if periods of operation of the two colliders overlap. The EIC
has the potential to significantly constrain the PDFs and their flavor composition
in the region of large partonic momentum fractions, x > 0.01, where the main con-
straints on the nucleon structure are currently provided by the fixed-target exper-
iments. The measurements of the PDFs at the EIC will not be affected by possible
new physics contributions that may be present in the relevant kinematic region at
the LHC. In addition, EIC searches for indirect signatures of new physics in the
framework of the Standard Model Effective Field Theory (SMEFT) will be com-
plementary to the LHC. The EIC, with its polarizable beams, will likely constrain
dimension-6 SMEFT operators from new physics that cannot be easily accessed at
the LHC. ”Combined fits of LHC and projected EIC data can lead to much stronger
constraints than either experiment alone.” [1302]

Saturation and diffractive effects: The intermediate energy of the EIC will allow
one to examine power-suppressed hadronic contributions and their dependence
on the nuclear target. A large part of the EIC program will be dedicated to the
structure of nuclei probed in high-energy collisions, including shadowing or satu-
ration effects predicted by QCD for the scattering of high-density partonic systems.

To summarize, the numerous instances in which the studies of precision QCD and
hadronic structure at the EIC will impact activities at the Snowmass Energy Fron-
tier include, but are not limited to

• high-energy QCD measurements with accompanying improvements in PDF
precision; measurements of the QCD coupling and heavy-quark masses;

• new knowledge on the gluonic structure of the proton affecting Higgs phe-
nomenology at the HL-LHC;

• TMDs for precision electroweak physics, including determination of the W
boson mass at the LHC;

• in-depth studies of formation and structure of hadronic jets, and of scattering
processes with heavy-quark states;

• improved resolution of nuclear structure and nuclear-medium effects, with
connections to phenomena like ultra-peripheral photonuclear collisions at
hadron colliders;
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• accurate measurements of unpolarized and polarized parton distributions
with large momentum fractions that can be confronted with predictions from
lattice QCD.

These developments will depend on various technical and methodological ad-
vances, including

• next-generation perturbative QCD developments, such as multi-loop QCD
computations, explorations of QCD factorization theorems and resummation
formalisms;

• phenomenological studies of TMDs/GPDs, including QCD fits and model-
based calculations;

• advancements in precise calculations of electroweak radiative effects;

• novel insights from lattice QCD;

• application of artificial intelligence and machine-learning techniques to pro-
ton tomography.

7.6 Connected Theory Efforts

In order to maximize the output of the EIC program, dedicated theory efforts in
various directions are of utmost importance. One example is the calculation of
higher-order QCD corrections, including the resummation of large logarithmic cor-
rections. The status of this field depends on the final state under consideration. It is
also important that data analyses include higher-order corrections as much as pos-
sible. For a number of reasons, also non-perturbative approaches/models will con-
tinue to be essential in the EIC era. They can reveal general, model-independent
results, where the “re-surrection” of the Sivers function, based on a model calcula-
tion [1303], is just one striking example in that regard. Such approaches can as well
provide intuition about non-perturbative quantities and, in particular, allow one to
compute (new) observables which can help to guide the experiments. Also the syn-
ergy with lattice QCD will be absolutely critical. This field has become remarkably
mature by now, thanks to improvements in algorithms, increased computer power
and new conceptual breakthroughs. An example for the latter are new space-like
parton correlators through which, for the first time, the x-dependence of PDFs and
related quantities can be computed directly in lattice QCD. Lattice calculations can
be used to interpret data from the EIC. Moreover, combining information from
lattice QCD with EIC data will (considerably) increase our knowledge about the
structure of strongly interacting systems. An overview of this field in relation to
the EIC science is given in Sec. 7.6.1. Another very important area is QED radia-
tive corrections, as discussed in more detail in Sec. 7.6.2. Extraction of precision
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information about nucleons, nuclei and mesons will be impossible without having
a very good understanding of such perturbative effects.

7.6.1 Lattice QCD

Understanding the internal quark-gluon structure of hadrons from first principles
remains a long-term goal of Nuclear Physics, and has been emphasized, e.g., in
the Nuclear Science Advisory Committee’s Long Range Plan [3]. At the typical
energy scales associated with hadron physics, QCD is not amenable to a pertur-
bative expansion in the strong coupling. The only known approach that captures
the full non-perturbative QCD dynamics involves a discretization of the contin-
uum theory on a 4-dimensional Euclidean lattice, which allows to study QCD via
numerical simulations. This approach, known as lattice QCD (LQCD), provides
a rigorous framework for understanding the non-perturbative aspects of QCD di-
rectly from the underlying fundamental theory. LQCD has advanced significantly
since the first numerical explorations about four decades ago, and has successfully
reproduced many measurable quantities, such as hadron masses. The progress
has enabled lattice calculations to predict new excited and exotic states, some yet
to be discovered experimentally. LQCD also enables many studies of the struc-
ture of hadrons, for example elucidating the decomposition of the proton’s spin
among its constituents. Thermodynamics calculations on a lattice have signifi-
cantly shaped our ideas about properties of QCD matter at high temperatures. The
lattice formulation of QCD is also used for high-precision calculations of standard-
model parameters, studies of confinement, and weak decays. In many of these ar-
eas, LQCD follows a scientific program that strongly aligns with the EIC physics.
Moreover, the synergy between perturbative QCD and LQCD will help the EIC
program reach its full potential and highest impact.

LQCD calculations currently provide the most precise determination of the strong
coupling constant αs. Both phenomenological and lattice calculations have sys-
tematic uncertainties associated with perturbative series truncation. In lattice cal-
culations, however, it is possible to follow the evolution of αs(µ) to high scales
where the perturbative expansion becomes more precise and non-perturbative cor-
rections are negligible2. The only experimental input needed in the LQCD deter-
minations are the quark masses and the overall scale which are determined from
matching to the hadron spectrum and have a negligible impact on precision. The
other important LQCD uncertainty is due to discretization effects, and it can be
progressively improved with more computing. The most recent lattice average
value [1304] has 30% improved precision compared to the 2016 value, and is al-
ready more precise than non-lattice determinations [355]. Non-lattice determina-
tions combine multiple experimental inputs, in particular `N deep-inelastic scat-
tering data, which will be further improved at the EIC. Since lattice calculations

2Current LQCD determination of αMS
s is done from non-perturbative calculations with up to N f = 4 dy-

namical flavors, with perturbative matching at the quark mass thresholds.



250 7.6. CONNECTED THEORY EFFORTS

allow for an entirely independent determination, they will continue to provide an
excellent check for the theory, phenomenology and experiments combined to de-
termine αs.

LQCD calculations have also provided key insights into thermodynamics and
phases of QCD. Among them are precise calculations of the equation of state at
zero baryon density, demonstration that the phase transition is a cross-over, and
determination of its temperature to 1% accuracy. While calculations at nonzero
density are not possible due to the notorious sign problem, significant progress
has been made by Taylor expansion and/or analytic continuation from imaginary
chemical potential, which have yielded lower bounds on the location of the critical
point. Improving these results to full maturity will require expensive computa-
tions of the exaflop scale in the years to come. Novel ideas as well as quantum
computing are currently explored to reach larger baryon densities that correspond
to the lowest-energy RHIC collisions and densities above the critical point.

As discussed extensively above in this Yellow Report, one can obtain informa-
tion on the partonic structure of hadrons through the PDFs and their generaliza-
tions (GPDs and TMDs). These parton distributions are defined through opera-
tors on the light-cone, which is inaccessible in LQCD as it is formulated in Eu-
clidean space. Limited information on those quantities may be accessed through
their Mellin moments, which have been extensively studied in LQCD for the
PDFs and GPDs. However, a systematic calculation of moments beyond the third
nontrivial moment is obstructed due to the decaying signal and power-law mix-
ing between operators. A new field has emerged in recent years, most notably
the so-called quasi-PDFs approach [1305], which connects lattice-calculable ma-
trix elements to light-cone PDFs via a perturbative matching procedure in the
so-called Large Momentum Effective Theory (LaMET) [1306, 1307]. Other ways
to extract the x-dependence of distribution functions have been proposed ear-
lier that are based on the hadronic tensor [1308–1310], as well as auxiliary quark
field approaches [1311, 1312]. Following the work on the quasi-PDFs, a number
of other methods have been developed, such as the current-current correlator ap-
proach [1313–1315], the pseudo-PDFs [1316], and a method based on the operator
product expansion [1317]. These approaches are now widely applied in LQCD, for
the study of proton PDFs, GPDs and more recently TMDs. They have also been
extended to other particles, such as the pion and kaon, mostly for the distribu-
tion amplitudes. It is expected that more studies of the pion and kaon PDFs will
follow using the aforementioned methods to access their x-dependence. Improve-
ments in these calculations will complement the experimental effort, as discussed
in Sec. 7.1.3. Finally, the study of the x-dependence of the PDF of the ∆ resonance
may provide useful insights into hadron structure that cannot be obtained exper-
imentally. For recent reviews of the aforementioned approaches and their imple-
mentation in LQCD, see Refs. [1307, 1318–1320]. The technical advances in LQCD
for the calculation of momentum-boosted hadrons can find application in other
areas. For instance, the momentum-smearing method [1321] can be useful for the
study of nucleon and meson form factors at high momentum transfer. Progress in
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Figure 7.111: Left: The transversity PDF from the JAM global analysis without constraints
from LQCD (yellow band) and with constraints using the lattice estimate for the tensor
charge (red band for the up quark and blue for the down quark) [1322]. Right: The helicity
PDF from the JAM global analysis obtained from experimental data sets only (red bands),
or combined with lattice data (blue bands) [1323].

this direction will complement the experimental program outlined in Sec. 7.2.1.

The range of beam energies and kinematic coverage of the EIC is ideally suited
for measuring PDFs, and the corresponding Mellin moments and compare with
LQCD [62]. Comparisons of accurate EIC measurements can serve as benchmark
quantities for lattice results. Understanding the sources of systematic uncertain-
ties and reproducing well-known experimental results validates the lattice meth-
ods. Having confidence in the lattice methodologies, promotes the exploration of
a variety of quantities, such as spin-dependent PDFs (for instance, the transver-
sity distribution) which are difficult to access experimentally. Along those lines,
the progress of lattice calculations in obtaining Mellin moments of PDFs and x-
dependent distribution functions, is of interest to the phenomenological commu-
nity analyzing experimental data sets to extract the distribution functions. In par-
ticular, lattice data are now beginning to be incorporated into global analyses on
similar footing as the experimental data sets. This leads to improved estimates of
PDFs, particularly in regions where the experimental data are either sparse, impre-
cise, or non-existing. Synergy between phenomenology and LQCD already lead
to better estimates of the transversity PDFs by using lattice results for the tensor
charge [1322]. The left panel of Fig. 7.111 shows how the lattice data constrain
the JAM Collaboration global fits, based on SIDIS data, of the up-quark and down-
quark transversity PDFs. As can be seen, the accuracy of the PDFs is improved by a
factor of 3–4, demonstrating the constraining power of LQCD results. Lattice data
on the helicity PDFs were also included within the JAM global analysis framework,
and the combined helicity PDFs is shown in the right panel of Fig. 7.111 [1323].
Here, compared to experiment alone, the combined analysis reduces the uncer-
tainties by a factor of 3–6 depending on the x region. This holds for both the quark
and antiquark contributions. Along similar lines, further possibilities for synergy
between LQCD and global QCD fits exists for a variety of other quantities, such as
the (x-dependent) transversity PDF, twist-3 PDFs, GPDs and TMDs. The extraction
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of those functions from the experimental data depends, to some extent, on mod-
els, and the LQCD data can therefore be very valuable. Exploratory studies within
LQCD exist for the aforementioned quantities [1324–1329]. Other possibilities for
synergy are better constraints in the low- and intermediate-x regions. It should be
noted that, currently, the small-x region, as well as the large-x region, cannot be
accessed reliably through LQCD calculations, as extremely fine lattice discretiza-
tions and large lattice volumes are required. Nevertheless, combining the lattice
data and the experimental data helps to constrain a wide range of the kinematic
regions. It is expected that, within the next few years, more combined analyses
will be available, utilizing lattice results from the various approaches mentioned
above.

The EIC provides a unique tool with which to probe the modification of the par-
tonic structure of the nucleon in nuclei. Along with precise studies of nuclear
modification of the unpolarized PDFs through the F2 structure function, the fa-
mous EMC effect [45, 100, 852, 1330], it will also provide access to a polarized ana-
log [1284, 1331–1333]. LQCD calculations of moments of parton distributions in
light nuclei are just beginning [1334] and in the coming years will improve signifi-
cantly. It is expected that LQCD predictions for the spin and flavor dependence of
EMC-like effects will be available before EIC begins taking data. Additionally, the
EIC will enable studies of double-helicity-flip structure functions of nuclei with
spin J > 1

2 ; these distributions isolate contributions of exotic nuclear gluons that
cannot be localized to the individual constituent nucleons. First attempts to access
moments of this distribution for the deuteron have been made [1335] and will be
improved upon in the coming years.

LQCD can also play an important role in tests of electroweak and beyond-
Standard-Model physics at the EIC. As one example, the polarization asymme-
try in eD scattering provides a method for extracting the weak mixing angle,
θW [1096]. In the limit that charge symmetry violation is neglected (up quarks
in the proton are the same as down quarks in the neutron) and sea-quark effects
are negligible (s − s = 0), the asymmetry is independent of hadron structure for
Q2 → ∞ [1336]. However, in reality these approximations limit the precision with
which θW can be extracted and even rudimentary LQCD calculations of up − dn or
s− s or their moments will enable better determinations.

7.6.2 Radiative corrections

In many nuclear physics experiments, radiative corrections quickly become a dom-
inant source of systematics. In fact, the uncertainty on the corrections might be the
dominant source for high-statistics experiments. It is therefore important to have
a good understanding, both experimentally and theoretically, of this important is-
sue. The following discussion mainly focuses on QED radiative corrections.
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Figure 7.112: Typical Feynman diagrams describing first-order radiative corrections for DIS,
ep/A→ eX.

Introduction: Radiative processes can roughly be divided into several groups —
see the diagrams in Fig. 7.112 as an example for DIS. The first-order radiative di-
agrams relative to the base process (a) include an additional photon. The effect
of the self-energy diagrams of type (b) and the vertex correction in diagram (c),
can be combined using the QED Ward identity, and absorbed in the electron wave
function renormalization. The dominant QED contribution to the vacuum polar-
ization (d) can be calculated exactly in QED. Hadronic vacuum polarization can
best be extracted from measurements — see e.g. Ref. [1337] for a recent analy-
sis. Corrections described by Feynman diagrams with photons attached on the
hadron side are harder to handle. Even in the easiest case of elastic scattering,
they depend on the hadronic substructure. In the case of DIS, photons can be
radiated by one of the quarks in the hard scattering process. Two-photon ex-
change, very topical currently in the discussion of the puzzle of the proton form
factor ratio, requires additional information about the hadron structure, and so far
eludes accurate theoretical treatment even for elastic electron-proton scattering —
see e.g. Refs. [1338–1340].
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Correction terms described by Feynman diagrams with loops of the type (b)–(e) do
not change the observed kinematics. In the lowest order, they contribute via the
interference term of (a) with the sum of (b)–(e), and are naturally suppressed by a
factor of the fine structure constant α, which stems from the two additional photon
vertices. However, due to the loop integrals their contribution can be enhanced be-
yond this level. These graphs (b)–(e) contain ultraviolet and infrared divergences.
The former can be treated using various schemes, for example dimensional regu-
larization, and are absorbed in renormalization constants. The latter remain and
cancel at the level of the cross section with the graphs of type (f) and (g), where an
additional photon exists in the final state. These real radiation corrections have to
be taken into account since scattering accompanied by soft photons cannot be dis-
tinguished experimentally from the elastic scattering. The cancellation of infrared
divergences between virtual and real radiative corrections is proven to be correct
to all orders [1341].

Since the final state is different, diagrams (f) and (g) do not interfere with those
of types (b)–(e). In contrast to those, for finite photon momenta, they change the
observable final-state kinematics. This makes corrections dependent on the exper-
imental acceptance. The cross section drops typically inversely proportional to the
photon energy. However, for radiation from the lepton line, there is an additional
enhancement. Since the photon carries away energy, reducing Q2 for the same
electron scattering angle, the cross section is enhanced. In extreme cases, where
the photon carries away almost all the lepton energy, the radiative cross section
can be (much) larger than the elastic one.

Peaking approximation: Photon radiation is dominated by emission that is (al-
most) collinear with the emitting particle, but with a tail extending to large angles.
Assuming strictly collinear radiation leads to the common peaking approxima-
tion [1342], where the particle scattering angles are unmodified. However, this is
not exact, and for high-precision predictions for cross sections one has to take into
account non-collinear photon radiation.

Expected size, higher orders and uncertainty: Because of the acceptance and res-
olution dependence of radiative corrections, absolute numbers for the effect and,
more importantly, its uncertainty, strongly depend on the details of the experimen-
tal conditions. Numerical effects of a couple of tens of a percent are easily possible.
Calculations for DIS (see Ref. [1343] for a recent study), specifically, show that ra-
diative corrections can be very large, in particular at small x and at large inelasticity
y, with a strong sensitivity to the exact treatment of the radiative corrections.

Especially when first-order corrections are large, one should ask whether un-
known higher-order effects will induce large uncertainties for the cross section
predictions. In the soft-photon approximation, one can estimate such higher-order
corrections since they are known to exponentiate to all orders [1341,1344]. In prac-
tice, this exponentiation is often used even for non-vanishing photon momenta,
but this approach does not capture all important higher-order corrections. In par-
ticular, there are logarithmically enhanced contributions due to hard collinear pho-
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tons. Those can also be estimated [1345,1346], and recent work provides a practical
way to include them based on an approach which factorizes leading logarithms
into structure functions [1343]. Faithful error estimates require an accurate calcu-
lation of the second order, which recently became available [1347,1348]. Results so
far show that second-order QED corrections are comparatively small.

While classically, radiative corrections were applied post-hoc to the data as a cor-
rection factor (see Ref. [1349] for a discussion of the so-called Dubna scheme [1350]
and a comparison with the Mo and Tsai scheme [1342]), this approach quickly
reaches uncertainty limits, especially when complicated acceptances come into
play. Most modern experiments therefore use Monte Carlo integration with gener-
ators including radiative effects [1351,1352] (see also Ref. [1095] for a recent update
of the Monte Carlo program DJANGOH) to extract physics in their analysis, as has
been done in the HERA experiments H1 and ZEUS.

It is important to note that the size of the corrections and the size of their un-
certainty are generally unrelated. This means that, depending on the situation, a
reliable calculation of large corrections may be feasible while, on the other hand,
numerically small corrections may have large (absolute) uncertainties. Particularly
relevant are acceptance-dependent contributions to the corrections since they de-
pend on experimental conditions which may not be known with good precision. It
may be possible that acceptance cuts, for example on the accepted energy deficit,
can be chosen such that the total radiative corrections are small, but uncertain-
ties from neglected higher orders are large, whereas a different cut would produce
larger corrections, but minimize the influence of neglected terms. Additionally,
an uncertainty on the acceptance cut may induce uncertainties on the corrections
which may be difficult to estimate.

Polarization degrees of freedom: For measurements using polarization degrees
of freedom, the situation is even more complex. On the one hand, two-photon-
exchange corrections on extractions of the proton form factor ratio from experi-
ments using polarization are generally expected to be small compared to the effect
on Rosenbluth-type measurements — similar to common normalization uncertain-
ties, they are suppressed in asymmetries. On the other hand, measurements of po-
larization transfer observables exhibit so far theoretically unexplained deviations
from their Born prediction [1353]. For semi-inclusive DIS, calculations for arbitrary
polarization of the initial-state nucleon can be found in Ref. [1354].

Monte Carlo methods: The structure of initial-state and final-state radiation makes
the development of efficient MC generators a particularly hard problem. In con-
venient parametrizations of the scattering kinematics, cross sections vary by many
orders of magnitude. A MC generation with weighted events is then very ineffi-
cient. Hence, also naive rejection sampling methods to un-weight events do not
work, as the ratio of accepted events is then approaching zero. Approaches us-
ing automatic volume reweighting are challenged by the high derivatives near the
peak cross section. The analytic structure has therefore to be exploited in order
to generate events suitably and efficiently. For the fixed-target elastic case, mul-
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tiple generators for first-order (partly including soft-photon exponentiation) exist
(see, for instance, Refs. [1339, 1355–1357]). They use different ways to keep event
weights constant or low-variance, improving MC efficiency. Recently, higher-order
MC generators became available [1347,1348]. It should be straightforward to adapt
these generators to the situation at a collider. However, extra work is needed to val-
idate the calculations since numerical precision and efficiencies strongly depend
on the kinematic conditions.

QCD radiation and new directions: Treating radiative effects as corrections to
some Born-level base process becomes increasingly difficult for reactions beyond
DIS. On the other hand, QCD higher-order graphs bear a close resemblance to
those QED diagrams, and a unified approach handling both QCD and QED effects
is possible. Based on the factorization theorem, it is possible to describe resummed
leading logarithmic higher-order corrections with the help of distribution and frag-
mentation functions [1343]. Partons and photons can be treated democratically in
the event generation, allowing for the resummation of higher-order corrections in
the form of parton showers [1358]. This approach is currently implemented in the
main HEP generators [1359].

The way forward: While the theoretical treatment of QED radiative corrections is
well established, some questions remain, especially when hadronic effects come
into play. Experimental validation is then required, and allows us to extract new
information about these processes, transforming radiative corrections from a nui-
sance in the extraction of physics to a physics goal. For example, an exclusive mea-
surement where the photon is detected, can give additional important information
about the internal structure of the target. Deeply-virtual Compton scattering is an
example.

The ability to change the lepton charge, that is, to collide positron as well as elec-
tron beams with nucleons and ions, offers a powerful tool to control radiative cor-
rections [1360]. Most importantly, the next term beyond the leading single-photon
exchange, is directly accessed via the ratio of positron to electron scattering, as
has been pursued in experiments at DESY [1339], Jefferson Lab [1361] and VEPP-
3 [1362]. Positron beams also offer unique opportunities to access flavor separa-
tion of parton distributions and new electroweak structure functions, using the
charged-current electroweak interaction, as well as access to beam charge asym-
metries to determine GPDs via deeply-virtual Compton scattering. A possible
program for JLab-12 is described in Ref. [364]; similar physics opportunities would
exist for an EIC. Realization of a positron beam at Jefferson Lab before the advent
of EIC would be very desirable in terms of achieving a better understanding of the
radiative corrections to electron scattering.

Experiment design can be instrumental in reducing uncertainties. Here, progress
thus far has been limited by the lack of suitable MC generators that apply in col-
lider kinematics, a deficit which is currently being addressed. In parallel, it seems
prudent to consider a systematic experimental test of radiative correction proce-
dures once the EIC becomes operational. This will likely require a dedicated de-
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tector/beam configuration to enhance sensitivity to particular kinematics, where
such corrections are large — see, for instance, Ref. [1363]. It seems important to
organize a dedicated effort focused on radiative correction generator development
and experimental validation in the EIC era.

Summary: Radiative corrections introduce an important uncertainty, and experi-
ment design should take them into account, not only to minimize their effect, but
also as a physics goal itself. While significant progress in the theoretical treat-
ment has been made, there is still some way to go, especially in the description of
electron-nucleus scattering. Also, more work must be done to either include ra-
diative MC generators, or include radiative effects into existing generators. There
appear to be no real fundamental problems, but the amount of work required is
substantial, and such efforts must be supported by the EIC community. Further-
more, a whole class of new theoretical developments is needed to obtain radiative
corrections for higher-twist contributions that can be measured at the EIC. A more
detailed snapshot of the current state is reflected by the contributions to a recent
ad-hoc workshop at the Center for Frontiers in Nuclear Science [1364, 1365], the
first in a series of meetings on this topic, with the next meeting planned for the
first half of 2021.



Chapter 8

Detector Requirements

The detector requirements best suited for the EIC physics opportunities have been
under discussion for many years. The new collider is planned to accelerate a va-
riety of ion beams, polarized electron and light nuclei species over a broad range
of center of mass energies. Building on the experience from HERA at DESY, the
first complete set of requirements for the EIC was documented in the EIC White
Paper [2]. These developments were further advanced by the Detector Require-
ments and R&D Handbook [1366]. The EIC physics program scope was consid-
ered in terms of several physics processes. Specifically, both White Paper and the
R&D Handbook studies considered inclusive, semi-inclusive, exclusive reactions
and diffractive processes, much like the Yellow Report working groups (apart from
processes with jets and heavy quarks in the final state).

The EIC “general-purpose detector” requirements outlined in the Handbook were
based on expected event geometries at the EIC and the kinematic coverage in the
context of each of these processes. Some of the experimental apparatus capabilities
are essential for the entire physics program. Examples include high precision lu-
minosity monitors and polarimeters. The other universal requirement is high pre-
cision/high resolution scattered electron reconstruction (and identification). For
all the processes involving final state particles in the central region, magnet design
considerations become inseparable from charged particle tracking, when ensuring
desired momentum resolution. In addition to the above requirements, it was al-
ready known that studies involving SIDIS reactions and processes with jets and
heavy quarks would require extended hadron identification over broad momen-
tum and rapidity ranges, full azimuthal coverage, and excellent vertexing resolu-
tion. The jet performance is known to be coupled to the precision of the hadronic
and electromagnetic calorimeters. Exclusive reactions and diffractive processes
imposed even more constraints on calorimetry. It is essential for such reactions
to accurately reconstruct all the particles in the event; achieving such reconstruc-
tion with sufficient accuracy requires using numerous detector components. Thus
exclusive and diffractive reactions demand hermeticity of the setup while also

258
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adding the additional requirement of precision far-forward detectors.

Figure 8.1: A schematic showing how hadrons and the scattered lepton for different x−Q2

are distributed over the detector rapidity coverage.

The summary of the previously developed detector requirements from the De-
tector R&D Handbook [1366] was used as a starting point for the Yellow Report
studies. A sketch of the EIC generic detector outline is shown in Fig. 8.1. The
coordinate system for all the plots in this chapter is defined as indicated in the
sketch: the hadron beam goes in the positive z-direction (θ ∼ 0◦) while the elec-
tron beam moves in the negative z-direction (θ ∼ 180◦). Positive pseudorapidities
η > 0 are associated with angles θ < 90◦, and negative pseudorapidities η < 0 are
for particles with θ > 90◦. For the central rapidity region, the starting generic de-
tector configuration assumes near hermetic coverage. Initially, the pseudo-rapidity
range of±4 was taken (later in the process, a±3.5 units with reduced performance
of up to 4 was found more realistic). A very low material budget for the central
tracking region not exceeding 5% of X/XD is needed with a tracking momentum
resolution in under the 5% range. Reliable electron identification (and thus sig-
nificant pion suppression of 10−4) was one of the program’s critical requirements.
The spatial resolution of the primary vertex was assumed to be ∼ 20 micrometers
level. Efficient hadron identification at the 3σ level was accepted for pions, kaons,
and protons, reaching to about 7 and 50 GeV/c at mid-to forward rapidities, re-
spectively.

In addition to the central region instrumentation, the region most relevant from
requirements standpoint for exclusive and diffractive processes is situated beyond
the main detector. This region is known as the far-forward area. This unique area
allows particles that have extremely small scattering angles to be detected. In the
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Figure 8.2: Geometric layout of the far-forward area setup in the hadron going direction at
very small θ. The green boxes denote the dipole magnets; the blue rectangles denote the
quadrupole focusing magnets; the gray tube is a simple representation of the beam pipe
in the drift region where many of the far-forward protons and neutrons are detected. A
detailed engineering design of the beam pipe is currently in progress. Blue π− and red
proton tracks originating from Λ decays are shown, of importance to the meson structure
studies, see Sec. 8.5.2.

hadron going direction, this area includes Roman Pots (RP), off-momentum detec-
tors (OMD), a B0 tracker, and a Zero Degree Calorimeter (ZDC), see Sec. 11.6 for
more details. In Fig. 8.2, the geometric layout of the far-forward region of the IR
is shown, together with a tentative conceptual design of the far-forward particle
detectors, see caption for details. The details of the emerging requirements for this
far-forward area are discussed in the following.

The table, depicted in Fig. 8.3 below, is taken directly from [1366], and summarizes
all the requirements and the outlined detector performance expectations for the
central rapidity region as a function of pseudo-rapidity. These requirements were
parameterized for fast simulation studies in the first official release of EICSmear,
a Monte Carlo package allowing fast smearing of simulated events to study the
effects of detector resolution for EIC [1367]. They were used for subsequent devel-
opments of this report as discussed in the following subsections.

8.1 Inclusive Measurements

Inclusive reactions may be divided into two types of interactions – those that pro-
ceed via the exchange of a virtual photon or Z boson, referred to as neutral cur-
rent (NC) events, and those that proceed via the exchange of a charged W boson,
referred to as charged current (CC) events. By definition, inclusive reactions do
not place any constraints on the flavor of the interaction that occurs at the boson-
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Figure 8.3: Summary of the EIC Detector requirements from the R&D Handbook 8.3.

quark vertex or the type of particles produced in the final state. As a result, in-
clusive channels are sensitive to a range of QCD, electroweak and beyond-the-
standard-model (BSM) processes and provide a wealth of physics opportunities.
Examples include spin-averaged and spin-dependent nucleon and nuclear parton
distributions functions, non-linear QCD and higher twist effects as well as CPT
and Lorentz symmetry violating measurements.

8.1.1 Reconstruction of kinematic variables

For inclusive reactions the kinematics of the interaction are reconstructed by either
detecting the scattered beam electron, or by reconstructing the hadronic recoil. In
the case of electron reconstruction the following definitions for x, Q2 and y are
used:

Q2 = 4EE′ cos2 (θe′
p /2) y = 1−

E′(1− cos θe′
p )

2E
x =

Q2

sy
(8.1)

where s is the center-of-mass energy, E and E′ are the energy of the incoming and
scattered electron and θe′

p is the angle of the scattered beam electron measured with
respect to the incoming proton axis (+z). If the hadronic recoil is used to reconstruct
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the event kinematics, then the Jacquet-Blondel definitions are used instead:

Q2
JB =

p2
T

1− yJB
yJB =

(E− pz)

2E
xJB =

Q2
JB

syJB
(8.2)

where p2
T = (∑h Px

h )
2 + (∑h Py

h )
2 and (E − pz) = ∑h(Eh − pz

h) are summed over
the all of the final state hadrons in the event. For CC channels, JB reconstruction is
the only option, while for NC channels it is possible to use electron, JB or a mixture
of electron and hadronic reconstruction techniques. Typically, JB reconstruction is
used for events with small y, as the x and y resolutions decrease rapidly in this
region for the electron reconstruction variables.
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Figure 8.4: Differential yields for neutral-current interactions binned in x and Q2 for four
proposed center-of-mass energies. These plots were created using the PYTHIA6 event gen-
erator with cuts of Q2 > 0.5 GeV2 applied on the generated particles. Radiative effects are
not included.

The x vs Q2 coverage for NC electron reconstruction for four e+p beam configura-
tions, 18x275, 10x100, 5x100, 5x41 GeV are shown in Figures 8.4a - 8.4d.
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8.1.2 Kinematic phase space

The first step in defining detector requirements for the inclusive channels is to
identify the kinematic regions in scattering angle θe′

p and momentum pe′ for the fi-
nal state electrons, photons and hadrons. Figures 8.5a-8.5d show the momentum-
θe′

p distributions of the scattered beam electron for four beam e+p beam configura-
tions, 18x275, 10x100, 5x100, 5x41 GeV. As expected, the electron typically scatters
in the backward direction, between −3.5 < η < 1. The average momentum of the
scattered electron increases with

√
s and Q2, peaking at mid-to-forward rapidities.
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Figure 8.5: Polar plots of yields for scattered electrons in NC interactions binned in θe′
p and p

for four proposed center-of-mass energies. These plots were created using the Pythia6 event
generator with cuts of Q2 > 0.5 GeV2 applied at the vertex level. Radiative effects are not
included.

The distributions in 8.5a-8.5d only show the kinematics of the scattered beam elec-
tron with a minimal cut of Q2 > 0.5 GeV2. Figure 8.6a shows the enhanced electron
yield in the far forward regions, due largely to hadronic and leptonic decays. Fig-
ure 8.6b shows the same distribution for the scattered electron with (10< Q2 <100)
GeV2 cuts applied.

Figures 8.7a - 8.7d show the momentum-θh
p distributions of the hadronic recoil
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Figure 8.6: Polar plots of yields for detected electrons in NC interactions binned in θe′
p and

p for 18x275 beam configuration. The left plot includes scattered and decay electrons. The
right plot is the scattered electron distribution but with a 10 < Q2 < 100 GeV/c2cut applied.
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Figure 8.7: Polar plots of yields for scattered hadrons in NC interactions binned in θe′
p and p

for four proposed center-of-mass energies. These plots were created using the Pythia6 event
generator with a cut cut of Q2 > 0.5 GeV2 applied at the vertex level.
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in NC events for the four canonical beam configurations. The yield and average
momentum are highly peaked in the proton beam direction. The accuracy of the
JB reconstruction method relies on detecting as much of this hadronic recoil as
possible, motivating forward coverage for both electromagnetic (for photons) and
hadronic calorimeters. Distributions for neutrons, protons and photons are docu-
mented in the inclusive reactions wiki1. The same distributions produced by the
DJANGOH event generator are nearly identical to those generated by Pythia6 and
may be found on the inclusive reactions wiki as well.

(a) e+p CC 18x275 GeV (b) e+p CC 18x275 GeV

Figure 8.8: Polar plots of yields for photons (left) and hadrons (right) in CC interactions
binned in θ

h/γ
p and p for 18x275 GeV beam configuration.

Charged Current events also rely on the JB reconstruction method so it is critical to
investigate the electromagnetic and hadronic recoil in CC events. Similar to the NC
case, Figures 8.8a and 8.8b show a highly peaked distribution in the far forward
region. However, in constrast to NC events, there is a much larger, higher momen-
tum tail extending into the mid-forward rapidity region. The photon distributions
are very similar to the hadron distributions, reinforcing the need for continuous
electromagnetic and hadronic calorimeter coverage through the mid-rapidity re-
gion and as far possible into the forward region.

8.1.3 Electron acceptance and particle identification

The detection and identification of the scattered electron is critical for nearly all
inclusive reaction channels. The exception is the CC channel, where the resulting
neutrino escapes undetected, and the kinematic reconstruction relies completely
on the detection of the hadronic recoil. In those cases no particle identification
(PID) is necessary, only energy and momentum reconstruction.

The minimum electron momentum that can be detected is set by the proposed ac-
ceptance of−3.5 < η < 3.5 and the magnetic field of the detector. Figure 8.9 shows
the limits placed on Q2, x and y due to the detector acceptance for 18x275 GeV NC
events. The vast majority of the inclusive channels require a Q2 > 1 GeV2 and
W2 ¿ 4 GeV2 cut for interpretation within a pQCD framework. These requirements

1https://wiki.bnl.gov/eicug/index.php/Yellow Report Physics Inclusive Reactions
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alone exclude nearly the entire available phase space for η < −3.5. The conclusion
is that inclusive reactions with these kinematic cuts do not require detection capa-
bilities beyond η = −3.5. By their nature, gluon saturation, color glass condensate
and low Q2 photo-production studies do not have these requirements and would
likely utilize detectors in the far backward region.
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Figure 8.10: The PMIN of the scattered e− vs
detector η. In the central, central-backward
region, the scattered e− momenta extend
down to 0.3-0.5 GeV/c. These calculations
do not include magnetic field effects.

In addition to the minimum Q2 require-
ment, a y < 0.95 cut is typically applied in
order to maintain a reasonable Q2 resolu-
tion. Figure 8.10 shows the minimum mo-
mentum, PMIN, of the detected electron as
a function of detector η. This figure does
not account for any acceptance losses at low
momentum due to curvature in the mag-
netic field. Once included, the minimum
momentum is likely to be ∼ 500 MeV/c.

Electron PID is required to suppress two
types of backgrounds. The largest back-
ground comes from the significant rate of
same-sign charged pion production. Fig-
ures 8.11-8.14 show the scattered e− and π−
yields, normalized to the number of thrown
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events, for each center-of-mass configuration and as a function of particle momen-
tum for six bins in the range−3.5 < η < 3.5. The dashed grey lines mark the PMIN
of the detected electron for the given η bin. Table 8.1 documents the maximum
π−/e− ratio, for p > PMIN, in each beam configuration and η bin. Note, bins with
negligible e− rates above PMIN are omitted from the table.
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Figure 8.11: Event normalized e−(black), e+(red) and π−(blue) yields for the 18x275 GeV
beam configuration. The dashed line marks the PMIN for electrons detected in that η bin.
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Figure 8.12: Event normalized e−(black), e+(red) and π−(blue) yields for the 10x100 GeV
beam configuration. The dashed line marks the PMIN for e− detected in that η bin.
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Figure 8.13: Event normalized e−(black), e+(red) and π−(blue) yields for the 5x100 GeV
beam configuration. The dashed line marks the PMIN for e− detected in that η bin.
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Figure 8.14: Event normalized e−(black), e+(red) and π−(blue) yields for the 5x41 GeV beam
configuration. The dashed line marks the PMIN for electrons detected in that η bin.

The most stringent constraints on the detector electron PID capabilities come from
the longitudinal double spin and the electron parity violating asymmetries, ALL
and Ae

PV . The pion contamination has two effects; it inflates the statistical errors
and incurs an associated systematic error. In the case of ALL the raw asymmetry is
typically corrected for the measured pion Aπ

LL and the statistical errors from both
asymmetries combined appropriately. The PID systematic error for ALL is then
proportional to the uncertainty on the pion contamination. Assuming the uncer-
tainty is an order of magnitude less than the contamination, the ALL measurement
can tolerate contamination of ∼ 0.01 π−/e− before becoming systematically lim-
ited. For Ae

PV the pion asymmetry Aπ
PV is typically consistent with zero, so the pion

contamination acts as a pure dilution. In this case the associated PID systematic
error incorporates the statistical uncertainty on the Aπ

PV measurement and is dom-
inated by a term that is proportional to the fraction of pions in the reconstructed
electron sample. A conservative upper limit of 1× 10−3 π−/e− pion contamina-
tion is set by requiring the associated systematic error to be less than 10% of the
statistical error. This estimate is based on the statistical errors shown in Figure 7.18
and the systematic error formulation outlined in Eq. 3.12.2 in Ref. [1368].

The original estimate of the π− suppression at the detector level (Fig. 8.3) was 104

for−3.5 < η < 1. Applying this factor to the maximum π−/e− rates (column 4) for
electrons with momentum greater than Pe−

min (column 3) gives the expected fraction
of pions in the reconstruction electron sample (column 5) indicated in Table 8.1.
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Ee−
beam (GeV) η bin Pe−

min (GeV) Max π−/e− final π−/e− ratio

18 (-3.5,-2) 0.9 200 0.02
18 (-2,-1) 0.9 800 0.08
18 (-1, 0) 1.0 1000 0.1
18 (0, 1) 1.8 100 0.01
10 (-3.5,-2) 1.4 10 0.001
10 (-2,-1) 0.5 400 0.04
10 (-1, 0) 0.6 800 0.08
10 (0, 1) 1.0 1000 0.1
5 (-3.5,-2) 2.8 0.1 0.00001
5 (-2,-1) 0.4 100 0.01
5 (-1, 0) 0.3 500 0.05
5 (0, 1) 0.5 1000 0.1

Table 8.1: The minimum detected e− momentum (column 3), the maximum π−/e− ratio for
electrons with pe− > Pe−

min (column 4) and the final π−/e− ratio after the 104 suppression de-
termined for the original baseline detector (column 5) for each e− beam energy and scattered
electron η bin. The calculation of Pe−

min includes a Q2 > 1 GeV2 and y < 0.95 requirement.

The goal of 1% contamination for ALL is never met for the highest beam energy.
The situation improves for lower energy beams but is still not sufficient for η >
−1(−2) for the 5 (10) GeV e− beams.

The situation for Ae−
PV is even more dire, with only the far backward region for

the two lowest energy beams meeting the desired 1 × 10−3 π−/e− contamina-
tion. The updated estimate for the π− suppression at the detector level maintains
the 104 suppression for only the −3.5 < η < −2 bin, but decreases it to 103 for
−2 < η < −1 and then 102 for −1 < η < 1. The effect is a significant reduction in
the constraints on the quark and gluon PDFs. This is demonstrated by comparing
Fig. 7.6, which assumes a flat 1% systematic error, to Fig. 8.15 which incorporates
the η dependent systematic errors associated with the original uniform 104 sup-
pression (left) and updated estimate that decreases to 102 at midrapidity (right).

It is worth noting that π− suppression may be enhanced through software pion
ID algorithms that were not included in these studies and are expected to increase
pion suppression by factors of 2-4. Further studies that incorporate realistic de-
tector materials and response to hadronic interactions are necessary to robustly
evaluate π− suppression capabilities.

Pair-symmetric production of e− constitutes the second most significant back-
ground contribution to inclusive channels. These electrons are the result of pair-
production via interactions of the scattered electron with detector material and
Dalitz decays. The pair-symmetric contribution to the total e− yield is represented



CHAPTER 8. DETECTOR REQUIREMENTS 271

10−4 10−3 10−2 10−1 x

0.2
0.4
0.6
0.8
1.0
1.2
1.4

δEIC/δ

JAM

uv
dv

d̄+ ū
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d̄− ū
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Figure 8.15: Constraints on quark and gluon PDFs due to the inclusion of Ae−
PV as measured

at the EIC. The left/right side incorporates systematic errors from the original/updated EIC
Handbook detector matrix.

by the red e+ distribution in Figures 8.11-8.14. Robust evaluations of the size of the
pair-symmetric background require simulation of the full material budget. Correc-
tions are typically based on a combination of dedicated systematic runs (with a re-
versed magnetic field for example) and analysis level-algorithms that discriminate
between the scattered electron and pair-symmetric backgrounds.

8.1.4 Resolution and bin migration effects in electron reconstruction.

The resolution on the reconstruction of x, Q2 and y via electron detection in NC
events was evaluated by passing 10 f b−1 of 18x275, 10x100 and 5x100 GeV neutral
current pseudo-data through the EICSmear fast simulation package. The pseudo-
data was produced using the DJANGOH event generator with full radiative effects
turned on. The EICSmear package implements a one mRad smearing in θ and φ
and an energy resolution of 2%⊕ 1%, 7%⊕ 1%, 12%⊕ 2% for the backward, mid
and forward electromagnetic calorimeters.
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Figure 8.16: Energy resolution as a function of
e− energy for the backward, central and forward
electromagnetic calorimeters.

The resolution ∆x/x and ∆y/y can be
shown from Eqs. 8.2 to diverge as y →
0. Indeed the plots in Figure 8.17 show
that ∆y/y and ∆x/x diverge at small y.
The resolution on the reconstruction of
x also develops a systematic offset with
a subset of high x events being recon-
structed with very low x. This offset
originates from the large positive fluc-
tuations of y, due to the increasing poor
resolution at low y, which then lead to
the suppression in x. The plots in figure
8.18 show that this offset effect is miti-
gated once a y > 0.01 cut is applied.
Similarly, as y→ 1 the scattered electron energy and θe′

p become small. Figure 8.16
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shows that the resolution on the reconstructed energy degrades as the the scatter-
ing goes more forward, motivating a y < 0.95 cut as well.

With the appropriate inelasticity cuts established it is important to evaluate the pu-
rity and stability for the detector resolutions proposed in the detector matrix. The
purity is defined as the fraction of events reconstructed in a given bin that were
generated in the same bin. It reflects the bin migration into a reconstructed kine-
matic bin (xR, yR, Q2

R). The stability is defined as the fraction of events generated
in a given bin that were reconstructed in the same bin. It reflects the migration
of events outside of a generated kinematic bin (xG, yG, Q2

G). For a given detector
configuration, the x and Q2 binning should be optimized in order to maximize
both purity and stability and therefore minimize the size and systematic errors as-
sociated with kinematic corrections. In an effort to test the proposed calorimeter
resolutions the process was reversed, with the binning first chosen to be five bins
in x and 4 bins in Q2 per decade. Figures 8.19a - 8.19b show that the purity and
stability are both well above 30% for all bins, the typical lower limit deemed ac-
ceptable in HERA analyses. The conclusion is that, with the y > 0.01 cut applied,
the current detector resolutions are sufficient.
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Figure 8.17: Resolutions, defined as (reconstructed - true)/true, for kinematic variables in
NC 18x275 GeV events. The ineleasticity is require to be y < 0.95
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Figure 8.18: Resolutions, defined as (reconstructed - true)/true, for kinematic variables in
NC 18x275 GeV events. The inelasticity is required to be 0.01 < y < 0.95

.
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Figure 8.19: The purity (left) and stability (right) for 18x275 GeV (top), 10x100 GeV (middle)
and 5x100 GeV (bottom) beam configurations.

8.1.5 Acceptance, resolution, and bin migration effects in Jacquet-Blondel re-
construction

The resolution on the reconstruction of x, Q2 and y via hadronic reconstruction
in either CC or NC events was evaluated by passing 10 f b−1 of 18x275 GeV NC
and CC pseudo-data through the EICSmear fast simulation package. The pseudo-
data was produced using the DJANGOH event generator with full radiative ef-
fects turned on. In addition to the EICSmear settings described in the previous
section, the barrel hadronic calorimeter resolution was set at 85% ⊕ 7% and the
back/forward hadronic calorimeters at 45%⊕ 6%. Here the ⊕ symbol represents
a quadrature sum.
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Figure 8.20: The η distribution of all final state
hadrons and photons with (blue) and without
(black) the nominal acceptance cut for 18x275
GeV beam configuration.

As demonstrated in Figures 8.8a and
8.8b the hadronic recoil of CC and NC
events extends past the proposed nom-
inal coverage of −3.5 < η < 3.5.
The accuracy of the JB reconstruction
method relies, in part, on the fraction
of particles that are reconstructed in
the detector acceptance. The blue and
black curves in Figure 8.20 show the
distribution of the final state kaons, pi-
ons, neutrons, protons and photons,
with and without the acceptance cut
applied. Approximately 30% of all final
state particles fall outside the −3.5 <
η < 3.5 acceptance. Despite losing
nearly a third of the final state particles
in the CC event, the changes in the reconstructed x, y, and Q2 are minimal. Fig-
ure 8.21 shows the kinematic variables reconstructed at the true, or vertex level,
compared with the reconstructed variables with nominal (−3.5 < η < 3.5) or ex-
panded (−4.0 < η < 4.0) acceptance. The difference between the nominal and
expanded reconstruction is negligible for x, y and Q2.
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Figure 8.21: JB reconstruction of x, y and Q2 for the vertex level (black), nominal (blue) and
expanded (red) reconstruction.

As in the case of the electron reconstruction, it is important to investigate bin mi-
gration effects in JB reconstruction. Specifically, the detector group requested an in-
vestigation into several resolution performances for the hadronic calorimeter in the
forward region. Figures 8.22a - 8.22f show the purity and stability for 40%⊕ 5%,
45%⊕ 6% and 50%⊕ 10% resolution. In all cases the stability and purity are worse
than in the electron reconstruction case, but the differences are not large, suggest-
ing the bin migration effects not driven by differences at this level in the hadronic
calorimeter resolution.
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Figure 8.22: The purity (left) and stability (right) for JB reconstruction of NC events in 18x275
GeV collisions. The resolution of the back/forward hadronic calorimeter is varied from
40% ⊕ 5% (top), 45% ⊕ 6% (middle) to 50% ⊕ 10% (bottom). The resolution of the barrel
hadronic calorimeter is fixed at 85%⊕ 6%.

8.1.6 Generator verification

The PYTHIA6 and DJANGOH Monte-Carlo event generators were used exten-
sively to determine the above detector requirements, as well as provide estimates
of the statistical and systematic uncertainties used in the inclusive pseudo-data.
For these reasons, it was necessary to validate that the Monte-Carlo generators
give reasonable results when compared to data and theory calculations.

Comparisons of the reduced inclusive positron-proton NC cross section for both
event generators to HERA data are shown in figure 8.23. The DJANGOH simu-
lation was performed using the cteq61.LHgrid (10150) LHAPDF5 grid as a PDF
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Figure 8.23: Comparison of PYTHIA6 and DJANGOH Monte-Carlo event generators at
HERA energy with the EIC tune to HERA NC inclusive cross section measurements. The
simulation cross sections are calculated from the generators at the vertex level with QED
radiative effects turned OFF. Approximately 10 pb−1 of pseudo-data was created with each
generator.
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Figure 8.24: Comparison of modern PDF fit results to HERA NC inclusive cross section
measurements. The cross section is calculated at LO for the orange curve; at NLO for the
green curve; and NNLO for the red and black curves.
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input, while the PYTHIA6 simulation was performed using the cteq6ll.LH pdf
(10042) LHAPDF5 grid. As can be seen in the figure, the DJANGOH simulation
agrees better with the HERA data at lower Q2, and both simulation programs
agree well with the data at higher Q2. In addition, modern PDF fits at LO, NLO,
and NNLO are compared to the HERA data in figure 8.24. These theory calcula-
tions then served as the baseline for validating the Monte-Carlo simulations at EIC
energies.

Comparisons of the electron-proton NC reduced cross sections at the EIC energy
setting of 18x275 GeV extracted from the Monte-Carlo simulations to those calcu-
lated from the PDF fits are shown in Figures 8.25 and 8.26. Results are similar for
the other studied beam energy configurations – 5x41 GeV, 5x100 GeV, and 10x100
GeV. The binning chosen is equivalent to the one shown in figure 8.4a. The simu-
lation events have been corrected for bin-centering effects (which are on the order
of 5-8% for the chosen binning) using a cross section model in order to quote the
reduced cross sections at the center of each x-Q2 bin.

In figures 8.25a and 8.25b, the PYTHIA6 simulation was performed using the
cteq6ll PDF set; while in figures 8.26a and 8.26b, the PYTHIA6 simulation was run
using the cteq61 PDF set. In both cases, the DJANGOH simulation was run using
the cteq61 PDF set. As can be seen, the simulation performed using the cteq61 PDF
set more accurately reproduces the low x, low Q2 fit cross sections results; and
the simulation performed using the cteq6ll PDF set more accurately reproduces the
higher x, higher Q2 fit cross sections results. The simulation results agree with the
fit results to the 10% level over most of the kinematic phase space.

Figure 8.27 shows excellent agreement, for Q2 of 110, 130, 200 and 400 GeV2, be-
tween the differential charged current cross-sections reconstructed at the vertex
level with NLO theory curves produced with xFitter. The 10 f b−1 of CC pseudo
data was simulated with the DJANGOH generator.

Systematic uncertainties for the inclusive pseudo-data

As the uncertainties on the NC inclusive cross section measurements at the EIC will
be dominated by systematic errors for much of the probed kinematic phase space,
it is necessary to make estimates of those errors for the generated pseudo-data. For
the CC inclusive cross section measurements the systematic uncertainty will most
likely be at a similar level as the statistical uncertainty for much of the measured
kinematic phase space. Although it is very difficult to determine systematic un-
certainties for an accelerator and detector which have not yet been constructed,
estimates of these uncertainties can be made based on the experience of previous
experiments (primarily those at HERA) as well as simulation studies using the EIC
Handbook detector and the current EIC detector matrix.

The systematic uncertainties on the pseudo-data were divided into uncorrelated
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(a) e-p 18x275 GeV: Lower Q2, cteq6l1 PDF set used for PYTHIA6
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Figure 8.25: Comparison of PYTHIA6 (red) and DJANGOH (pink) reduced cross-sections
for e− + p scattering at 18x275 to NNPDF [57] [59], CT18 [64] and JAM [66] global fits. The
cteq6l1 PDF was used for PYTHIA6, while the cteq61 PDFs were used for the DJANGOH
simulations. Approximately 10 pb−1 of pseudo-data was created with each generator.
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Figure 8.26: Comparison of PYTHIA6 (red circles) and DJANGOH (pink triangles) reduced
cross-sections for e− + p scattering at 18x275 to NNPDF [57] [59], CT18 [64] and JAM [66]
global fits. The cteq61 PDF was used for both PYTHIA6 and DJANGOH simulations. Ap-
proximately 10 pb−1 of pseudo-data was created with each generator.
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Figure 8.27: Comparison of CC differential cross sections reconstructed from 10 f b−1 of
pseudo-data created with DJANGOH and NLO theory curves from xFitter [1369].

uncertainties (i.e. point-to-point or bin-by-bin uncertainties) and scale uncertain-
ties (i.e. normalization uncertainties). No attempt was made to estimate partially
correlated systematic uncertainties. Two sets of systematic uncertainties were con-
structed: an optimistic set and a conservative set.

For the unpolarized NC electron(positron)-proton cross section measurements, the
estimate of the uncorrelated uncertainty was 1.5% (2.3%) in the optimistic (conser-
vative) scenario. These uncertainties came from a 1% uncertainty on the radiative
corrections; and a 1-2% uncertainty due to detector effects. An additional uncer-
tainty of 2% was added for the pseudo-data with y < 0.01, as hadronic reconstruc-
tion methods are required in that kinematic region. The normalization uncertainty
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was set at 2.5% (4.3%) in the optimistic (conservative) scenario. This included a
1% uncertainty on the integrated luminosity; and 2-4% uncertainty due to detec-
tor effects. During the fits of the pseudo-data, the normalization uncertainty was
treated as fully correlated between different beam energy settings.

The same uncertainties were used for the unpolarized NC electron-nucleus cross
section measurements, with the exception that data at y < 0.01 was not included
for the e-A pseudo-data sets.

For the unpolarized CC electron(positron)-proton cross section measurements, an
uncorrelated uncertainty of 2% and a normalization uncertainty of 2.3/5.8% was
used for the optimistic/conservative scenarios of the pseudo-data. The point-to-
point uncertainties came from a 2% on the background subtraction and a 0.5% un-
certainty on acceptance and bin-centering effects. The normalization uncertainties
include optimistic/conservative contributions from luminosity, radiative correc-
tions and simulation errors.

The systematic errors for the asymmetry measurements, ALL and APV , vary de-
pending on the analysis group and the channel. In Chapter 7.1, Figures 7.13 and
7.15 implemented a flat 2% point-to-point systematic, while Figures 7.6 and 7.18
implemented a flat 1% point-to-point error. Note that the 1% systematic errors for
the parity violating asymmetries are dominated by the pion background contribu-
tion and were based on estimates from previous fixed-target measurements that
covered different kinematic regions. Studies discussed in Section 8.1.3 found this
1% estimate to be optimistic for the majority of the EIC kinematics, especially in
the regions η > −2.

8.1.7 Summary of the inclusive detector requirements

In summary, the detector coverage and capabilities outlined in the EIC Handbook,
and implemented into EICSmear, are sufficient for nearly all of the inclusive reac-
tion channels. The only point of tension is the limited e−/π− discrimination for
regions of η > −2. The reduction in e− PID capabilities at mid-rapidity will result
in APV and ALL being systematically limited in this region.

8.2 Semi-Inclusive Measurements

8.2.1 General SIDIS kinematics and requirements

Semi-inclusive DIS (SIDIS) mostly uses the information of the hadronic final state
to obtain additional information about the nucleon or nuclei with the help of frag-
mentation functions. Fragmentation functions can inform about the spin, momen-
tum (transverse and longitudinal) and, in particular, flavor of an outgoing parton.



284 8.2. SEMI-INCLUSIVE MEASUREMENTS

As such, in addition to the main DIS kinematics as obtained by the scattered lep-
ton or the total hadronic final state, one or several final-state hadrons have to be
detected as well. For the applicability of perturbative QCD for the hard processes
and factorization into non-perturbative distribution and fragmentation functions
to be valid, the DIS kinematics require a Q2 larger than 1 GeV2. Together with
a selecion of 0.01 < y < 0.95 and W2 > 10 GeV2 they will be referred to as
DIS cuts in the following. For the final state hadrons, the fractional momentum
z = (Pin · Ph)/(Pin · q), where Pin is the incoming nucleon’s 4-momentum, q is the
momentum transfer and Ph is the 4-momentum of the outgoing hadron, ranges
typically between 0.1 and 1. Particularly higher z values are of interest, since
the correlation with the fragmenting parton’s flavor, spin, etc is higher. Typically,
hadrons that are part of the outgoing nucleon remnant (so-called target fragmen-
tation) are found at low z. Such hadrons are not as important for the main SIDIS
measurements. In addition to the z of the hadron, also the type of detected hadrons
needs to be identified as it is strongly correlated with the fragmenting flavor, par-
ticularly for higher z. These characteristics define the general range of scattered
leptons and detected hadrons in terms of energy and rapidity. They are summa-
rized in Fig. 8.28 for the highest collision energies. As can be seen, the scattered
lepton rapidity and momentum moves with increasing Q2 from backward rapidi-
ties and being bounded by the electron beam energy to forward rapidities and
energies that are governed by the hadron beam energy. In contrast, the hadron
kinematics are more closely correlated with the x of the event. At low x the hadron
gets predominantly emitted into the backward region and the momentum follows
that of the electron beam. With increasing x the fragmenting hadrons move into
the forward region and can take up substantial fractions of the hadron beam mo-
mentum.

Within these rapidity and momentum ranges, a good tracking resolution is re-
quired not only for the hadrons but even more so for the scattered leptons. The
reason for this lies in the fact that hadron transverse momenta and azimuthal an-
gles, that are generally necessary for all TMD related measurements, are typically
defined relative to the virtual photon axis in the frame where the incoming nucleon
is at rest. The scattered lepton momenta provide the boost into that frame and can
substantially distort those distributions.

Requirements for the detector A homogeneous electron and hadron coverage from
at least −3 < η < 3 is needed, preferably extended to ±3.5. Good momentum
resolution of scattered lepton and final-state hadrons is important in the correct
reconstruction of SIDIS kinematics.
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Figure 8.28: Top panel: Polar figures of the scattered DIS lepton momentum distributions
for the highest collision energies for small to high momentum transfers from left to right.
Bottom panel: Polar figures of SIDIS hadron momentum distributions for the highest colli-
sion energies for small to high x from left to right. All yields are extrapolated to 10 fb−1 of
accumulated luminosity.

8.2.2 Hadron PID impact on 4D TMD measurements

As described in the previous part, the hadron momenta can reach up to 18 GeV/c
in the backward region (−4 < η < −1), occasionally more than 10 GeV/c at central
rapidities (−1 < η < 1), and more than 50 GeV/c at forward rapidities (1 < η < 4).
For all SIDIS measurements that is also the maximum momentum for which the
hadron type needs to be well identified. The lowest momenta of interest in all
rapidities are of several hundred MeV/c.

As the high momenta are usually also related to high fractional momenta z, where
the correlation to the fragmenting parton flavor and spin is largest, the high mo-
mentum hadron PID requirements are most important. To illustrate the relevance
of the PID requirements, the impact of PID ranges are displayed as a function of
x, Q2, z and PT assuming perfect tracking using a realistic PID range normalized
by the hadron yields in these variables with perfect tracking and PID information.
Losses in some regions, particularly at intermediate x and Q2, can be compensated
between different beam energy combinations, but particularly high x at low and
high Q2 can only be obtained by the lowest and highest beam energy combinations,
respectively. It is however important to also keep in mind that in addition to the



286 8.2. SEMI-INCLUSIVE MEASUREMENTS

bins in the DIS kinematics the coverage of SIDIS variables z and PT is important.
The coverage is displayed in Fig. 8.29 assuming PID coverage of up to 7 GeV/c
from −3.5 < η < −1, 6 GeV/c from −1 < η < 1 and 50 GeV/c from 1 < η < 3.5
for pions after combining all beam energy options. For the most part this PID se-
lection covers most kinematic regions, but the rather low maximum momentum
in the barrel part of the detector significantly cuts into the intermediate-x, high-Q2

and higher-z range that would be particularly important for any TMD evolution
studies.

Figure 8.29: PID acceptance fractions as a function of pion fractional energy z and transverse
momentum PhT in bins of x and Q2, taking into account all collision energies. The fractions
are evaluated by calculating the yield of accepted pions within the PID momentum ranges
described in the text normalized by all pions.The standard DIS event selection criteria are
applied.

In order to see why all kinematic regions in the previous figure are relevant, a sim-
plified version of the expected sensitivities from the EIC data to the unpolarized
TMDs are shown in Fig. 8.30 based on Ref. [463]. The bars represent the overall
impact to a set of TMD PDF and FF parameters, as well as the TMD evolution
itself. Naturally at lower x the sensitivity to the low-x dependence of transverse
momentum width of the PDFs is the largest. For the TMD evolution, both low and
high Q2 data are important, although, for unpolarized TMDs, some LHC data that
is available somewhat reduces the need for very high Q2, at least at intermediate x.
It is interesting to see, that the non-Gaussian tails of the transverse momentum de-
pendent fragmentation functions are very relevant at both low-x and higher-x and
Q2. Not shown in this figure is that at lower collision energies naturally the higher
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x regions become more relevant as well as the fragmentation-related parameters
are getting better constrained at those x.

Figure 8.30: Expected sensitivities to various TMD PDF and FF parameters, as well as the
TMD evolution as shown for the verious collision energy options and for detected final-state
positive pions. The impact has been averaged over final state hadron transverse momentum
and fractional energy for better visibility.

Requirements for the detector Three σ separation of pions from kaons is needed
over a large area of the central detector. Due to the hadron energy ranges at the
various collision energies 7 GeV/c is sufficiently high in the−3.5 < η < −1 region,
8 to 10 GeV/c would be preferable in the central region (−1 < η < 1) and up to 50
GeV/c is needed in the more forward regions (1 < η < 3.5).

8.2.3 Using the hadronic final state to reconstruct SIDIS variables

The JB method discussed in Sec. 8.1 can also be used to reconstruct x and Q2 in
SIDIS. When considering neutral current events with a reconstructed electron, one
can also use methods that use information from both, the scattered electron and the
hadronic final state to increase the precision of the reconstructed kinematic vari-
ables. Two of those methods are the so-called ”mixed” method and the double-
angle method [30]. In the mixed method, the exchanged 4-momentum q is calcu-
lated from the electron, and the energy transfer y is calculated from the hadronic
final state, whereas the double angle method uses only information about the an-
gles of the scattered lepton and hadronic final state. This method is therefore less
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affected by the loss of relative energy resolution of the scattered lepton which make
measurements at low values of y unfeasible.

We studied JB, mixed and double-angle method in a simulation using
PYTHIA8+DIRE and Delphes. Consistent with the finding in Sec 8.1 the JB method
increases the resolution of x-Q2 reconstruction at high x and Q2. We also observed
that the methods that include the final state perform better than the JB method as
shown in Fig. 8.31. While the reconstruction of the DIS variables from the hadronic
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Figure 8.31: Fraction of events staying in the respective x/Q2 bin for the 10 × 100 GeV2

configuration. JB method is shown on the left, whereas the double angle method is shown
on the right. The double angle method improves on the JB method at high x and moderate
Q2.

final state is well known, to our knowledge the reconstruction of the SIDIS vari-
able, in particular z, pT and azimuthal angles in the Breit frame from the hadronic
final state has not been studied so far. Similar to the reconstruction of the DIS
variables, the importance of the extension of these methods to SIDIS variables lies
in the loss of resolution in the measurement of Breit frame variables due to the
poorly reconstructed 4-vector q. The transverse component of q can be calculated
from the transverse momentum of the hadronic final state which only leaves two
components that can be determined by solving two equations

Q2 = −qµqµ (8.3)

y =
Pµqµ

Pµlµ
. (8.4)

Here P is the four-vector of the nucleon, l the four-vector of the lepton. The val-
ues for Q2 and y are determined consistently with the method used (JB, mixed or
double-angle). A complication arises, since the quadratic equation has two solu-
tions. From simulations it is determined that the smaller solution is most often the
correct one, but more studies should be done to improve this criterion. In our sim-
ulation studies, we observed a similar improvement for the SIDIS variables as for
the DIS variables. Figure 8.32 shows the comparison between the reconstruction of
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z using just the scattered electron or the double-angle method. The improvement
at low y is evident. It is worth emphasizing that using these methods also allows
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Figure 8.32: Mean relative error in reconstructing z using just the scattered electron (left)
and the double-angle method (right). The double-angle method shows improved resolution
at low y. The 10× 100 GeV 2 configuration was simulated for these results.

the reconstruction of jets in the Breit frame. We studied this as well using the re-
cent Centauro algorithm [592] and found that at low y and low pT jet the hadronic
methods perform better than using just the electron for the reconstruction of the
particle momenta in the Breit frame.

Requirements for the detector The requirements on the detector to be able to recon-
struct the final state are obviously similar to the requirements for the JB methods
described in Sec. 8.1. In particular it is observed that expanding the coverage from
η = 3.5 to η = 4.0 on the hadron going side extends the region where DIS/SIDIS
variables can be reconstructed in the highest x region at low y. We note that, unlike
for the JB method, a hadronic calorimeter does not lead to a significant improve-
ment of the mixed or double angle methods.

8.2.4 Requirements for di-hadron measurements

The di-hadron channels naturally share most requirements with the single hadron
TMD requirements discussed above. There are two additional aspects though,
which need special consideration. The first is the dependence of the acceptance on
the decay angle θ and the second the PID performance for hadron pairs. We will
first discuss these requirements in order. As discussed in Sec. 7.4.1, one physics ob-
jective is the decomposition of the di-hadron cross-section in terms of partial waves
(PWs). The different PWs can be distinguished by their dependence on azimuthal
angles in the Breit-frame and the decay angle θ defined in the di-hadron CMS as
the angle between one hadron and the direction of the pair in the lab system [226].

While the azimuthal coverage requirement is similar to the single-hadrons and
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therefore has been on criterium of optimization for the EIC detector design, the
coverage in θ is not that obvious. Small values of θ are correlated with an asym-
metric distribution of the energy between the hadrons and thus with one hadron
having a small momentum relative to the other. Therefore, restrictions on the min-
imum accepted hadron momentum, mainly due to the curling up of low pT tracks,
lead to restrictions on the accessible θ range and thus on our ability to do a PW
separation of the cross-section.

We investigated the impact of several minimum pT values corresponding to sev-
eral proposed detector layouts on the projected statistical uncertainties of the PW
separation. Fig. 8.33 shows the statistical uncertainties for pT > 100 and 300 MeV.
It is observed that lowering the limit below 100 MeV, which corresponds to the
requirement imposed by the Λ reconstruction discussed in Sec. 8.2.5, does not im-
prove the uncertainties significantly.

Figure 8.33: Statistical uncertainties estimated for the PW decomposition up to L=2 for
H^1 for 10 fb−1 at 5 GeV× 41 GeV. Narrow blue bands correspond to a requirement of
pT >300 MeV and wide, red bands to a requirement of pT >100 MeV on the pion tracks.
The labels on the figure indicate the m, l state and which PDF and FF the PW is sensitive to.

Concerning PID requirements, again, the di-hadron requirements are similar to
the single hadron requirements discussed above. However, since two hadrons are
required, the dilution of the samples for a given significance in separation can
be more severe. A study was performed to asses the impact of two and three σ
separation between pions and kaons. This is mainly motivated by the PID in the
central region for which a three σ separation at high momenta is more difficult to
achieve. For di-hadrons, the pT dependence of the dilution is flat. As expected,
with two σ separation, the ππ samples are still very pure, above 95%. However,
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the purity of πK samples drops to below 70 % and KK pairs to about 75 %. With
three σ separation, the purity of the samples is above 95 % for all cases. Therefore
having π − K separation at three σ is very important for precision measurements
involving kaons.

Requirements for the detector In addition to the single hadron requirements, cov-
erage down to low hadron momenta of pT > 100 MeV/c is required for the partial-
wave analysis of di-hadron final states.

8.2.5 Requirements for Λ measurements

The efficient detection of Λ hyperons poses specific requirements to a potential
detector. Experimentally the channels Λ → pπ− and Λ̄ → p̄π+ are the most
promising. In these channels the p/ p̄ carries the majority of the momentum of the
parent Λ, leading to a very soft spectrum of the decay pions. Fig 8.35 shows the
kinematics of the produced Λ and its decay products. The left panel in Fig. 8.34
shows the projected spectrum for the decay pion for a representative energy and
xF > 0. It is evident that any minimum pT restriction will cut significantly into
the Λ spectrum. For example, requiring pT > 300 MeV leaves less than 5% of
Λs even at the highest energies. From these studies we deduced a requirement of
pTπ > 100 MeV.

Figure 8.34: Transverse momentum and energy spectrum of pions from Λ → pπ and Σ0 →
Λγ respectively.

The Λ measurements discussed in this report are assuming that the hyperon is
promptly produced by the fragmenting quark. However, a significant fraction of
Λs are coming from non-strong decays and thus have to be corrected for. The right
panel in Fig. 8.34 shows the spectrum for the decay photons. For Σ0 boosted in



292 8.2. SEMI-INCLUSIVE MEASUREMENTS

Figure 8.35: From top left to bottom right: kinematics of Λ, decay length of Λ, kinematics of
decay π− and kinematics of decay γ from the non-prompt Λ production chain Σ0 → Λ + γ.
All plots from fast simulation of the 18× 275 configuration.

the forward direction the spectrum is somewhat harder but additional material
in that region is still a concern. We concluded that a requirement of γ detection
with the nominal resolution in that region for γE > 200 MeV up to η = 3.0 and
γE > 400 MeV for 3.0 < η < 4.0 is sufficient to maintain a reasonable acceptance
for Σ0s.

Requirements for the detector Λ decay pions need to be detected from transverse
momenta as low as PT > 100 MeV/c in order to recover most Λs. Similarly, photon
energies need to be also well reconstructed down to 200 MeV and 400 MeV in the
central and forward regions, respectively, to distinguish Λ feed-down from Σ0.

8.2.6 Spectroscopy requirements for forward electron identification

The spectroscopy of unconventional quarkonia, referred to as XYZ mesons, in
photoproduction relies on the efficient detection of all the meson decay products
and adequate resolutions to identify and study the produced resonances. One par-
ticular reaction of interest γp → Zc(3900)+n, introduced in Sec. 7.4.6, provides
useful insight to the detector requirements in ep collisions. Here we will focus on
the Zc(3900)+ → J/ψπ+ decay mode with subsequent J/ψ → e+e−, however the
Z+

c has been observed in open charm decay modes as well. This reaction (and
other XYZ final states) are simulated using the amplitudes provided by the JPAC
Collaboration [1079] integrated into the ELSPECTRO event generator [1370].
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Figure 8.36: Simulated kinematics p vs η for Z+
c → J/ψπ+, J/ψ → e+e− decay products

for 5× 41 GeV beam energies

Figure 8.37: Simulated kinematics p vs η for Z+
c → J/ψπ+, J/ψ → e+e− decay products

for 18× 275 GeV beam energies

The lab frame kinematics (p vs. η) of the meson decay particles e−, e+ and π+ are
shown in Fig. 8.36 and 8.37 for 5× 41 and 18× 275 GeV beam energies, respec-
tively. Due to the large kinematic boost from the proton beam, the decay particles
populate most of the forward hadron acceptance. In particular, for the highest pro-
ton beam energies many of the tracks have η > 3.5 which will limit the acceptance
for these reactions. Therefore, we expect the low beam energy (high acceptance)
and high beam energy (high luminsoity) to be complementary in studying the pho-
toproduction of XYZ states.

Additional requirements on the particle identification are also necessary to iden-
tify the J/ψ → e+e− decay particles in this forward region of the detector. Back-
ground from inclusive hadron production was studied using PYTHIA minimum
bias events (i.e. without any Q2 selection), where charged hadrons were nomi-
nally assumed to be mis-identified as e± candidates. The Jψπ+ mass distribution
in Fig. 8.38 illustrates the level of background (red) and expected Zc(3900)+ signal
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Figure 8.38: Simulated Z+
c → J/ψπ+ mass distribution from smeared simulation for 5× 41

GeV beam energies with increasing (left-to-right) e/π separation. The PYTHIA background
(red) is significantly reduced relative to the signal by more stringent e/π separation.

(black) for electron-pion separations from none to 3σ. For an e/π separation of 3σ,
a purity of ∼ 90% is achieved which would allow further study of the observed
resonance, including the decay angular distributions. The relative normalization
of the signal and PYTHIA background requires further study and validation of the
current XYZ models with data from light mesons may provide some important
benchmarks.

Requirements for the detector Unlike most SIDIS measurements, spectroscopy re-
quires electron-pion separation (> 3σ) in the forward region for J/ψ identification.
Tracking and hadron identification exceeding η > 3.5 would be preferrable due to
the boost of produced states of interest.

8.2.7 Summary of SIDIS-related Detector requirements

The summary of all SIDIS related detector requirements are summarized in Table
8.2. As discussed in the previous sections, particle identification over as large a mo-
mentum range as possible and low minimum momentum/energy reconstruction
are the leading detector requirements. Forward calorimetry and tracking coverage
up to η < 4 becomes important when using the hadronic final state to determine
the DIS kinematics.

8.3 Jets and Heavy Quarks

An impressive amount of information on the partonic structure of the nucleon can
be extracted from inclusive DIS reactions, where only the scattered lepton is mea-
sured. However, including information from the hadronic final state as in semi-
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Table 8.2: SIDIS related maximum PID momentum ranges that need to be covered as well
as minimum tracking momentum and EM energy ranges.

rapidity hadron ID (π/K/p) e ID (e/h separation) minimum PT minimum E
-3.5 – -1.0 7 GeV/c 18 GeV/c 100 MeV/c 100 MeV
-1.0 – 1.0 8-10 GeV/c 8 GeV/c 100 MeV/c 100 MeV
1.0 – 3.5 50 GeV/c 20 GeV/c 100 MeV/c 100 MeV

inclusive DIS (SIDIS) measurements (see Sec. 8.2) can provide further insight that
is not possible with purely inclusive analyses. The observables evaluated by the
Jets and Heavy Quarks working group characterize more fully the total final state
by taking into account correlations between the produced particles or by identi-
fying specific final states. They provide complimentary, and often times, unique
information compared to standard SIDIS measurements.

Jets cluster many of the final state particles arising from a hadronizing parton into
a single object, which gives a better representation of the kinematics of that parton
than a single hadron measurement could. In addition, many well defined tech-
niques exist to systematically explore the distribution of energy within a jet, pro-
viding a unique way to study the hadronization process.

Heavy quark production at the EIC will provide a clean probe of gluon dynam-
ics in the nucleon/nucleus while the large mass of charm and bottom mesons will
provide many advantages in the study of hadronization and cold nuclear matter
effects. Finally, global event shapes aim to classify the energy flow of the entire
final state and can yield very high precision measurements of fundamental quan-
tities such as the strong coupling constant.

The precision reconstruction of jets, heavy quark states, and global event shapes
places performance constraints on tracking, calorimetry, and particle identification
in the central detector region. Specific requirements for each of these components,
along with the driving physics considerations, will be enumerated in the sections
below. We also discuss the simulation and detector smearing frameworks used to
evaluate detector effects and the basic kinematics of the observables of interest. Fi-
nally, we discuss the topics of unfolding and evaluation of systematic uncertainties
using the 1-jettiness observable as an example.

8.3.1 Simulation and detector modeling

The detector performance requirements listed in the sections below were derived
from the analysis of a number of representative jet, heavy flavor, and event shape
observables. For each relevant observable, the appropriate process was simulated
using a Monte Carlo event generator and the output was run through a smearing
framework, or a more detailed detector simulator, to evaluate the effects of finite
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resolutions and acceptances and determine the detector qualities needed to mea-
sure the observable with the necessary precision to extract the desired physics.

All studies carried out by this group utilized either the PYTHIA6 [76] or
PYTHIA8 [1371] event generator. PYTHIA6 was implemented within the pythi-
aeRHIC program, which has been tuned to reproduce e+p data from HERA. The
pythiaeRHIC Monte Carlo has been used in numerous EIC studies and has been
shown to reproduce HERA (di)jet cross sections and jet profiles [27, 973]. The
PYTHIA8 generator was used primarily for simulations of jet production in neu-
tral and charged current DIS at moderate to large Q2 values as well as heavy flavor
production. As PYTHIA8 has not been specifically tuned to reproduce e+p jet data
(beyond the development and setting of default parameters by the PYTHIA au-
thors), several checks were made to ensure the Monte Carlo was giving reasonable
output. Figure 8.39a compares dσ/dpT for lab frame jets as measured by the ZEUS
experiment to that obtained from PYTHIA8. A comparison is also made between
PYTHIA8 and a theoretical calculation of the jet cross section as a function of Q2

for beam energies relevant for the EIC in Fig. 8.39b. In both cases, the agreement
with the simulation is seen to be excellent, giving confidence that at least for the
relevant kinematic regions, PYTHIA8 produces reasonable results.

(a) (b)

Figure 8.39: Comparison of neutral current DIS jet cross section as a function of pT for in-
clusive lab frame jets from ZEUS data and PYTHIA8 (left). Comparison of the lab frame
inclusive jet cross section as a function of Q2 between PYTHIA8 and theory (right).

The second step in the evaluation of detector requirements involves distorting the
output from the event generators to mimic the effects of finite detector resolutions
and acceptances. For jet observables, this was done using a fast smearing frame-
work, either eic-smear [1367] or DELPHES [1372]. Eic-smear is a relatively light-
weight framework that allows for the definition of different ‘detector volumes’,
which will smear either the momentum or energy of particles that traverse these
regions. The energy or momentum is smeared according to a Gaussian distribu-
tion whose sigma is set by the user and should correspond to the proposed energy
or momentum resolution of a given subsystem. DELPHES is a more sophisticated
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tool that takes into account the bending of charged particles in a solenoidal mag-
netic field and gives access to higher level observables such as particle flow objects
and missing transverse energy. As with eic-smear, the resolutions of the detec-
tor components are supplied in parameterized form (see [1373] for settings) and
incident particles are smeared according to a log-normal distribution. Because of
the event generator / smearing frameworks in place during most of the Yellow
Report exercise, eic-smear was used with pythiaeRHIC and DELPHES was used
with PYTHIA8 for all analyses.

While fast smearing based on parameterized descriptions of tracker and calorime-
ter responses are largely adequate for jet observables, a more detailed accounting
of detector characteristics is needed to evaluate requirements for heavy flavor re-
construction. Therefore, many of the heavy flavor analyses utilized more complete
detector geometries implemented in the eic-root and Fun4All frameworks.

8.3.2 Kinematics summary

Plots of relevant kinematic quantities for jets and heavy flavor states are presented
below for several beam energy combinations and Q2 ranges.

For jets, both the transverse momentum (Fig. 8.40) and energy (Fig. 8.41) are plot-
ted as a function of pseudorapidity. Diffractive jet production is not considered
here. Jets were found in the laboratory frame using the Anti-kT algorithm [302]
with a resolution parameter of 0.4. The radius used here is somewhat smaller than
the O(1.0) radius jets that were used in most analyses in order to show more of
the behavior at large pseudorapidity while keeping the jet fully contained in the
range |η| < 3.5. The counts have been scaled to the equivalent of 10 fb−1. Note
that because of the large cross section, the number of generated events for the
10−5 < Q2 < 1.0 sample amount to only 0.02 fb−1 and so the available phase
space for the corresponding plots is not fully populated. Further jet kinematic dis-
tributions can be found in [28, 126].

The momentum vs pseudorapidity distributions for pions and kaons emitted in D0

decays can be found in Fig. 8.42 for beam energies of 10x100 GeV, 18x100 GeV, and
18x275 GeV. As with the jet plots, the counts have been scaled to the equivalent of
10 fb−1. Further heavy flavor kinematic distributions can be found in [846].

8.3.3 Tracking

A high-resolution, large acceptance tracker will be essential for all analyses con-
sidered by this working group, including jet and heavy meson reconstruction
and event shape measurements. Due to the generally low energies of produced
hadrons at the EIC, the tracking system will provide better resolution than hadron
calorimetry at all but the most forward rapidities, where particle energies can be
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Figure 8.40: Jet pT vs pseudorapidity for beam energies of 10x100 GeV (top row) and
18x275 GeV (bottom row) and 10−5 < Q2 < 1.0 GeV2 (left column) and 10 < Q2 <
1000 GeV2 (right column). The jet resolution parameter used is 0.4. Counts have been scaled
to correspond to an integrated luminosity of 10 fb−1.

large and tracking resolution is expected to degrade. It is therefore anticipated that
charged tracks (which comprise roughly two-thirds of the energy contained in an
average jet) will be the dominant input to the jet-finding algorithms. The superior
pointing resolution for tracks compared to calorimeter clusters will also be critical
for jet substructure and event shape measurements where the spatial distribution
of energy is an explicit aspect of the observable. Charged tracks are also indispens-
able to the study of heavy flavor states, where the invariant mass of (identified)
track combinations is used to tag heavy hadrons. The ability to accurately recon-
struct track trajectories also allows for the identification of the secondary vertex
associated with the decaying heavy particles which aids in background suppres-
sion.

Momentum resolution

Over the course of the Yellow Report effort, several sets of track momentum res-
olution parameters, representing reasonable assessments of potential tracker per-
formances, were made available and were evaluated by the Jets and Heavy Quarks
group. These resolutions were parameterized in the form A%× P⊕ B%, where P
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Figure 8.41: Jet energy vs pseudorapidity for beam energies of 10x100 GeV (top row) and
18x275 GeV (bottom row), and 10−5 < Q2 < 1.0 GeV2 (left column) and 10 < Q2 <
1000 GeV2 (right column). The jet resolution parameter used is 0.4. Counts have been scaled
to correspond to an integrated luminosity of 10 fb−1. The distributions are shown with a
minimum jet pT of 5 GeV; the red line shows the lower limit of the distribution assuming a
minimum jet pT of 10 GeV.

is the track 3-momentum, in six pseudorapidity intervals between±3.5 and can be
found in Tab. 8.3. The resolutions in the column labeled ‘Handbook’ were based
on values from the EIC R&D Handbook [1366], which predates the Yellow Re-
port, and were used in a number of jet analyses, including studies of neutral and
charged current jet production for TMD extractions (see discussion in Sec. 7.2.3
and [598]) and jet substructure studies (see Sec. 7.4.1). Based on the work done
for the Yellow Report, momentum resolution parameters were also released for
magnetic field strengths of 3 T and 1.5 T (see Tab. 11.1 and related discussion).
The two field strengths also imply different minimum track transverse momenta
thresholds, which are discussed in Sec. 8.3.3. In the following, perfect efficiency is
assumed for tracks above the minimum pT threshold.

For jet analyses, the primary metrics used to evaluate the suitability of track mo-
menta resolutions are the jet energy resolution (JER) and jet energy scale (JES). A
comparison of JES and JER for the 3 T and 1.5 T resolution configurations can be
seen in Fig. 8.43 as a function of jet energy for R = 0.8 jets found in the labora-
tory frame using the Anti-kT algorithm with transverse momentum greater than
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Figure 8.42: Momentum vs pseudorapidity for the decay products of D0 mesons for beam
energies of 10x100 GeV (top row), 18x100 GeV (middle row), and 18x275 GeV (bottom
row). Charged pions are in the left column, charged kaons in the middle column, and elec-
trons/positrons in the right column. Counts have been scaled to correspond to an integrated
luminosity of 10 fb−1.

10 GeV/c. The event Q2 range was limited to between 100 and 1000 GeV2, but
jets in the photoproduction region show the same behavior. The JES is taken as
the mean of the smeared jet energy minus the true jet energy divided by the true
jet energy distribution while the JER is the RMS. Note that for this comparison,
the same set of minimum pT thresholds were used in order to isolate the variation
due to track momentum resolution. Also note that the matching procedure used
was to select each truth level jet above the pT threshold of 10 GeV/c and then loop
through all smeared jets in the event to find the one closest in η − φ space. This
shows the extent that a truth level jet will be distorted by detector effects. This can
also be inverted such that smeared jets above threshold are selected and all truth
level jets are looped over to find the closest. In this case, the JES and JER will re-
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Table 8.3: Charged particle momentum resolution parameterizations for different pseudo-
rapidity bins that were evaluated by the Jets and Heavy Quarks working group. See text for
discussion.

Pseudorapidity Range Handbook (σP/P%) 3 T (σP/P%) 1.5 T (σP/P%)
−3.5 < η < −2.5 0.1% ∗ P⊕ 2% 0.1% ∗ P⊕ 2% 0.2% ∗ P⊕ 5%
−2.5 < η < −1.0 0.05% ∗ P⊕ 1% 0.02% ∗ P⊕ 1% 0.04% ∗ P⊕ 2%
−1.0 < η < 1.0 0.05% ∗ P⊕ 0.5% 0.02% ∗ P⊕ 0.5% 0.04% ∗ P⊕ 1%
1.0 < η < 2.5 0.05% ∗ P⊕ 1% 0.02% ∗ P⊕ 1% 0.04% ∗ P⊕ 2%
2.5 < η < 3.5 0.1% ∗ P⊕ 2.0% 0.1% ∗ P⊕ 2% 0.2% ∗ P⊕ 5%

flect biases which can arise when truth jets below threshold are smeared to higher
energy. This will be discussed further in Sec. 8.3.5.

Figure 8.43: Comparison between jet energy scale (left) and jet energy resolution (right) for
the 3 T (red squares) and 1.5 T (blue triangles) track momentum resolutions listed in Tab. 8.3
as a function of jet energy. The track pT thresholds associated with the 3 T field were used
and smearing was done in the eic-smear framework.

As can be seen in Fig. 8.43, there is practically no change to JES or JER between
the 3 T and 1.5 T track momentum resolution settings, despite the roughly factor
of two difference between the resolution parameters. The lack of impact on JER
indicates that the contribution from the track momentum resolution constitutes a
negligible amount to the overall jet energy resolution budget compared to other
sources. This implies that bulk jet quantities will likely be insensitive to variations
in tracking resolution at the scale expected for an EIC detector. Also, the mag-
nitudes of the JES (several percent) and JER (less than 10% for jet energies above
roughly 20 GeV) should be amenable to unfolding corrections. This level of resolu-
tion has also been shown to be adequate for measurements for the lepton-jet Sivers
asymmetry differential in qT = −→pT

Lepton +−→pT
Jet (see Fig. 7.58 and [598]). While the
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magnitudes of the JES and JER also depend on the calorimeter resolutions, we can
conclude that tracking resolutions of the order of those presented in Tab. 8.3 should
be sufficient for our jet measurements.

Minimum pT threshold and efficiency

In addition to momentum resolution, the minimum track transverse momentum
threshold and tracking efficiency will be important parameters when determin-
ing the suitability of a detector design. As mentioned in the previous section, the
assumed strength of the solenoidal magnetic field will affect the efficiency for re-
constructing low transverse momentum particles. Table 8.4 shows the assumed
minimum pT threshold corresponding to the 3 T and 1.5 T magnetic field strengths
(see Tab. 11.1). Note that these thresholds represent the points at which at least
90% of tracks could be reconstructed using a simple Kalman filter algorithm and
more sophisticated reconstruction techniques could improve these thresholds. Re-
construction of lower momentum particles will also be possible, albeit at lower
efficiencies.

Table 8.4: Transverse momentum thresholds assumed for magnetic field strengths of 3 T
and 1.5 T.

Pseudorapidity Range Min pT (3 T) [MeV/c] Min pT (1.5 T) [MeV/c]
0.0 < |η| < 1.0 400 200
1.0 < |η| < 1.5 300 150
1.5 < |η| < 2.0 160 70
2.0 < |η| < 2.5 220 130
2.5 < |η| < 3.5 150 100

As was the case with the momentum resolutions, the pT thresholds have very little
effect on the observed JES and JER, with slight improvement in JES for the lowest
jet energies. While bulk jet quantities such as energy seem relatively unaffected
by changes in the tracking resolution and threshold, more differential observables
such as jet substructure should also be evaluated. Figure 8.44 shows the offset
and RMS of the smeared vs particle level jet angularity (see Sec. 7.4.1 and [973]),
defined analogously to the JES and JER. In order to isolate threshold effects, the 3 T
momentum resolution parameters were used for both sets of threshold values. A
preference can be seen for lower thresholds in both the scale and resolution. While
the effect is not large, this indicates that substructure measurements will benefit
from lower track pT thresholds.

Lower track pT thresholds will also be useful in the tagging and reconstruction of
certain heavy hadrons. The D∗ for example decays to a D0 via the emission of a
soft charged pion. GEANT simulations utilizing an all silicon tracker concept show
that for a minimum pT threshold of roughly 200 MeV/c, the soft pion acceptance is
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Figure 8.44: Comparison between jet angularity scale (left) and angularity resolution (right)
for the 3 T (red squares) and 1.5 T (blue triangles) transverse momentum thresholds listed
in Tab. 8.4 as a function of jet pseudorapidity. The angularity parameter a was set to -2.0.
The track momentum resolutions associated with the 3 T field were used for both theshold
settings and smearing was done in the eic-smear framework.

60% at mid-rapidity and drops to a low of 20% at |η| = 3. However, decreasing the
tracking threshold to 100 MeV/c increases the acceptance to 90% at mid-rapidity
with a falloff to 70% at |η| = 3.

The effects of track pT thresholds on jet substructure measurements and heavy
hadron reconstruction imply that the bulk tracking efficiency will be an impor-
tant consideration for jet and heavy flavor physics. Given the relatively low en-
ergy/transverse momentum of jets at the EIC, missing even a small fraction of
tracks with moderate momentum could have a large effect on jet scale and reso-
lution. In the absence of a recommended tracking efficiency function, many anal-
yses performed by this group assumed an efficiency of 100% above the minimum
pT threshold. The 1-jettiness analysis did look at the effect of variations in track-
ing efficiency and found a modest degradation of resolution when decreasing the
tracking efficiency by 2% below the nominal assumed value of 95% when doing a
track based evaluation of 1-jettiness (see Fig. 8.53).

Vertex resolution

When considering heavy flavor reconstruction, there are two vertices of interest:
the primary collision vertex where the initial scattering occurs, and a secondary
vertex which is the origin of tracks arising from the decaying heavy meson. The
reduction of background associated with the heavy meson reconstruction can ben-
efit greatly from cuts on a number of topological relationships between the two
vertices, such as the decay length (distance between vertices) and the distance of
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closest approach (DCA) between the primary vertex and reconstructed meson tra-
jectory. One of the most relevant parameters for determining the vertices and the
relationships between them is the transverse DCA and its resolution, σxy. This res-
olution is parameterized for different pseudorapidity ranges in the form A/pT ⊕ B
where A and B are in microns and pT is the track transverse momentum in GeV/c.
The requirements on σxy requested by our working group can be seen in Tab. 8.5.
We currently do not request independent limits on the longitudinal DCA or pri-
mary vertex resolution.

Table 8.5: Requested vertex position resolution.

Pseudorapidity Range Resolution
−3.5 < η < −3.0 N/A
−3.0 < η < −2.5 σxy ∼ 30/pT ⊕ 40 µm
−2.5 < η < −1.0 σxy ∼ 30/pT ⊕ 20 µm
−1.0 < η < 1.0 σxy ∼ 20/pT ⊕ 5 µm
1.0 < η < 2.5 σxy ∼ 30/pT ⊕ 20 µm
2.5 < η < 3.0 σxy ∼ 30/pT ⊕ 40 µm
3.0 < η < 3.5 σxy ∼ 30/pT ⊕ 60 µm

The requirements listed in Tab. 8.5 were largely derived from feasibility studies
of using open charm and bottom mesons in high precision measurements of the
nuclear modification factor ReA over a wide pseudorapidity range in order to dis-
criminate between different models of parton energy loss and hadronization. Fur-
ther details on the models and required precision on ReA can be found in [988].
The requested σxy resolutions lead to the D and B reconstructed mass spectra seen
in Fig. 8.45, which in turn lead to the precision extractions of ReA in Fig. 8.46. A
detailed technical note describing designs of a silicon vertex detector and forward
tracking system leading to the performance listed above can be found here: [846].

While the parameters above have been shown to be sufficient for measurements
of ReA, it should be noted that more differential measurements may benefit from
higher vertex resolutions. The advantage would come in the form of better signal
to noise ratios which would lead to higher significance measurements for a given
sampled luminosity. Studies based on an all silicon tracking system [127] have
shown that an improvement in σxy from 20 µm to 10 µm at a track pT of 1 GeV/c
can increase D0 significance by 20%. In addition, other heavy mesons of interest,
such as the Λ+

c have transverse displacements from the primary vertex of on the
order 20 µm, making tighter resolutions advantageous [127].

The effects of vertex resolution have also been studied in the context of charm jet
tagging via (among other parameters) the presence of a certain number of ‘high
impact parameter’ tracks [86]. Here, the (unsigned) impact parameter is defined

as
√
(d0/σd0)

2 + (z0/σz0)
2 where d0 and z0 are the distances of closest approach
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Figure 8.45: Reconstructed mass spectra for charm (top panels) and bottom (bottom panels)
mesons achievable using the forward silicon tracker design described in [846] and assuming
the transverse pointing resolutions listed in Tab. 8.5. Counts have been scaled to correspond
to an integrated luminosity of 10 fb−1.

of a track in the transverse and longitudinal direction, respectively and σd0 = σxy
and σz0 are the corresponding uncertainties. The tagging procedure was optimized
assuming σd0 = σz0 = 20 µm. To test the impact of vertexing performance, both
DCA resolutions were set to 100 µm and the tagging procedure re-optimized. The
degraded resolutions led to a 60% loss in charm jet efficiency. A more optimistic
scenario was also tested with both resolutions being improved to 10 µm leading
to a 30% increase in charm yield for the same light jet contamination. While it
is clear that better σxy resolution will benefit this measurement, it has not been
demonstrated that the requested resolutions are inadequate. Therefore, we did not
elevate these considerations to the level of requirements.

It should be noted that eic-smear incorporates fast simulation of track parameters,
but does not incorporate vertex fitting. This presents a conundrum for several
heavy-quark studies in this report where they rely on displaced vertex techniques.
An extensive set of GEANT4-based simulations have been performed to extend
fast simulations of the detector response for topological observables [127]. This re-
sponse, illustrated in Figure 8.47 for D0 mesons, has been propagated in the stud-
ies of gluon polarization and the gluon Sivers’ TMD using heavy quark probes
discussed in the preceding chapter.
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Figure 8.46: Achievable precision on the flavor dependent ReA, shown as statistical error
bars, as a function of hadron mometum fraction zh given the mass reconstruction shown in
Fig. 8.45.

8.3.4 Particle identification

The ability to positively identify charged hadron species (topics such as electron
and heavy meson identification are not covered here) will enable a suite of mea-
surements which are sensitive to flavor dependencies in the final state. Chief
among these will be analyses of the unpolarized identified hadron-in-jet fragmen-
tation functions and the related polarized Collins asymmetry (Sec. 7.2.3 and [598]).
It is also expected that certain grooming and substructure techniques, as well as
novel observables which track correlations between leading and sub-leading jet
particles (see Sec. 7.3.6), will utilize PID to trace flavor evolution through the jet
shower. PID will also be an asset to heavy flavor tagging as charm and bottom
mesons will often contain a kaon in their decay chain, while lambda particles will
emit a proton, so being able to tag these particles will help reduce combinatoric
background.

When evaluating the PID needs for an analysis, there are two aspects to consider:
how well the charged hadron can be identified and the momentum range over
which a given identification power is needed. The requirements on momentum
range are informed simply by the momentum spectrum of charged hadrons within
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Figure 8.47: Comparison of the reconstructed D0 topological variables in the GEANT4-based
all silicon simulation (data points) and the fast simulation (blue histograms) [127]. All dis-
tributions are normalized to have unit area. The D0 candidates shown here are required to
have a |η| < 3 and pT < 2 GeV/c.

reconstructed jets and the desire to measure as much of the z = phad/pjet spectrum
as possible. The pseudorapidity vs momentum for charged hadrons inside of jets
at moderate to large Q2 can be see in Fig. 8.48 for beam energy combinations of
10x100 GeV and 18x275 GeV. As expected, the maximum particle momentum in-
creases with pseudorapidity until roughly η = 2.2, where the particle momentum
begins to drop due to an interplay between fiducial volume cuts and the jet radius.
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Figure 8.48: Pseudorapidity vs momentum for charged hadrons found inside jets with a
radius 1.0 at beam energies of 10x100 GeV (left) and 18x275 GeV (right). Counts have been
scaled to correspond to an integrated luminosity of 10 fb−1.

The hadron momenta spectra shown in Fig. 8.48 inform our requested PID mo-
mentum coverage presented in Tab. 8.6, where the momentum limit represents the
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particle momentum up to which at least 3σ separation between pions and kaons
would be possible. This request is more ambitious in terms of momentum reach
than the initially proposed values of 5 GeV/c in the barrel and between 8 GeV/c
and 45 GeV/c over the hadronic endcap. The barrel request in particular will ne-
cessitate additional research and development to realize a technical path to sep-
aration at momenta above 5 GeV/c. Despite this, the requested PID capabilities
will enable a host of measurements which would not be possible otherwise. For
example, measurements with light and Heavy Ions, which have maximum beam
energies of 100-110 GeV, will see significant fraction of jets produced in the bar-
rel, and the phase space which is not covered due to low PID limits will not be
recoverable by moving to different detector regions or center-of-mass energies.

Table 8.6: Requested PID momentum coverage for 3σ pion/kaon separation.

Pseudorapidity Range Momentum Range
−3.5 < η < −1.0 ≤ 7 GeV/c
−1.0 < η < 0.5 ≤ 10 GeV/c
0.5 < η < 1.0 ≤ 15 GeV/c
1.0 < η < 1.5 ≤ 30 GeV/c
1.5 < η < 2.5 ≤ 50 GeV/c
2.5 < η < 3.0 ≤ 30 GeV/c
3.0 < η < 3.5 ≤ 20 GeV/c

One way of characterizing the kinematic distribution of hadrons within a jet is
via the particle jT and z, which are the transverse momentum of the particle with
respect to the jet axis and the ratio of the total particle momentum over the jet
momentum, respectively. Figure 8.49 demonstrates the loss in jT and z coverage for
identified particles which would result from lowering the PID momentum reach
with respect to what we have requested. Figure 8.49a shows the available phase
space for identified hadrons assuming the PID momentum ranges in Tab. 8.6 while
Fig. 8.49b shows the ratio of the restricted momentum coverage phase space to the
requested momentum coverage phase space. The restricted momentum coverage
values were taken as ≤ 5 GeV/c for −1.0 < η < 1.0, ≤ 8 GeV/c for 1.0 < η < 2.0,
≤ 20 GeV/c for 2.0 < η < 3.0, and ≤ 45 GeV/c for 3.0 < η < 3.5. For the
highest η bin, track momenta within a jet are restricted to approximately 20 GeV
because the jet thrust axis needs to be at least one jet radius distance away from
the detector fiducial volume edge, so the ‘restricted’ value was simply taken as the
expected performance range given by the detector group. It is readily apparent
that a large fraction of jT coverage is lost with the more restrictive PID reach and z
values above 0.5 become inaccessible.

Figure 8.49 shows the effect of restricted PID coverage integrated over x and Q2,
as well as over the full pseudorapidity range of the central detector. To get a better
idea of where coverage losses occur, Fig. 8.50 displays the restricted over requested
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(a) (b)

Figure 8.49: (Left) jT vs z distribution for identified hadrons inside jets assuming the PID
capability listed in Tab. 8.6. (Right) Ratio of the accessible jT vs z phase space assuming
restricted PID momentum limits enumerated above over the phase space assuming the mo-
mentum limits in Tab. 8.6.

PID coverage ratio as a function of x and Q2. Each sub-panel is equivalent to
Fig. 8.49b, and yellow regions correspond to small losses while blue and blank
regions indicate areas where much of the coverage is lost. Because the technical
feasibility for extending PID momentum reach is different in the barrel and endcap
regions, we show the phase space loss for the −1 < η < 1 and 1 < η < 3.5 regions
separately.

The impact of this phase space loss on the Collins asymmetry measurement can
be seen in Fig. 8.51, which shows the statistical precision of the extracted Collins
asymmetry for identified particles as a function of z for three x ranges assuming
perfect PID (8.51a), the restricted PID momentum ranges listed above (8.51b), and
the requested PID momentum ranges listed in Tab. 8.6 (8.51c). It is evident that
restricting the PID coverage below our requested values, especially in the region
1.0 < η < 2.5, will severely restrict the ability to measure the Collins asymmetry in
the high z region where both the expected asymmetry and theoretical uncertainties
are largest.

Another observable for which PID will be necessary is the relative charge asym-
metry between leading and sub-leading identified particles within a jet, rasy =
(NCC − NCC)/(NCC + NCC) (Sec. 7.3.6). Here NCC and NCC represent the yields
when the leading and sub-leading particles have the same and opposite electric
charge, respectively. Plotting this observable as a function of various kinematic
variables like z = pNL/(pL + pNL) will allow studies of correlations between en-
ergy flow and quantum numbers such as flavor, spin, electric and color charges
among the particles in jet and shed light on jet formation and evolution. Here pNL
and pL denote the momenta of the sub-leading and leading particles, respectively.

Figure 8.52 demonstrates the effect of limited PID momentum coverage on the z
reach of rasy. The left panel shows the expected statistical precision on rasy as a
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Figure 8.50: Ratio of the accessible jT vs z phase space assuming restricted PID momentum
limits enumerated above over the phase space assuming the momentum limits in Tab. 8.6 in
bins of x and Q2 for jets with −1 < η < 1 (top panel) and 1 < η < 3.5 (bottom panel).

function of z for identified proton-proton, kaon-kaon, and pion-pion pairs assum-
ing PID capabilities up to 10 GeV/c for −1 < η < 1. Results are for 18 GeV
electrons on 275 GeV protons and Q2 > 65 GeV2. The right panel shows the in-
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(a)

(b)

(c)

Figure 8.51: Expected precision of Collins asymmetry measurement for identified hadrons
as a function of z in three x bins assuming perfect PID (top panel), PID with the restricted
momentum reach (middle panel), and PID with the requested momentum reach (bottom
panel). The blue and orange curves (bands) correspond to theoretical predictions (uncer-
tainties) for the π+ and π− Collins asymmetries. See [598] and references therein for further
details.
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crease in statistical uncertainty when barrel PID is restricted to less than 5 GeV. It
is evident extracting useful data from the z < 0.4 region will be difficult under the
5 GeV limit scenario.

Figure 8.52: Left: rasy with z for PID limit up to 10 GeV/c. Right: rasy with z for PID limit up
to 5 GeV/c.

8.3.5 Calorimetry

For analyses considered by the Jets and Heavy Quarks working group, electro-
magnetic and hadron calorimetry will be utilized primarily in jet and event shape
reconstruction where it will compliment information from the tracking detector to
measure the full energy of the event. The calorimeters will provide the only means
of measuring neutral energy, such as photons from (predominantly) π0 decay or
long-lived neutral hadrons such as neutrons and K0

Ls. The electromagnetic and
neutral hadron energy fractions in a typical jet are roughly 25% and 10%, respec-
tively. As discussed in Sec. 8.3.3, the superior momentum resolution of the tracker
will make it the primary subsystem for detecting charged hadrons, yet at the most
forward rapidities, jet energies are expected to be large enough for the calorimeter
resolution to be competitive or possibly superior to that of the tracker.

Electromagnetic calorimetry

The primary performance criteria for the electromagnetic calorimeters (ECals) is
energy resolution, which directly affects the jet energy resolution as well as the ac-
curacy of the reconstructed event shape. The resolution of the ECals, especially in
the lepton-going direction, are primarily driven by the need to accurately recon-
struct the scattered beam electron in order to reconstruct the event kinematics. As
with the track momentum resolution, several sets of ‘reasonable’ ECal resolutions
were provided and assessed by this working group. The bulk of our analyses,
such as jet TMD studies (see Sec. 7.2.3 and [598]) used values based off the EIC
R&D Handbook [1366], which were parameterized in the form A%/

√
E ⊕ B%.

Recently, new values were released based on work performed during the Yellow
Report effort and parameterized in the form A%/

√
E⊕ B%⊕ C/E. In addition, a
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set of improved resolutions based on the most optimistic technology choices was
used to investigate variations in jet performance with changes in ECal resolution.
All resolution values investigated are summarized in Tab. 8.7.

Table 8.7: Electromagnetic calorimeter energy resolutions investigated by the Jets and
Heavy Quarks group. See text for details of resolution sets.

Pseudorapidity range HBK resolution Standard resolution Ideal resolution
−3.5 < η < −2.0 1%/

√
E⊕ 1% 2.5%/

√
E⊕ 1%⊕ 1%/E 2.5%/

√
E⊕ 1%⊕ 1%/E

−2.0 < η < −1.0 8%/
√

E⊕ 2% 8%/
√

E⊕ 2%⊕ 2%/E 4%/
√

E⊕ 2%⊕ 2%/E
−1.0 < η < 1.0 12%/

√
E⊕ 2% 14%/

√
E⊕ 3%⊕ 2%/E 4%/

√
E⊕ 1.5%⊕ 2%/E

−1.0 < η < 3.5 12%/
√

E⊕ 2% 12%/
√

E⊕ 2%⊕ 2%/E 4%/
√

E⊕ 1.5%⊕ 2%/E

Figure 8.53 compares the JES and JER for the standard and ideal ECal resolution
cases as a function of jet pseudorapidity. As was the case with the track momentum
resolution, very little change in JER is seen between the two scenarios, indicating
that the jet resolution budget is dominated by other contributions, such as energy
fluctuations in the hadron calorimeter.

Figure 8.53: Comparison between jet energy scale (left) and jet energy resolution (right) for
the standard and ideal ECal energy resolution settings listed in Tab. 8.7 as a function of jet
pseudorapidity. Smearing was done in the eic-smear framework.

In addition to the energy resolution, there are several other performance aspects of
the ECals which should be considered, such as detection thresholds, cluster sepa-
ration, and position resolutions. The threshold for detection of a ‘hit’ in the ECal
will influence the amount of energy from a hadronizing parton is included in a
jet, or accounted for in event shape and missing energy measurements. Several
analyses [86, 598] have assumed minimum energy thresholds of 200 MeV/c and
see good jet energy scales and missing transverse energy resolutions. The ECal
energy thresholds assumed for the standard resolution scenario range between 20
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and 100 MeV and so should be sufficient. The ability to isolate and accurately de-
termine the position of clusters in the ECals will be important for analyses which
consider the spatial distribution of energy such as (groomed) jet substructure and
event shape measurements. The impact of ECal cluster position resolution was
not studied in detail, but it is our expectation that resolutions arising from tower
segmentation on the order of the Molière radius would be adequate.

Hadron calorimetry

As with the electromagnetic calorimeters, the main performance criteria for the
hadron calorimeters (HCals) will be energy resolution. Unlike with tracking or the
ECals, however, the combination of low particle energies and poor resolution will
make the relationship between HCal energy resolution and JER/JES non-trivial.
For low energy jets, primarily at mid to negative rapidity, the poor HCal resolution
can introduce large biases in the detector level jet sample due to the misreconstruc-
tion of low energy hadrons to much higher energies. Thus, in some regions, the
capability of the HCal to identify and isolate neutral hadrons could have just as
much impact on jet reconstruction as the intrinsic energy resolution.

The Jets and Heavy Quarks working group requests hadron calorimeter cover-
age over the full extent of the central detector (−3.5 < η < 3.5) with energy
resolutions specified in Tab. 8.8. The baseline performance guidance indicated
that an energy dependent resolution term of 50%/

√
E was realistic for the end

caps and it was determined that this, plus a 10% constant term, gave adequate jet
energy resolutions in the lepton end cap (η < −1.0). Likewise, a resolution of
50%/

√
E⊕ 10% was found to lead to acceptable jet energy resolutions in the for-

ward region (1.0 < η < 3.5). A minimum energy threshold of 500 MeV/c was
assumed for all pseudorapidities. It should be noted that for the highest energy
(most forward) jets, the constant term dominates the resolution and reducing this
term from 10% to 5% would dramatically improve jet energy resolution in this re-
gion. We acknowledge that achieving this constant term for η > 3 will be difficult
due to shower leakage and thus keep 10% as our official request. The issue of
shower leakage at the highest pseudorapidities, and thus the highest x values can
be alleviated by lowering the hadron beam energy, which will shift jets at a given
x − Q2 point to lower pseudorapidity as seen in Fig. 8.54. The ability to shift jet
pseudorapidities to lower values by reducing the beam energy also relieves the
requirement that the calorimeter resolution performance extend beyond η > 3.5,
which has been requested by other working groups.

The resolution requirements in the barrel region (|η| < 1.0) were explored in detail
in two analyses: charged current DIS tagging and photoproduction jet reconstruc-
tion. One signature of charged current events is a large missing transverse energy
(Emiss

T ), which is defined as the magnitude of the vector sum of all energy deposits
in the detector. A study of charged current tagging was carried out in the Delphes
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Figure 8.54: x−Q2 phase space covered by the struck quark (jet) from LO DIS at an energy
combination of 18x275 GeV in the pseuorapidity range 3.0 to 3.5 (left panel) and at an energy
combination of 10x100 GeV in the pseudorapidity range 2.0 to 2.5 (right panel). The x−Q2

range covered by high rapidity jets at the largest beam energy is also covered by lower
rapidity jets at the lower beam energy.

framework and good resolution in (Emiss
T ) was seen even assuming a relatively

poor barrel HCal resolution of 100%/
√

E ⊕ 10% [86]. However, the absence of a
hadron calorimeter in the barrel led to large asymmetric tails in the (Emiss

T ) distri-
bution that would complicate unfolding procedures and reduce photoproduction
and NC DIS background rejection ability.

Table 8.8: Requested hadron calorimeter energy resolution.

Pseudorapidity range Energy resolution (σE/E%)

−3.5 < η < −1.0 50%/
√

E⊕ 10%
−1.0 < η < 1.0 100%/

√
E⊕ 10%

1.0 < η < 3.5 50%/
√

E⊕ 10%

As was done with the tracker momentum and ECal energy resolutions, an evalu-
ation of the barrel HCal energy resolution on the jet energy scale and resolution
was carried out using the eic-smear framework. In this case, however, the order
of the matching between truth and smeared jets was reversed such that for each
smeared jet above the pT threshold of 10 GeV/c, the closest truth level jet in η − φ
space was found. This ordering allows for the assessment of biases to the JES
and JER caused by sub-threshold truth level jets that get smeared above threshold.
Figure 8.55 shows the JES and JER for jets with pT above 10 GeV/c from the pho-
toproduction region, 10−5 < Q2 < 1.0 GeV2. When using all detector subsystems,
a large bias is seen in the JES, however, when the HCal information is excluded
from the jet-finding, the bias (as well as the energy resolution) is substantially re-
duced. This effect arises because a certain fraction of the jets in a smeared energy
bin actually arose from a truth level jet with lower energy that contained a neu-
tral hadron whose energy was smeared to a much higher value. Because of the
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Figure 8.55: Jet energy scale (left) and resolution (right) as a function of jet pseudorapidity
when selecting smeared jets with pT > 10 GeV/c. Results for jets found with the tracker,
ECal, and HCal are shown in red while jets found without including HCal information are
shown in blue.

steeply falling energy spectrum, even small smearing at low jet energy can con-
tribute to higher smeared bins. This effect becomes more pronounced at lower
eta where jets have smaller energies. The effect is also present at higher Q2, but
the bias is not as severe. This bias can be reduced by improving the resolution of
the barrel HCal as shown in Fig. 8.56. However, a more effective method would
be to select only those jets which do not contain a neutral hadron, and thus do
not suffer from the large energy distortion, by using the HCal as a neutral hadron
veto. This is illustrated in Fig.8.57 where the green circles, which are for jets which
do not contain a neutral hadron, show little bias and better resolution than jets
found with tracker+ECal+HCal information or with the HCal excluded. This neu-
tral hadron veto capability depends critically on the ability to physically isolate
individual showers within the calorimeter and match them to a charged particle
track to select clusters arising from long-lived neutral hadrons. The feasibility of
this method will need to be studied in more detail using full detector models to
determine what detector granularity and clustering performance is required to ef-
fectively tag neutral hadrons.

Coverage continuity

All analyses carried out by our working group assumed uninterrupted calorime-
ter coverage over the full range of the central detector. In a real detector, however,
there is the possibility of a coverage gap(s) (likely near the barrel-endcap inter-
face) to accommodate services to/from the inner detectors or due to interference
between barrel and endcap detector components. Without a full detector model, it
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Figure 8.56: Jet energy scale (left) and resolution (right) as a function of jet pseudorapidity
when selecting smeared jets with pT > 10 GeV/c for different values of HCal energy resolu-
tion: 100%/

√
E⊕ 10% (red squares), 75%/

√
E⊕ 10% (blue triangles), and 50%/

√
E⊕ 10%

(green circles).

Figure 8.57: Demonstration of the effect of selecting only jets which do not contain a neutral
hadron (green circles) on the jet energy scale (left) and resolution (right) as compared to the
cases when all subsystems are used in jet finding (red squares) and when HCal information
is excluded (blue triangles).

is impossible to know the exact size and location of any gap(s) and determine the
effect one would have on our observables. However, a qualitative assessment of
the impact of a gap can be achieved in fast simulation simply by zeroing out the
calorimeter response in the desired region.
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Figure 8.58: Effect of electromagnetic and hadron calorimeter coverage gaps of 0.1 (left col-
umn) and 0.3 (right column) units of pseudorapidity on particle level jets of R = 0.8 (upper
row) and R = 0.4 (lower row) and pT > 10 GeV/c. The gap is centered at η = 1.

Figure 8.58 shows the effect of a gap in calorimeter coverage on the smearing of
particle level jets. As should be expected, greater deviations are seen for the larger
gap size, while jets with larger radii show a less pronounced dip than their smaller
radii counterparts due to the fact that they always cover more of the pseudorapid-
ity range unaffected by the coverage gap. It is also seen that a gap in electromag-
netic calorimetry will have a larger effect than a break in hadron calorimetry.

While the simple analysis above does not set a requirement on the tolerable size
of a gap for any given analysis, it should give a qualitative picture as to what the
effects on a jet would be. Given that jets are extended objects and event shape
analyses aim to characterize the energy distribution of the entire event, the Jets
and Heavy Quarks group requests that any calorimeter gap in the main detector
volume be kept as small as possible.

8.3.6 Systematic uncertainties and unfolding: 1-jettiness

This section assesses the experimental issues in the measurement of 1-jettiness
at the EIC, for a high-precision determination of the strong coupling αs. In this
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first assessment of experimental capabilities we focus on the measurement of τa
1

(Eq. 7.18) in kinematic region Q > 30 GeV, where the calculational precision is
expected to be greatest (Sec. 7.1.7).

The axes used for minimization in τa
1 are the beam direction and the jet centroid

axis (Eqs. 7.15 and 7.18). The jet is determined using the Anti-kT algorithm [302]
with R = 1, and we assume the pion mass for all tracks and clusters. The jet
centroid is defined using the pT-weighted average of jet constituents. In each event
we utilize the highest-pT jet whose centroid lies within |η| < 2.5.

Once the hardest jet in the event is found, we loop over all particles in the ac-
ceptance and compute the scalar product of each particle four-vector and the jet
four-vector as well as the product of the particle four-vector and that of the beam,
according to Eqs. 7.15 and 7.18. The minimum of the two products is chosen and
accumulated in a loop to obtain τa

1 after normalization by Q2.

We then calculate τa
1 at both particle and detector-level. At detector level we con-

sider two cases: the observable is computed using only tracks as input and the
observable is computed using the Delphes particle-flow components as input.

The relative difference of τa
1 at detector and particle level, at both track-level and

particle-flow level, is shown in the upper panels of Fig. 8.59. The residuals distri-
butions are significantly non-Gaussian, especially at track-level, with RMS of 18%
and 36% for track and flow-level respectively. The residuals distribution is largely
insensitive to the variations in detector performance considered here.

The distributions of τa
1 at flow and track-level, again for various choices of detector

performance, are shown directly in the bottom plot of Fig. 8.59. The most notable
feature of the figure is the significant change in the distribution from flow (all par-
ticles) to track-level (charged tracks only). The systematic shift to lower value of τa

1
for the track-level measurement is due to both lower jet pT and fewer terms in the
sum in the numerator of Eq. 7.15. Variations in detector performance give much
smaller variation in the τa

1 distribution than the shift in the overall distribution
from flow to track-level.

Our goal is a high-precision measurement of τa
1 . If the instrumental response due

to detector effects is known quantitatively, this information can be utilized to cor-
rect such effects and maximize the precision of the measurement, using the ap-
proach of regularized unfolding. In this section we estimate the precision achiev-
able for measuring τa

1 at EIC, using unfolding.

The precision of an unfolding procedure is dependent upon the statistical precision
of the raw data. We utilize the differential cross section for τa

1 given by PYTHIA8,
scaled by the assumed integrated luminosity of 10 fb−1, to calculate the statistical
uncertainty in the “raw” τa

1 distributions. We then vary the content of each bin
using a Poisson distribution with mean of the number of projected counts.

The unfolding procedure uses the Bayesian approach, as implemented in RooUn-
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Figure 8.59: Upper plots: Residual distributions of τa
1 at particle and detector-levels, for

variations choices of detector performance. Lower plots: distribution of τa
1 at particle and

detector-levels, for variations choices of detector performance.

fold [1374]. The response matrix is constructed by calculating τa
1 at the particle and

detector level for each event.

We consider the following contributions to the systematic uncertainty of the τa
1

measurement:

1. Tracking efficiency is degraded by (absolute) 2%. A few percent uncertainty
is motivated by the magnitude of he discrepancy between the MC and data
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in describing the tracking efficiency in LHCb [1375] and ALICE.

2. 2% poorer energy resolution of the ECal and the HCal calorimeters.

3. Variation in PYTHIA8 tune: Monash tune. Further studies will utilize Her-
wig.

4. Mass assumption: compare assumption of pion mass for all tracks (default)
and perfect PID at detector level.

For each systematic variation, a new response matrix is constructed and the un-
folding procedure is repeated.
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Figure 8.60: Relative statistical and systematic uncertainties of the unfolded τa
1 distribution

(flow-level) for events with 30 < Q < 40 GeV.

Figure 8.60 shows the results of this unfolding procedure for τa
1 at the particle flow

level, for events with 30 < Q < 40 GeV. Statistical uncertainties of the raw distri-
bution and the unfolded solution in the range 0.1 < τa

1 < 0.7 are within 2%. The
systematic variations in detector performance, described above, give systematic
uncertainty in that region on the order of 4%, as indicated by the dashed lines.

Discussion Figure 8.60 indicates that statistical and systematic uncertainties of
flow-level τa

1 30 < Q < 40 GeV are expected to be of the order of 2 to 4 % over
the full range of the distribution, for this specific choice of binning in virtuality
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Q. Assessing the correlation between the statistical and systematic uncertainties is
beyond the scope of this report.

Note that the largest contributions to the systematic uncertainties in Fig. 8.60 are
due to the calorimeter performance. As the next step in this analysis, calorimeter
performance based upon specific EIC designs should be considered, include the
projected effects and uncertainties due to calorimeter non-linearity.

In addition, Fig. 8.60 indicates that track-level measurements may have greater
relative precision experimentally. As noted in Sec. 7.1.7, theoretical calculations of
track-level event shape observables with controlled and improvable precision may
be possible, though such an approach still requires development in both theory
and experiment. We will continue to consider the measurement of τa

1 and other
event shape obseravbles at both the flow and track-levels.

As discussed in Sec. 7.1.7, fundamental parameters of QCD will be extracted by
comparing analytic calculations to the EIC data in bins of Q and x.

In this section, we have performed a first evaluation of the expected measurement
precision of τa

1 . Uncertainties of few percent are to be compared to systematic un-
certainties of typically 10% in αS extractions at HERA using inclusive jet cross sec-
tions [1376] for instance. Further investigation requires MC pseudo-data based on
specific EIC detector designs, together with the application of Bayesian Inference
tools [1377].

8.3.7 Summary

The preceding section discussed the detector requirements necessary to carry out
the physics program covered by the Jets and Heavy Quark working group. These
requirements are summarized below:

Track Momentum Resolution Track momentum resolution parameters were
listed in Tab. 8.3 for two magnetic field strengths. It was concluded that either
the 3T or 1.5T settings would be adequate.

Minimum Track Transverse Momentum Minimum track pT was also enumer-
ated for two magnetic field settings and are found in Tab. 8.4. A preference
for the lower thresholds associated with the 1.5T field was found.

Transverse Pointing Resolution The required track transverse pointing resolu-
tion necessary for the Heavy Flavor program can be found in Tab. 8.5.

PID The Jets and Heavy Quarks working group requests π/K/P separation at
the 3σ level over a wide momentum range, specific numbers can be found in
Tab. 8.6.
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Electromagnetic Calorimetry The default ECal energy resolution put forward by
the detector group and listed under Standard resolution in Tab. 8.7 was de-
termined to be adequate. An energy threshold of 100 MeV or better is also
requested.

Hadron Calorimetry The requested HCal energy resolution can be found in
Tab. 8.8. It was found that neutral hadron isolation could also be important
for jet energy scale and resolution.

8.4 Exclusive Measurements

8.4.1 Deeply virtual Compton scattering and exclusive production of π0 in e+p

Deeply virtual Compton scattering (DVCS) and the hard exclusive production of
π0 mesons off a nucleon play a prominent role in the studies of GPDs. DVCS gives
access to chiral-even GPDs, which are important for the extraction of information
on both the nucleon tomography and the energy-momentum tensor (EMT), includ-
ing access to the total angular momentum of partons, as discussed in Sec. 7.2.2.

Hard exclusive production of π0 mesons, on the other hand, gives access to chiral-
odd GPDs, some of which are related to transversity distributions, which are ex-
tensively studied in SIDIS and Drell-Yan processes.

The similarity between the final states of DVCS and hard exclusive production of
π0, see Sec. 7.2.2, suggests that the detectability of both processes in an appara-
tus equipped with electromagnetic calorimeters (ECALs) can be studied together.
Another reason for a joined study of this type is that DVMP π0 may become a
background to DVCS. This happens when one low-energy photon coming from
π0 decay misses ECALs, its energy is too low for a detection, or if two electro-
magnetic cascades induced by photons can not be distinguished from each other.
A common analysis of DVCS and DVMP π0 therefore allows to stress three main
aspects of ECALs design: geometrical acceptance, energy thresholds and granu-
larity.

The study presented in this subsection is based on two Monte Carlo generators.
The first one is MILOU 3D, a recently updated version of MILOU [1378], used
to generate DVCS events. The original version of MILOU is supplied with two-
dimensional (xB, Q2) lookup tables of DVCS sub-amplitudes, refereed to as Comp-
ton form factors (CFFs), while t-dependance of those factors is factorised out and
modeled with either exponential or dipole Ansatz. This way of modeling of CFFs
has been modified for the purpose of this study. Namely, MILOU 3D can now
be supplied with three-dimensional (xB, Q2, t) tables, allowing to account for an
interplay between all three variables, which is important to describe data at ener-
gies lower than those available at HERA [1379]. This modification allowed using
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two realistic GPD models to generate the lookup tables: KM [1380–1383] imple-
mented in GeParD and GK [1384–1386] implemented in PARTONS [1387]. These
two models significantly differ by construction, i.e. they are based on different
schemes of GPD modelling, and they are constrained by different experimental
data. The second generator is toyMC, which was developed for the purpose of
this study. It assigns a weight to each generated event, which corresponds to ei-
ther DVCS or DVMP π0 cross section. For this generator the lookup tables of cross
sections were generated with the GK model, which includes chiral-odd GPDs cru-
cial for the description of exclusive π0 production. The amplitudes for DVMP π0

were evaluated using the GK formalism [1384], which is based on the modified
perturbative approach [1388], allowing one to overcome the problem of infrared
divergences that appear for transversely polarised virtual photons. Among many
available versions of chiral-odd GK GPDs we have chosen the one that success-
fully describes cross sections measured by COMPASS [1389]. The kinematic do-
main covered by this measurement significantly overlaps that of EIC, particularly
at its lowest beam energy configuration: 5 GeV× 41 GeV. Both generators can be
interfaced with EIC-smear.

Figure 8.61, based on 500k events simulated with with MILOU 3D, compares the
distributions of events generated according to KM20 [1383] (blue) and GK [1386]
(red) for the lowest and highest beam energy configurations. The following cuts
have been applied at generation level: Q2 > 1 GeV2, 0.01 < y < 0.95, and 0.01 <
|t| GeV2 < 1.6. Both models predict a significant drop of the cross section with
Q2.The different |t| distributions for GK (exponential) and KM20 (dipole) are also
evident.

Using the same sample of generated DVCS events, we have also simulated the en-
ergy and pseudo-rapidity distributions of the scattered electron and produced real
photon in a DVCS process. Figure 8.62 visualizes these spectra for the lowest and
highest beam energy configurations. At lower energies (left) the electron is pre-
dicted to be scattered within the nominal combined EMCAL+Tracker acceptance
of |η| < 3.5. At the highest electron-beam energy (right), the peak in the scattered
electron distribution is predicted to be at η ∼ −3.6. This is expected to be valid
for other exclusive processes, making a slightly extended acceptance at backwards
pseudo-rapidities beneficial for detection efficiency. Both models predict that the
nominal |η| < 3.5 acceptance should be enough for detecting most of the produced
photons, with a nearly perfect situation at smaller beam energies and a slight loss
in efficiency at top beam energy, notably at very low values of xB.

In order to assess the significance of π0 background, the pseudo-rapidity distri-
bution of photons from DVCS and exclusive π0 production before applying the
smearing is compared in Fig. 8.63. These histograms represent the sample of events
generated with toyMC for the four beam energy configurations considered in this
report and assume an integrated luminosity of L = 10 fb−1 per each configuration.
Two cuts were applied to the sample before making the histograms: Q2 > 1 GeV2
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Figure 8.61: Kinematic distributions of DVCS events generated according to KM20 [1383]
(blue) and GK [1386] (red) models.

and 0.01 < y < 0.95. The validity of the y-cut was checked with a sample of events
after applying the smearing. This study shows that at y = 0.01 one may expect
the resolution of this variable at the order of dy/y ≈ 0.5 for 5 GeV× 41 GeV and
dy/y ≈ 1 for 18 GeV × 275 GeV beam energy configuration. We conclude that
for 18 GeV× 275 GeV and the assumed acceptance of |η| < 3.5 for both electrons
and photons one may expect to loose 14%/17% of DVCS events and 11%/12% of
exclusive π0 events, where the first number is due to the acceptance on electrons,
while the second one is due to the acceptance on both electrons and photons. The
loss is mainly seen for Q2 ≈ 1 GeV2 events. The loss of DVCS events can be almost
entirely recovered by slightly extending coverage in backwards pseudo-rapidity to
η < −3.7 from the currently assumed value of η < −3.5. For lower beam energies
the loss is smaller, in particular for 5 GeV× 41 GeV it is of the order of 1%.

The contamination of DVCS sample by misinterpreted exclusive π0 events is
demonstrated with Fig. 8.64, where the ratio of events in bins of (xB, Q2) is shown
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Figure 8.62: Energy and pseudo-rapidity spectra of DVCS events generated according to
KM20 (blue) and GK (red) models.
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Figure 8.63: Distributions of pseudo-rapidity for DVCS photons (red), exclusive π0 mesons
(blue) and photons coming from decays of π0 → γγ (green, histogram scaled by 1

2 ) for four
beam energy configurations (see the insert labels) and 10 fb−1 of integrated luminosity.

for 5 GeV× 41 GeV beam energies. This energy configuration is chosen because
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the relative event yield (cf. Fig. 8.63) is the largest. The plot is made for the sample
of events generated with toyMC after applying Q2 > 1 GeV2 and 0.01 < y < 0.95
cuts, requiring both electrons and photons to be reconstructed assuming |η| < 3.5
acceptance. With no additional cuts on energy thresholds for the detection of pho-
tons in ECALs and cuts on the spacial separation of π0 decay photons, we may
estimate that in the domain of high-xB one may expect a significant yield of DVMP
π0 events with respect to DVCS. The effect of such cuts can be deduced from plots
like those shown in Fig. 8.65, where spectra of energy and opening angles of pho-
tons in the lab frame are shown.
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8.4.2 Neutron target

Neutron GPDs can also be studied at the EIC, where the unique collider experi-
ment at high energy with fully reconstructed final-state particles can provide in-
sights into the neutron substructure. Since there is no easy source of a free neu-
tron target at collider facilities, one of the experimental challenges of constrain-
ing the neutron GPDs is to separate the background from nucleus-induced effect
when colliding with nuclei. Hereby, the newly proposed experimental technique
of spectator tagging in light nuclei [69], e.g. deuteron, will provide a clean and un-
ambiguous way to measure the neutron GPD. The idea is to measure an exclusive
reaction, e.g. DVCS, on the deuteron, where the final-state particles are exclusively
identified, including the real photon and the spectator nucleon. Generally the real
photon goes into the main detector at mid-rapidity, while the spectator nucleon
has a rapidity close to the deuteron beam that goes to the far-forward region. For
the case of studying the neutron GPDs, the spectator nucleon would be a proton
such that the exclusive process can be unambiguously measured on the neutron.
This will be almost no different than the DVCS measurement on a free neutron
because the deuteron is very loosely bound. The detector requirements to perform
DVCS on neutrons are i very similar to those needed to perform diffractive J/ψ
measurements in electron-deuteron scattering at the EIC, which can be found in
Ref. [854] and also discussed in Sec. 8.5.4 of this Yellow Report. The conclusion
based on detailed J/Ψ studies is that with a reasonable design of forward proton
and neutron detectors, the momentum transfer distributions of the DVCS process
can be measured very precisely for a wide range of t. This can be achieved by
combining two different methods described in Sec. 8.4.6 for t reconstruction with
spectator tagging to identify the events. The spectator proton acceptance is almost
100% for the general case of deuteron breakups. In addition, different methods of
reconstructing the t distribution can provide a better handle on the systematic un-
certainties of the measurement, including sources arising from beam momentum
spread and angular divergence.

8.4.3 Deeply virtual Compton scattering off helium

In this section we discuss the feasibility of making measurements of coherent ex-
clusive reactions on light nuclei to study the physics described in section 7.2.5. The
expected main limitation is the detection range in t, for which the most challenging
situation is helium, thus we will concentrate here on that reaction. Many processes
are of great interest, but here we will focus on coherent DVCS. For reactions such
as tagged DVCS or DVMP, the detector needs combine the ones we identify in this
section, with those identified as needed to study the similar processes of tagged
DIS and DVMP on the proton.
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The Orsay-Perugia Event Generator (TOPEG)

For this study, a new Monte Carlo event generator for the coherent DVCS off the
4He nucleus has been developed. This tool, called the Orsay-Perugia event gener-
ator (TOPEG), is based on the Foam ROOT library [1390]. The generated cross section
exploits at LO the model for the chiral even GPD describing the 4He parton struc-
ture presented in Ref. [672]. Checks at the JLab kinematics with an electron beam
energy of 6 GeV have been successfully performed. TOPEG works in two stages:
the exploration and the generation. During the exploration, a foam of cells is gen-
erated and filled with an approximated cross section constant in each cell. The
weight, i.e. the ratio between the true distribution and the approximated one, is
calculated. The generation is then based on the approximated distribution. For
each generated event, a call of the function is done to check that the cross section
has a reasonable value at the exact generated kinematic. In the model calculation,
the real part of the Compton form factor, involving a principal value integral, is
most time consuming. Besides, since this term affects the magnitude of the cross
section only with a little impact at the kinematics considered, we neglected this
term in the generation of the event presented in the following.

For the three scenarios of EIC, we generated 1 million events with Q2 > 4 GeV2

and |tmin| < |t| < |tmin + 0.5|GeV2. The corresponding luminosity ranges between
100 and 250 nb−1 going from the high energy configuration to the lower ones. The
obtained total cross section ranges between 4 and 11 µb and grows with the beam
energies since it is dominated by the form factor of the 4He strongly dependent
on t. This value, however, is significantly reduced (around 95% or more) when
accounting for the t acceptance of the helium nuclei in the far forward detectors.

Central detector

From these events, we evaluated the acceptance of electrons and photons to be
detected in the central detector. The DVCS photons are shown in Fig. 8.66 for all
energy configurations. We observe that they are mostly in easily accessible kine-
matics within the acceptance described by the detector matrix. The limit is reached
only for some low angle photons in the highest energy configuration. This con-
cerns mostly the lowest xB events and thus the highest energy settings for φ ≈ 0
kinematics, where φ is the angle between the hadronic and leptonic planes. This
is not too concerning as this kinematic region concentrates mostly the BH contri-
bution to the process and has little importance for the extraction of the Compton
Form Factor (CFF) and the physics goals in general. However, the proportion of
lost events rises to 20% for the highest energy setting, which shows that the pseu-
dorapidity limit of 3.5 is critical and starts to significantly affect the data collected.
If this limit was to be modified, it could affect strongly the physics reach at low xB
and the interest to run light nuclei at the highest energy settings.
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Figure 8.66: Kinematic distribution of the photons produced in coherent DVCS on helium-4
as generated with TOPEG for the three energy configurations envisioned for the EIC.

Forward detector

In the far forward region, where the scattered helium nuclei are detected, the situa-
tion is more complicated. At low xB, tmin becomes very small leading to kinematics
impossible to access,meaning the minimum t reported will be set by the detector
acceptance. While for high t the limitation will be the luminosity. These two val-
ues are the critical limits that need to be evaluated for the light nuclei coherent
processes.

In the detector matrix, the limit at low t is given by the Roman pot capabilities. It
is expected to detect recoil nuclei at transverse momenta as low as 0.2 GeV. This
corresponds to −t ≈ 0.04 GeV2. In a similar fashion to the photon acceptance, this
appears to leave plenty of room to study the t dependence between tmin and the
first minimum (at−t ≈ 0.7, 0.42, 0.48 GeV2 for d, 3He, 4He, respectively). However,
since |t| ∼ pT

2, a degradation of the lower momentum reach proposed would
significantly affect our capability to study 3He and 4He coherent DVCS.

Overall performance

Overall, it appears that the detector capabilities proposed in this report have a
wide enough kinematical range to study the tomography and other possible elu-
sive nuclear parton dynamics around the critical first diffraction minimum of the
electromagnetic form factor. We identify two key points as critical for these studies,
in the sense that a degradation would directly affect the accessible physics. These
are the minimum angle of photon detection in the backward detector and the min-
imum transverse momentum accessible in the Roman Pots for recoil nuclei.

In order to quantitatively assess the effect of different recoil nuclei minimum trans-
verse momentum, we performed a fit of pseudo-data generated with the TOPEG
software using different assumptions. We show in Fig. 8.67 the quark density pro-
files extracted using the leading order formalism [1391, 1392], assuming three dif-
ferent minimum transverse momenta for the Roman pots and a 10 fb−1 integrated
luminosity. We chose to present here the figure of merit for the nominal design
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value of the Roman Pots in this report pT = 0.2 GeV, as well as a higher and lower
value (pT = 0.1, 0.3 GeV) to illustrate the criticality of this parameter for the mea-
surement. As we can see, the density profile extraction remains doable for all the
assumptions used here, however we notice that the error is highly correlated to
the measurement threshold of the Roman Pots. This highlights the importance to
optimize the Roman Pot threshold to maximize the phenomenological exploitation
of the nuclear DVCS data.

Figure 8.67: Quark density profiles extracted from pseudo-data corresponding to a 10 fb−1

integrated luminosity and generated with the TOPEG software. The extraction was performed
using a fit based on the leading order formalism [1391, 1392] and a Roman pots detection
threshold set to pT = 0.1 (left), 0.2 (center) and 0.3 GeV (right).

8.4.4 Timelike Compton scattering

Timelike Compton Scattering (TCS) is an inverse process to DVCS, where a real
photon scatters from a nucleon to produce a large Q′2 virtual photon which de-
cays into a pair of leptons. As such, TCS has a final state identical to the exclusive
production of J/Ψ, but without the advantage of a well-defined invariant mass for
the lepton pair. Exclusive reconstruction of TCS is, therefore, experimentally more
challenging. We have simulated TCS using a toy Monte Carlo which generates
a spectrum of quasi-real photons in a head-on collision of electrons and protons
and interpolates through tables of CFFs to calculate TCS cross sections, which are
applied as weights to each event [1393]. The CFF tables were produced with the
PARTONS framework and used the Goloskokov-Kroll parametrization [1386] –
the same CFFs were also employed in the DVCS simulations in Sec. 8.4.1. Simi-
larly to DVCS, the TCS amplitude interferes with the Bethe-Heitler process, which
can produce the same final state. Both the pure TCS and the pure BH distribu-
tions were simulated, each for e+e− and µ+µ− decay leptons. To suppress the BH
contribution where it particularly dominates the kinematics, a cut was applied on
π/4 < θ < 3π/4, which is the angle between the positive lepton momentum and
scattered proton in the lepton centre of mass frame. An additional cut on the virtu-
ality of the produced photon, Q′2 > 2 GeV2, ensured a hard scale in the scattering,
while requiring Q′2 < M2

J/Ψ suppressed the resonant background. All quasi-real
photon virtualities up to Q2 = 0.1 GeV2 were included. The integrated kinematics
of the simulation, for both the BH and the TCS signal, are shown in Fig. 8.68. The
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resulting distributions of the decay leptons, for TCS and BH separataly and for the
lowest and highest collision energy settings, are shown in Figs. 8.69 - 8.70. The dis-
tributions are very similar for both processes, except for the difference in the yield.
The nominal acceptance of the central detector, |η| < 3.5, would result in the loss
of only the highest momentum leptons. An extended far-forward acceptance of
η < 4.5 would catch the majority of the lepton pairs even at the highest collision
energy. Any loss due to the acceptance would not have a significant effect on the
distribution of Q′2, which provides the hard scale in the process (Fig. 8.71).
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Figure 8.68: Comparison of the kinematics between simulated pure BH (red) and pure TCS
(blue) at two collision energies: 5× 41 GeV (top) and 18× 275 GeV (bottom). Left column: |t|
distribution, right column: Q′2. The yield is quoted for an integrated luminosity of 10 fb−1.

The BH contribution dominates over the TCS cross section by approximately two
orders of magnitude. Similarly to DVCS, access to the TCS amplitude is usually
obtained via the BH-TCS interference term in the overall cross section. This is
expected to provide a boost to the TCS signal on the order of 10-15%.

The generated events were passed through EIC-smear to determine the effect of
detector resolutions. Requiring Q2 < 0.1GeV2 for photoproduction results in scat-
tered electron angular distributions shown, for the lowest and highest collision
energies, in Fig. 8.72. While at the lowest energy some electrons may be detected
in the far backward detectors, at the highest energy the low-Q2 tagger is necessary
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Figure 8.69: Momentum vs pseudorapidity for e+e− (top) and µ+µ− (bottom) at the
5 × 41 GeV collision energy, for an integrated luminosity of 10 fb−1. Left: BH, right: TCS.

for fully exclusive reconstruction. Distributions of generated pT vs. η for the recoil
protons are presented in Fig. 8.73 for both collider energies – their detection hinges
on Roman Pots.

Fig. 8.74 shows the expected resolution on t, where the difference between the
generated and reconstructed (using EIC-smear) t is plotted. At the lowest collider
energy, where some scattered electrons are reconstructed, it is possible to obtain t
from the quasi-real and virtual photons, but the resolution is significantly worse
than calculating t on the basis of the beam and recoil protons.

While the electron-positron final state may be the obvious experimental choice,
measurement through muon decays has two advantages: it avoids any com-
binatorial background from e+e− pairs where the e− is the scattered electron,
and muons provide a considerably better mass resolution due to the absence of
bremsstrahlung, and thus a better signal-to-background ratio. The cross sections
for both decay channels are equal and the kinematic distributions of the leptons
are very similar. A measurement of both channels would therefore allow for sys-
tematic cross-checks and a doubling of statistics. The scattered electron follows
the same distribution as for all quasi-real photoproduction processes – detection
of the electron in a low-Q2 tagger would further help to suppress the background
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Figure 8.70: Momentum vs pseudorapidity for e+e− (top) and µ+µ− (bottom) at the
18 × 275 GeV collision energy, for an integrated luminosity of 10 fb−1. Left: BH, right:
TCS.

and ensure exclusivity.

8.4.5 Exclusive vector meson production in e+p

Exclusive production of vector mesons is complementary to DVCS. As discussed
in Sec. 7.2, production of light vector mesons allows one to separate quark flavor
GPDs whereas heavy mesons probe gluon-GPDs. Studies of light vector meson
production are separately discussed in Sec. 8.5.1. We used the lAger event genera-
tor [193] to obtain samples of J/ψ and Υ events, where the J/ψ and Υ photoproduc-
tion cross sections are those from fits in a vector-meson dominance model to the
world data from Refs. [187, 192]. This photoproduction cross section is then used
to obtain the electroproduction cross section as described in Ref. [192] Appendix
A. For the decay into e± and µ± we assumed s-channel helicity conservation. We
used the PHOTOS [1394] package to account for the radiative effects on the vector
meson decay. Finally, we used the GRAPE-DILEPTON [1395] program to simulate
the dilepton background to the detected exclusive final state. To simulate detector
effects, we used EIC-smear with matrix detector [1367], including far-forward ele-
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Figure 8.71: Q′2 vs pseudorapidity of the produced electron for the 5 × 41 GeV (left) and
18 × 275 GeV (right) collision energies, BH events for an integrated luminosity of 10 fb−1.
Red, vertical lines indicate the edges of the nominal central detector acceptance: |η| < 3.5.
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Figure 8.72: The generated pseudorapidity of the scattered electron for the 5 × 41 GeV (left)
and 18× 275 GeV (right) collision energies, shown in cyan. The acceptance range of the low-
Q2 tagger is indicated by red lines, while the yellow distribution shows the case where all
four final state particles are reconstructed. BH events at an integrated luminosity of 10 fb−1.

ments. Finally, for our studies, we evaluated the nominal beam configurations: 5
GeV electrons on 41 GeV protons, 5 GeV electrons on 100 GeV protons, 10 GeV
electrons on 100 GeV protons, and 18 GeV electrons on 275 GeV protons. For
brevity, we only include results for the lowest and highest energy configuration
in this document, as they form a realistic envelope for the other configurations.

Detector requirements

To fully detect the exclusive reaction, we need to detect the scattered lepton, re-
coil proton, and both decay leptons. Note that the event geometry concerning the
scattered lepton and recoil proton is very similar to that of DVCS. A summary of
the polar distributions of the leptons in DVMP for the lowest and highest collision
energies are shown in Figure 8.75.
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Figure 8.73: The generated pT vs pseudorapidity of the recoil protons for the 5 × 41 GeV
(left) and 18 × 275 GeV (right) collision energies, for BH events at an integrated luminosity
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Figure 8.74: ∆t (generated - reconstructed) distributions, where t = (q′ − q)2 (left, showing
in light purple all events and in dark blue those where a proton had also been reconstructed)
and t = (p′ − p)2 (middle) for the 5 × 41 GeV and 18 × 275 GeV (right) collision energies.
At the highest collision energy, t can only be reconstructed using the proton. BH events at
an integrated luminosity of 10 fb−1.

The recoil proton detection occurs through a combination of forward and far-
forward detector elements. For increasing collision energy, the recoil becomes
increasingly forward. Figure 8.76 shows recoil pT as a function of the recoil po-
lar angle θ. The dashed line shows a nominal pT cutoff below 200 MeV, which
does not substantially impact the detector’s physics reach. Comparing the lower
and higher beam setting in this figure, we will need a smooth transition between a
forward B0-style detector into a Roman Pot-like system.

Fig. 8.77 shows Q2 as a function of pseudorapidity η. The orange box corre-
sponds to a nominal central detector covering |η| < 3.5, while the magenta box
corresponds to a nominal low-Q2 tagger accepting −6.9 < η < −5.8. The cen-
tral detector acceptance is sufficient for all configurations to accept events from
Q2 > 0.1GeV2 to large values of Q2. The lower limit of η > −3.5 is restrictive for
photoproduction events in the main detector, especially for higher collision ener-
gies. The photoproduction of DVMP at higher energies will completely depend on
the low-Q2 tagger unless a significant enhancement of the backward region’s elec-
tron acceptance is possible. More acceptance in the low Q2 tagger would directly
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Figure 8.75: Polar figures of the momentum distribution for the scattered electron (top pan-
els) and decay leptons (bottom panels) for J/ψ DVMP at the lowest and highest energy
configurations.

translate into more measured photoproduction events. A better acceptance for low
Q2 events would benefit Upsilon photoproduction near threshold, where the pro-
jected statistical precision is particularly low (cf. Fig. 8.81). For a summary graph
of the polar distributions for the scattered electron, see Figure 8.75 (top panels).

The main detector will measure the e± and µ± pair from J/ψ and Υ decay. Figure
8.78 shows Q2 (top) and W (bottom) versus decay lepton rapidity. The nominal
central detector range of |η| < 3.5 envelopes the majority of events. The bottom
panels show a slight W dependence of the decay particle η, but the loss of accep-
tance at lower W is relatively minor. The top panels show a discontinuity between
the higher and lower Q2 points, caused by the rapidity gap between the electron
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Figure 8.76: Transverse momentum pT versus polar angle θ for recoil protons in exclusive
J/ψ DVMP for the lowest and highest energy configurations. The dashed line corresponds
to a lower pT cut of 200 MeV.

1

10

210

310

410

510

co
un

ts

10− 8− 6− 4− 2− 0 2 4 6 8 10

scat
η

4−10

3−10

2−10

1−10

1

10

210

)2
 (

G
eV

2
Q

 SIMULATIONEIC
 DVMP.ψScattered e for J/

)-15 GeV on 41 GeV (100fb

1

10

210

310

410

510

co
un

ts
10− 8− 6− 4− 2− 0 2 4 6 8 10

scat
η

4−10

3−10

2−10

1−10

1

10

210

)2
 (

G
eV

2
Q

 SIMULATIONEIC
 DVMP.ψScattered e for J/

)-118 GeV on 275 GeV (100fb

Figure 8.77: Q2 as a function of the scattered electron pseudo-rapidity for exclusive J/ψ
DVMP with the lowest and highest energy configurations. The orange box indicates scat-
tered electrons detected in the nominal central detector, while the magenta box corresponds
to events detected with the low-Q2 tagger.

endcap and the low-Q2 tagger. From a detector point of view, the limiting factor
for DVMP is the low Q2 acceptance, limiting the event count in the Υ threshold
region important for the physics of the proton mass. Expanding the acceptance in
the low-Q2 tagger would dramatically improve the statistics in these regions. For
a summary graph of the polar distributions for the decay leptons, see Figure 8.75
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Figure 8.78: Q2 (top) and W (bottom) versus decay lepton rapidity for exclusive J/ψ DVMP
for the lowest and highest energy configurations (left and right). The two structures on the
top graphs are due to the discontinuity between scattered electrons detected in the main
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show a nominal main detector acceptance for |η| < 3.5, and the magenta line on the top
graph shows a upper limit for photoproduction events for Q2 < 0.1GeV2 .

(bottom panels).

The impact of the nominal fiducial volume of |η| < 3.5 in the main detector on
the xV coverage at the highest collision energy for J/ψ DVMP is explored in Fig-
ure 8.79 for electroproduction and photoproduction. The top panels show xV ver-
sus the scattered electron η without detector cuts. Here too, it is clear that for
photoproduction we are fully dependent on the low-Q2 tagger. For electroproduc-
tion, we have good coverage of the full xV range within the main detector. Note
that the lower bound of Q2 > 1GeV2 coincides almost exactly with the η > −3.5
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Figure 8.79: xV versus the pseudo-rapidity of the scattered electron (top panels) and de-
cay lepton (bottom panels) in photoproduction (left) and electroproduction (right) for J/ψ
DVMP at the highest energy configuration. The dashed orange lines show the nominal cen-
tral detector range of |η| < 3.5, and the dashed magenta line shows a nominal low-Q2 tagger
at −6.9 < η < −5.8. There are no detector cuts in the top figures, while the bottom figures
have a nominal acceptance applied to only the scattered electron and recoil proton. The
straight edge in the top right figure is caused by the Q2 > 1 GeV2 requirement for electro-
production.

cutoff in the backward region. The case for the J/ψ decay leptons is shown in the
bottom panels. While there is a clear relation between ηdecay and xV , we do not
loose access to any kinematic region due to the main detector acceptance. This is
similar to what we concluded for W (see Fig. 8.78).

Figure 8.80 makes the case for muon PID for exclusive DVMP. The left panel com-
pares the J/ψ → e± projected count rate with the dilepton background count for



CHAPTER 8. DETECTOR REQUIREMENTS 341

8− 6− 4− 2− 0 2 4 6 8

  η

1

10

210

310

410

# 
 

 SIMULATIONEIC
 ee with background from di-lepton production.→jpsi 

)-15 GeV on 100 GeV (10fb SIGNAL

Dilepton background

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

)2 (GeVγtδ

0

1000

2000

3000
 SIMULATIONEIC
 DVMP, 18 GeV on 275 GeVψJ/

All reconstructed
Tracker hits only

2Resolution: 0.102 GeV
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J/ψ photoproduction events for an intermediate energy configuration. The back-
ground becomes non-negligible for events with decay leptons in the backward re-
gion. While this background issue is only significant for certain kinematic corners
for DVMP, it will be much more severe for TCS. Muon PID will be important to
control for this.

The right panel in Fig. 8.80 shows the difference δt between generated and mea-
sured t based on the reconstructed scattered electron and vector meson kinemat-
ics. Note that beam divergence effects and beam energy spread, which will further
complicate this reconstruction, are not accounted for in this study. The long tails
on this resolution originate from limited resolution effects and radiative effects in
the vector meson decay. These heavy tails are present in all reconstructed kinemat-
ics, particular at lower W. More sophisticated tracking reconstruction algorithms
should make this situation a bit better. The improved resolution for muon events
and the smaller impact of radiative effects will make this channel crucial to study
and control for these resolution effects.

Finally, the muon channel’s availability will double the available statistics, vital
for threshold physics where a typical bin in W and t may have single-digit counts,
illustrated in Figure 8.81.

Kinematic coverage

Figure 8.82 shows the phase space in Q2 + M2
V versus xV for J/ψ (top) and Υ (bot-

tom) DVMP at EIC. Varying the collision energy will provide sensitivity to the
gluon GPD from the valence region to the sea region. Due to its much larger mass,
Υ DVMP will access this gluonic structure at a much larger scale than J/ψ produc-
tion, providing for an important handle on the evolution and factorization of the
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Figure 8.81: Coverage in W and t for Υ DVMP for an intermediate energy configuration. The
left panel shows all events, and the right panel shows photoproduction events only. Note
that the photoproduction events result in relatively low statistics. They would directly bene-
fit from either more acceptance in the backward region of the main detector, or an expanded
η-coverage for the low-Q2 tagger.

formalisms used to extract the GPDs. A nominal luminosity of 100fb−1 will allow
for a precise determination of the Q2 dependence of J/ψ production, while being
sufficient to study Υ production in several bins of Q2 + M2

V .

Figure 8.81 shows |t| as a function of W for Υ DVMP for all detected events (left),
and photoproduction events where Q2 < 0.1 GeV2. Measuring DVMP near the
threshold is challenging due to the steeply dropping cross section as the produc-
tion phase space closes. Furthermore, going to the threshold region is intrinsically
limited due to finite detector resolution. The nominal lower limit of y > 0.01
driven by resolution effects translates to a lower limit on W. The measurement
of the Υ photo-production cross section near-threshold would greatly benefit from
increased statistics, achievable through either an extension of the acceptance in the
backward region or through an increased acceptance in the low-Q2 tagger. The
situation is better for electroproduction, and in both cases a nominal luminosity
of 100 fb−1 is sufficient as long as the low-Q2 can be improved from the nominal
values used for this study.

8.4.6 Exclusive vector meson production in e+A

Measuring exclusive cross sections for vector mesons in heavy nucleus targets,
e + A → e′ + A′ + V, where V = ρ, φ, J/ψ, Υ, played a prominent role in the
EIC White Paper [2] and is considered as one of the key measurements of the
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Figure 8.82: Q2 + M2
V versus xV for DVMP of J/ψ (top) and Υ (bottom). The left panels show

the lowest energy configuration, and the right panels show the highest energy configuration.
The discontinuity at lower Q2 + M2

V in the top right graph is due to events with scattered
electrons in either the low Q2 tagger or the main detector.

e+Aprogram at the EIC. The cross section for these exclusive processes, especially
for lighter mesons [893] is generically more sensitive to saturation (or shadowing)
than inclusive cross sections.

In addition to the integrated cross section, one is particularly interested in the t-
distribution dσ/dt and the separation of coherent from incoherent events, where
the target proton or nucleus stays intact or breaks up into color neutral fragments,
respectively. These give access to the transverse spatial structure and fluctuations
of the gluons in the target, see Sec. 7.3.9. For typical values of t for coherent and
incoherent processes see the discussion in Sec. 7.3.9 and Fig. 8.89 below. For coher-
ent events with heavy nuclei, unlike for proton targets, the nucleus does not leave
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the beam pipe, and t must be reconstructed within the central detector. This is the
procedure discussed in this section. Here we discuss specifically production of ρ,
φ, and J/ψ in coherent e+A events, but the ability to reconstruct t in the central
detector will also be useful for light ions, incoherent events with either protons or
nuclei, and also as a cross check for events using the far forward spectrometers.
However coherent e+Aprocesses typically involve the smallest values of |t| and
thus pose the most stringent requirements.

Here we follow earlier studies by [767] and focus on the pT-resolution as the dom-
inating factor that determines the precision with which we can measure the mo-
mentum transfer t. The resolution is parametrized as σpT /pT = (σpT /pT)meas ⊕
(σpT /pT)MS, where MS refers to the multiple scattering term. We use as start val-
ues the ones listed in the EIC Detector Requirements and R&D Handbook [1366]
for the respective pseudorapidity interval.

Event generation and decay channels

Simulations were carried out with the Sartre event generator [893, 1396, 1397] ver-
sion 1.34, based on the bSat [42] dipole model. The generator describes vector
meson production at HERA (e+p) and data from ultra-peripheral collisions at the
LHC in p+Pb and Pb+Pb [1397] quite well. To speed up simulations, skewedness
corrections as well as corrections of the real part of the amplitude were not ap-
plied. This affects the magnitude of the cross section but has little impact on the
kinematics, which is the focus of this study.

Data sets for photoproduction, defined here as Q2 < 0.01 GeV2 and moderate Q2,
1 < Q2 < 10 GeV2 were generated for ρ, φ, and J/ψ mesons at maximum energy,
i.e., Ee = 18 GeV and EAu = 110 GeV. For each meson we generated between 160
and 430 million events. Decays of the vector mesons were conducted with tools
from the Sartre library taking the polarization of the virtual photon into account.
We assume that the particle identification will be sufficient to reconstruct the vector
mesons via the invariant mass of the respective state. A continuous background
from the Bethe-Heitler process e+Au → e′ + Au′ + e+ + e−(µ+ + µ−) will have
to be handled in the analysis of the data. Since most event generators assume
colliding beams with a zero crossing angle, one cannot directly generate events
in the detector frame from beams that have a momentum spread and divergence.
Instead, we generate events from nominal head-on beams and only after this smear
the incoming electron and ion 4-momenta.

For the J/ψ we use here the e+e− decay channel. The muon decay channel would
have similar kinematics, with two main advantages: (i) avoiding combinatorial
background from the scattered electron and (ii) the absence of bremsstrahlung.
For the φ we use here the decay φ → K+K−, with a branching ratio of 49.2%. The
decay into kaons has a serious disadvantage that since mφ − 2mK = 32.11 MeV at
low Q2 as the pT of the decay kaons can remain below the cut-off values of any EIC



CHAPTER 8. DETECTOR REQUIREMENTS 345

detector. A possible remedy would be tracking of curled tracks in the vertex detec-
tors tolerating the absence of particle identification, or runs with small magnetic
field settings. The ρ is measured through ρ → π+π−. Since mρ − 2mπ = 496.35
MeV the measurement at low Q2 is feasible, but also requires a low pT threshold
for tracking.

Kinematic coverage
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Figure 8.83: Kinematics for diffractive e + Au → e′ + Au′ + J/ψ with J/ψ decaying into
e+e−. The left column is for photoproduction and the right for 1 < Q2 < 10 GeV2. Shown,
from top to bottom are pT versus pseudorapidity (η) for J/ψ, electrons from the J/ψ decay,
and the scattered electron.

Figures 8.83 and 8.84 show the kinematics in pT and pseudorapidity for J/ψ, φ, and
ρ, respectively. From these figures we can determine the pseudorapidity range we
want to focus our studies on. For 1 < Q2 < 10 GeV2 the decay daughters of the
vector meson are spread over a wide range with the bulk sitting at midrapidity for
the J/ψ, at η ∼ −1 for the φ and at η ∼ −2 for the ρ. In all cases, measurements
in the barrel region of −1 < η < 1 would yield sufficient statistics for a successful
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Figure 8.84: Left: Kinematics for diffractive e + Au → e′ + Au′ + φ with φ decaying into
K+K−. The left column is for photoproduction and the right for 1 < Q2 < 10 GeV2. Shown,
from top to bottom are pT versus pseudorapidity (η) for φ, kaons from the φ decay, and the
scattered electron. Right: Same for e +Au→ e′ +Au′ + ρ with ρ decaying into π+π−. Note
the different scale on the vertical axis for photoproduction and electroproduction.

measurement. For all vector mesons the scattered electron falls dominantly in the
backward range of −3.5 < η . −2.5. For photoproduction (Q2 < 0.01 GeV2 ) the
vector meson decay products tend to drift further backward peaking at η ∼ −1.5
for the J/ψ, at η ∼ −3 for the φ and η ∼ −4 for the ρ. The scattered electron
is pushed into the far backward region, η < −5 and can only be detected with a
low-Q2 tagger.

The pTrange of the vector meson decay particles is from the tracking thresh-
old (few hundred MeV) to 2-3 GeV. From this we can already conclude that the
multiple-scattering term in the pT resolution will play a dominant role. In our
simulations we use a lower pT cut of 300 MeV unless otherwise noted.

Beam effects

There are two beam effects that potentially can affect the t resolution, the spread
of the beam momentum dp/p and the horizontal and vertical beam divergence σh
and σv. None of these effects can be corrected on an event-by-event basis. Note
that this is different from the effect of a finite crossing angle that is well defined.
In this study we neglect therefore crossing-angle effects assuming that they can be
fully corrected for. We assume the values in Table 8.9.

The default method for reconstructing t is based on using only the transverse mo-
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Species Au e Au e Au e Au e
Energy (GeV) 110 18 110 10 110 5 41 5

Strong hadron cooling:
RMS ∆θ, h/v (µrad) 218/379 101/37 216/274 102/92 215/275 102/185 275/377 81/136
RMS ∆p/p (10−4) 6.2 10.9 6.2 5.8 6.2 6.8 10 6.8
Stochastic Cooling:
RMS ∆θ, h/v (µrad) 77/380 109/38 136/376 161/116 108/380 127/144 174/302 77/77
RMS ∆p/p (10−4) 10 10.9 10 5.8 10 6.8 13 6.8

Table 8.9: Horizontal and vertical beam divergence and beam momentum spread and for
various energies for e+Au running used in this study. The values vary depending on the
beam cooling option.

t-range (GeV2)
method effect 0-0.1 0.1-0.4 0.04 - 0.07 0.07 - 0.10 0.10 - 0.13 0.13 - 0.18

E beam divergence 0.061 0.015 0.008 0.007 0.006 0.005
E beam mom. spread 149.61 10.36 3.03 1.86 1.37 1.03
L divergence & mom. spread 0.048 0.016 0.009 0.007 0.006 0.005

Table 8.10: Effect of beam momentum spread and beam divergence on t-resolution, σt/t,
with method E and L for J/ψ production in 1 < Q2 < 10 GeV2. Shown is the relative
difference between smeared and actual t for 6 ranges in t. The quoted σt/t is the r.m.s of the
respective distribution calculated in the full range.

menta of the vector meson and the scattered electron ignoring all longitudinal mo-
menta. This method was extensively used at HERA in diffractive vector meson
studies. We take

t =
[
~pT(e′) + ~pT(V)

]2 , (8.5)

which we refer to as method A here. We compared this method with the actual t in
our generated events without any smearing due to beam and detector effects and
made the following observations:

• In J/ψ production method A underestimates the actual t. The offset is largest
at Q2 = 1-2 GeV2 with around 2% and decreases towards larger Q2 to 1% at
Q2 = 9-10 GeV2. The offset is absent for photoproduction (Q2 < 0.01 GeV2).
For 1 < Q2 < 10 GeV2 and including the offset we obtain σt resolutions
(r.m.s.) of 10% for t < 0.01 GeV2, 1.8% at t = 0.10 GeV2, and 1.6% at t = 0.16
GeV2. In photoproduction we observe no t smearing except at the lowest t
(t < 0.01 GeV2) of 1.3%.

• In φ production method A shows similar issues as for the J/ψ but to a lesser
degree. Except at the lowest t, the offset is∼0.5%. The σt/t resolutions (r.m.s.)
is 6.3% for t < 0.01 GeV2 and 0.45% for t > 0.10 GeV2, both for 1 < Q2 < 10
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GeV2.

• The trend continues in ρ production. Including a minimal offset in the range
of 1 < Q2 < 10 GeV2 we find a σt/t resolutions (r.m.s.) is 6.3% for t < 0.01
GeV2 and 0.3% for t > 0.10 GeV2.

In general the approximation of method A leads to small to negligible t resolution
effects due to the beam divergence and momentum spread, except for very small
t (close to tmin.), where the longitudinal component of the momentum exchange
dominates. At small t one can improve the resolution by using the full measured
4-momenta. In principle one would use the conservation of 4-momentum to calcu-
late the momentum transfer as t = (pV + pe′ − pe)2, which we call here method E.
Calculating this inner product involves the accurate subtraction of two large num-
bers: the incoming and outgoing electron longitudinal momenta. This makes it
very sensitive to the momentum spread in the electron beam, rendering this exact
reconstruction impractical.

The poor resolution at small t can be significantly improved with the very nontriv-
ial assumption that it is possible to assure that the reaction is inclusive by vetoing
all decay products of the target nucleus. In this case one can use one additional
constraint, namely that the invariant mass of the outgoing nucleus must be M2

A,
to determine the actual longitudinal momentum of the incoming electron, instead
of assuming the nominal electron beam momentum. We refer to this procedure as
method L. As an additional check in method L (that has not been performed here)
one could verify that the inferred e energy is within the expected spread of electron
energies in the beam. The impact of beam effects on the t resolution is summarized
in Table 8.10.

Impact of momentum resolution

In order to study the impact of momentum resolution effects on the t-resolution,
we look at processes with 1 < Q2 < 10 GeV2 since the resolution of the scattered
electron plays a more important role than is the case in photoproduction. We focus
on the region discussed in Sec. 8.4.6 where the vector meson is detected in the
barrel (|η| < 1|)and the scattered electron at −3.5 < η < −2.5).

Tables 8.11 , 8.12, and 8.13 show our results for σt/t for J/ψ, φ, and ρ mesons,
respectively, in 6 t bins between 0 and 0.18 GeV2. The first line in each table is
the Detector and R&D Handbook [1366] value, and the subsequent lines show the
effect of an improved resolution. The lowest t bin has a poor resolution, but as
discussed above in Sec. 8.4.6 for low t a different analysis method is needed that
takes into account the longitudinal component of the momentum exchange.

The most important finding is that the measurement precision term in σpT /pT has
little impact on the overall t resolution in the barrel as can be seen in columns 1-3.
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Figure 8.85: Illustration of the impact of different pT resolutions on the coherent J/ψ pro-
duction cross section, dσ/dt, for 1 < Q2 < 10 GeV2.

measurement MS t-range (GeV2)
precision term for term for barrel
barrel (backward) (%) (backward) (%) 0-0.1 0.1-0.4 0.04 - 0.07 0.07 - 0.10 0.10 - 0.13 0.13 - 0.18

0.05 (0.1) 1.0 (2.0) 4.58 0.45 0.25 0.19 0.16 0.14
0.1 (0.2) 1.0 (2.0) 4.71 0.46 0.25 0.20 0.17 0.14
0.025 (0.05) 1.0 (2.0) 4.54 0.45 0.24 0.19 0.16 0.14
0.05 (0.1) 0.5 (2.0) 3.53 0.38 0.21 0.17 0.14 0.12
0.05 (0.1) 0.5 (1.0) 1.29 0.22 0.12 0.10 0.08 0.07
0.05 (0.1) 0.5 (0.5) 0.78 0.16 0.09 0.07 0.06 0.05
0.05 (0.1) 0.25 (0.5) 0.49 0.12 0.07 0.05 0.05 0.04
0.05 (0.1) 0.25 (0.25) 0.36 0.09 0.05 0.04 0.04 0.03

Table 8.11: σt/t for J/ψ production in 1 < Q2 < 10 GeV2 in 6 different t bins. Each row
shows the t resolution for the two different terms that make up the pT resolution of the J/ψ
decay particles. The measurement precision term and the MS term are shown for the two
different regions studied, the barrel region for the J/ψ detection and the backward region
for the measurement of the scattered electron. See text for details.

This holds for all studies of vector mesons. We conclude that a precision term of
0.05% for the barrel and 0.1% for the backward region seems adequate. The case
is different for the MS term, especially in the backward region, which appears to
have a substantial impact on σt/t as seen in columns 4-8. Figure 8.85 illustrates
this effect, demonstrating that the Handbook settings completely wash out the
diffractive structure of the distribution. Note that unfolding procedures will not
improve the situation as the positions of the minima are a priori unknown. The t
resolution for the φ and the ρ appears to be better than that of the J/ψ at lower t
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measurement MS t-range (GeV2)
precision term for term for barrel
barrel (backward) (%) (backward) (%) 0-0.1 0.1-0.4 0.04 - 0.07 0.07 - 0.10 0.10 - 0.13 0.13 - 0.18

0.05 (0.1) 1.0 (2.0) 5.91 0.31 0.18 0.14 0.12 0.11
0.1 (0.2) 1.0 (2.0) 6.00 0.32 0.18 0.14 0.13 0.11
0.025 (0.05) 1.0 (2.0) 5.88 0.31 0.18 0.14 0.12 0.11
0.05 (0.1) 0.5 (2.0) 5.41 0.30 0.17 0.14 0.12 0.10
0.05 (0.1) 0.5 (1.0) 1.59 0.15 0.09 0.07 0.06 0.05
0.05 (0.1) 0.5 (0.5) 0.63 0.09 0.05 0.04 0.04 0.03
0.05 (0.1) 0.25 (0.5) 0.51 0.08 0.05 0.04 0.03 0.03
0.05 (0.1) 0.25 (0.25) 0.26 0.05 0.03 0.02 0.02 0.02

Table 8.12: σt/t for φ production in 1 < Q2 < 10 GeV2 in 6 different t bins. Each row
shows the t resolution for the two different terms that make up the pT resolution of the
φ decay kaons. The measurement precision term and the MS term are shown for the two
different regions studied, the barrel region for the φ detection and the backward region for
the measurement of the scattered electron. See text for details.

measurement MS t-range (GeV2)
precision term for term for barrel
barrel (backward) (%) (backward) (%) 0-0.1 0.1-0.4 0.04 - 0.07 0.07 - 0.10 0.10 - 0.13 0.13 - 0.18

0.05 (0.1) 1.0 (2.0) 6.87 0.33 0.19 0.15 0.13 0.11
0.1 (0.2) 1.0 (2.0) 6.99 0.33 0.19 0.15 0.13 0.11
0.025 (0.05) 1.0 (2.0) 6.99 0.33 0.19 0.15 0.13 0.11
0.05 (0.1) 0.5 (2.0) 6.17 0.31 0.18 0.14 0.12 0.10
0.05 (0.1) 0.5 (1.0) 1.83 0.16 0.09 0.07 0.06 0.06
0.05 (0.1) 0.5 (0.5) 0.74 0.10 0.06 0.05 0.04 0.04
0.05 (0.1) 0.25 (0.5) 0.57 0.08 0.05 0.04 0.03 0.03
0.05 (0.1) 0.25 (0.25) 0.29 0.05 0.03 0.03 0.02 0.02

Table 8.13: σt/t for ρ production in 1 < Q2 < 10 GeV2 in 6 different t bins. Each row
shows the t resolution for the two different terms that make up the pT resolution of the
ρ decay pions. The measurement precision term and the MS term are shown for the two
different regions studied, the barrel region for the ρ detection and the backward region for
the measurement of the scattered electron. See text for details.

due to the different pT range of the decay particles.

The evaluation of the t-resolution on photoproduction is more involved since
much will depend on the performance of a low-Q2 tagger and its potential pT
resolution, which is currently unknown. However, t can also be calculated in pho-
toproduction by ignoring the scattered electron pT in method A, taking t ≈ −pT

2,
with an error less than Q2 [1398], which is acceptable e.g. for a selection of events
with Q2 . 10−4. For φ meson photoproduction one needs to detect decay kaons
with momenta of 100-150 MeV/c (see Fig. 8.84), that can only be captured in ei-
ther low-field runs or with the inner layer of a vertex tracker. The situation is only
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slightly better for the ρ where the decay pions have pT around 300-400 MeV/c and
optimal for the J/ψ with decay electrons of 1-1.5 GeV/c.
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Figure 8.86: Extracted F(bT) (red circles) compared to the Wood-Saxons input distribution
(blue line). Left: handbook detector, with σpT /pT = 0.05pT ⊕ 1.0% for J/Ψ and σpT /pT =

0.1pT ⊕ 2.0 for e′. Center: a MS-term resolution improved by a factor 2: σpT /pT = 0.05pT ⊕
0.5% for J/Ψ and σpT /pT = 0.1pT ⊕ 1.0 for e′. Right: resolution on the scattered electron
improved by a further factor 2: σpT /pT = 0.05pT ⊕ 0.5% for J/Ψ and σpT /pT = 0.1pT ⊕ 0.5
for e′, corresponding to our “nominal” resolution.
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Figure 8.87: Extracted F(bT) (red circles) compared to the Wood-Saxons input distribution
(blue line). Left: J/Ψ source extraction with a further improvement compared to the nominal
resolution of Fig 8.86 (right), with σpT /pT = 0.05pT ⊕ 0.25% for J/Ψ and σpT /pT = 0.1pT ⊕
0.25 for e′. Center and right: φ and ρ production with the nominal resolution of σpT /pT =

0.05pT ⊕ 0.5% for J/Ψ and σpT /pT = 0.1pT ⊕ 0.5 for e′.

The coherent distribution dσ/dt allows, as discussed in Secs. 7.2.2 and 7.3.9, one
to obtain information about the gluon distribution in impact-parameter space
through a Fourier transform [893]. This is regarded as one of the key studies in
the e+Aprogram. Successfully extracting the source distribution is essential and
will be used in the following to establish the requirements on σt/t and thus on
σpT /pT.

Assuming here for simplicity that a complex phase of the amplitude does not de-
pend on t or b, we can regain the impact-parameter dependent amplitude F(b) as
a Fourier transform of the square root of the cross section. In order to maintain the
oscillatory structure of the amplitude we have to switch its sign in every second
minimum.

The Sartre generator starts from an explicit transverse density function TA(b).
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Gluon saturation results in a deviation of the b-dependence of the amplitude from
the input density. Here we investigate the accuracy of extracting F(b) as the dif-
ference (Fout(b)− Fin(b)) between the input and extracted amplitudes. Figure 8.86
shows a comparison between the input and extracted source densities. This figure
uses the bNonSat model [893], where the amplitude is exactly proportional to the
input distributions, and thus (Fout(b) would be equal to Fin(b)) for an ideal detec-
tor and in the absence of beam effects, and including the longitudinal component
of the momentum transfer. We see that a reduction of the MS term to 0.5 GeV
for both the meson decay products and the scattered electron is required for a re-
construction of the impact parameter profile, representing a factor 2 improvement
with respect to the handbook detector for the barrel and a factor 4 for the scattered
electron. This is our nominal detector requirement resulting from this study. Figure 8.87
(left) shows the result of an even further improvement by a factor 2. A closer look
at the Fourier-transforms reveals that what is crucial is to resolve the minima up
to the third one, as discussed in the next subsection.

From studies discussed in Sec. 8.4.6 we already observed that the σt/t resolution
for a given pT-resolution is smaller for the ρ and φ than for the J/ψ. Figure 8.87
(center, right) shows the source extraction accuracy for φ ad ρ with the nominal
resolution σpT /pT = 0.05pT ⊕ 0.5% in the barrel and σpT /pT = 0.1pT ⊕ 0.5 for e′

Separating coherent and incoherent processes
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Figure 8.88: Coherent (red) and incoherent (blue) cross section dσ/dt for diffractive J/ψ
production in 1 < Q2 < 10 GeV2.

Experimentally, the measured spectra in diffractive vector meson production con-
tain the sum of coherent and incoherent processes (see Fig. 8.88). At low t, coherent



CHAPTER 8. DETECTOR REQUIREMENTS 353

10− 5− 0 5 10
0

0.02

0.04

0.06

0.08

0.1

0.12

-10 -5 0 5 10
-0.02

-0.015
-0.01

-0.005
0

0.005
0.01

0.015
0.02

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
3−10

2−10

1−10

1

10

210

310

410

Fin(bT) (Woods-Saxon)
Fout(bT)

bT (fm)

F(
b T)

F ou
t(b

T) 
- F

in
(b

T)

bT (fm)

 /d
t (

a.
u)

 e
' +

 A
u'

 +
 J

/ψ
)

→
(e

 +
 A

u 
σd

|t| (GeV2)

Suppression factors for 
incoherent events S(t):
S(0) =   1
S(0.02) = 1.5
S(0.055) =  25
S(0.11) =  200

Coherent
Suppressed incoherent
Sum

0

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
3−10

2−10

1−10

1

10

210

310

410
(a)

(a)

10− 5− 0 5 10
0

0.02

0.04

0.06

0.08

0.1

0.12

-10 -5 0 5 10
-0.02

-0.015
-0.01

-0.005
0

0.005
0.01

0.015
0.02

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
3−10

2−10

1−10

1

10

210

310

410

Fin(bT) (Woods-Saxon)
Fout(bT)

bT (fm)

F(
b T)

F ou
t(b

T) 
- F

in
(b

T)

bT (fm)

 /d
t (

a.
u)

 e
' +

 A
u'

 +
 J

/ψ
)

→
(e

 +
 A

u 
σd

|t| (GeV2)

Suppression factors for 
incoherent events S(t):
S(0) =   1
S(0.02) = 3
S(0.055) =  50
S(0.11) =  400

Coherent
Suppressed incoherent
Sum

(b)

10− 5− 0 5 10
0

0.02

0.04

0.06

0.08

0.1

0.12

-10 -5 0 5 10
-0.02

-0.015
-0.01

-0.005
0

0.005
0.01

0.015
0.02

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
3−10

2−10

1−10

1

10

210

310

410

Fin(bT) (Woods-Saxon)
Fout(bT)

bT (fm)

F(
b T)

F ou
t(b

T) 
- F

in
(b

T)

bT (fm)

 /d
t (

a.
u)

 e
' +

 A
u'

 +
 J

/ψ
)

→
(e

 +
 A

u 
σd

|t| (GeV2)

Suppression factors for 
incoherent events S(t):
S(0) =   1
S(0.02) = 6
S(0.055) =  100
S(0.11) =  800

Coherent
Suppressed incoherent
Sum

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
3−10

2−10

1−10

1

10

210

310

410
(c)

Figure 8.89: Each panel depicts dσ/dt for coherent, suppressed (detected and rejected) in-
coherent events and their sum. The sum is used to extract the source F(bT) which is shown
in the bottom left of each panel and compared to the input Woods-Saxon distribution. The
plots on the bottom right illustrate the difference between extracted and true F(bT). The
suppression of the incoherent background increases from the left to right panel in steps of a
factor 2.

production dominates the cross section while already at around |t| > 0.02 GeV2

the incoherent process starts to take over. Both processes are of substantial interest
in their own rights as discussed in Sec. 7.3.9. While it is relatively easy to select
a clean sample of incoherent events by requiring a breakup neutron in the Zero
Degree Calorimeter (ZDC) or a charged fragment in the Roman Pots, the inverse is
not true. The coherent spectra will thus be contaminated by a fraction of incoherent
events that passed all cuts. Our purpose here is to assess the degree of suppression
of the incoherent background required for the physics. Here we should emphasize,
that the ratio σincoh/σcoh(t) is strongly model dependent, and while it is kinemat-
ically accessible in UPC events at the LHC, models are currently not calibrated to
LHC experimental data.

Figure 8.88 depicts the coherent (red) and incoherent (blue) cross section with the
nominal resolution defined above in Sec. 8.4.6. In order to vary the level of sup-
pression to define reliable requirements we construct first a template suppression
curve S(t) (green in Fig. 8.88), by linear interpolation in the logarithm of the sup-
pression factor, between fix points at the minima and leveling at larger t. With
this template at hand, we now can vary the suppression values (except at t = 0)
by a common factor, cs, to study the effects of different background levels on the
extraction.

Figures 8.89(a)-(c) depict 3 scenarios with (from left to right) increasing levels of
suppression of the incoherent contribution. The extraction of F(bT) is surprisingly
robust in a considerable range around the nominal scenario shown in Fig. 8.88 and
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8.89(b). Further studies, not displayed here, show that significant distortions start
to affect F(bT) for suppressions that are a factor 4 less than the nominal values and
that they are fully negligible for suppression level of 4 times larger than nominal.
Conducting the same studies for φ and ρ production yields the same conclusions
as for the J/ψ, in fact even slightly better.
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Figure 8.90: Suppression of incoherent background events by successive cuts: see text for
explanation.

A separate study using the BeAGLE generator has been initiated to assess the veto
inefficiency for incoherent events. Preliminary studies use the following combina-
tion of cuts:

Veto 1 no neutrons in the ZDC

Veto 2 Veto 1 and no protons in the Roman Pots

Veto 3 Veto 2 and no proton in the off-energy detector

Veto 4 Veto 3 and no proton in the B0.

These cuts alone, as shown in Fig. 8.90, are not yet enough to suppress the inco-
herent contribution to measure the diffractive pattern of the coherent contribution
down to the required level. There is an additional prospect of improving the veto-
ing efficiency by detecting decay photons from the nuclear γ-decay, ideally in both
the ZDC and the B0. This additional rejection factor is, however, still in the process
of being quantified.
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8.4.7 u-channel exclusive electroproduction of π0

The backward (u ∼ umin) exclusive π0 process e + p→ e′ + p′ + π0 can be studied
at EIC in kinematics beyond the reach of existing facilities, providing new infor-
mation on the transition distribution amplitudes (TDAs) introduced in Sect. 7.2.2.
The Fig. 8.91 illustrates the perspective of Q2 evolution from 2 to 10 GeV2 from the
combination of planned measurements at JLAB [1399], PANDA [1400] and EIC, at
fixed s = 10 GeV2. All the detection parameters required for the measurement at
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Figure 8.91: The anticipated global data set of dσ/dq2(γ∗p → pπ0) vs Q2 at fixed s = 10
GeV2. The projected data points are: open blue circles, results from PANDA (FAIR) [1400];
magenta squares, results from the JLab E12-20-007 experiment [1399]; red full circles, results
at EIC. A potential JLab 12 measurement at real-photon point Q2 = 0 GeV2 is indicated by
the open triangle.

EIC with a 5 GeV electron beam colliding with a 100 GeV proton beam and in the
range from Q2 = 6.2 to 10.5 GeV2 are summarized in Table 8.14 and Fig. 8.92. For
the experimental setup, we intend to use the ZDC to detect the decayed photons
from π0 with momentum from 40 to 60 GeV. Exploring also different collision en-
ergies, we found that a lower proton energy would produce a lower momentum
π0, and the decayed photon will not reach the ZDC due to acceptance.

In summary, the pseudorapidity and momentum are, respectively, |η| ∼ 4.1 and
Pp′ ∼ 50 GeV for the recoiled proton and |η| < 1.5 and Pe′ ∼ 5.4 GeV for the
scattered electron, while the π0 momentum is Pπ0 ∼ 50 GeV.

According to the latest detector study, there may be problems to reach the pseudo-
rapidity values |η| ≥ 4 at the Hadron End Cap. In this case, a dedicated detector
is required to tag the recoiled proton at η ∼ 4.1. Otherwise, we should apply the
missing mass reconstruction technique to resolve the proton.
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Table 8.14: The nominal values for the particle momentum and η of scattered electrons,
recoiled protons and produced π0 in the exclusive e + p→ e′ + p′ + π0 process.

Q2 ηe′ Pe′ ηp′ Pp′ ηπ0 Pπ0 Pγ

(GeV2) (GeV) (GeV) (GeV) (GeV)

6.2 -1.39 5.31 4.13 43.40 4.38 56.29 28.24
7.0 -1.32 5.35 4.09 45.50 4.38 54.12 27.06
8.2 -1.24 5.40 4.12 49.74 4.38 49.84 24.72
9.3 -1.19 5.46 4.09 51.90 4.38 47.60 23.80

10.5 -1.12 5.52 4.07 54.96 4.38 44.50 22.25

Figure 8.92: Momentum distributions for scattered electrons (left), recoiled proton (middle)
and decayed photons (right) in the exclusive e + p → e′ + p′ + π0 process, for integrated
luminosity of 10 fb−1.

8.4.8 Exclusive meson production by charged currents

The Charged Current (CC) DVMP processes are suppressed compared to photo-
production, yet are within the reach of the Electron Ion Collider. Fig. 8.93 shows
the results for the cross section of exclusive π−production in CCDVMP process
e+p→ νe π−p in the framework of [411, 1401], as function of the Bjorken variable
xB = Q2/(2p · q), with Q2 = −q2 the virtuality of the charged boson and p the
incoming proton momentum. The details of the evaluation of the cross section and
its relation to proton GPDs can be found in [411]. For the sake of convenience, we
rescaled the right vertical axis of the figure to show the values of the product

d2N
dxBdQ2 =

d2σ

dxBdQ2 ×
∫

dtL (8.6)

which facilitates estimates of the expected number of events per bin (we used an
integrated luminosity

∫
dtL = 100 fb−1 for estimates). For other channels (like

exclusive CC production of strangeness or charm) we expect that the cross section
is of the same order of magnitude. For nuclei we expect that the exclusive cross
section should scale with atomic number as ∼ Z4 (modulo a factor of ∼2 due to
model-dependent nuclear corrections).
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Figure 8.93: The cross section of charged current pion production in EIC kinematics evalu-
ated in the framework of [411]. The right vertical axis is rescaled by the integrated luminosity∫

dtL = 100 fb−1 to give the expected number of events per bin as in Eq. (8.6).

However, there are certain challenges which must be addressed in order to make
possible measurements of charged current exclusive processes, ensure their exclu-
siveness, as well as suppress backgrounds from quasi-real photoproduction. For
nuclei additional backgrounds stem from the subprocess on neutrons. In the fol-
lowing, we will focus on the e+p→ νe π−p channel, yet many challenges are com-
mon to all other final states.

Kinematics reconstruction

The CCDVMP processes contain an undetected neutrino in the final state, and no
recoil electron which is conventionally used as a trigger in experimental setup. For
this reason, there are certain challenges for reconstruction of the kinematics of such
processes. Since in the e+p→ νe π−p channel both the final state hadrons (π− and
p) are charged, their kinematics might be reconstructed with good precision. From
energy-momentum conservation, the neutrino momentum is

pνe = pe + pi − p f − pπ, (8.7)

where pi ≡ (Ei, pi) and p f ≡ (E f , p f ) are, respectively, the initial and final four-
momenta of the nucleon, pe is the four-momentum of the incident electron, and
pπ is the four-momentum of the produced pion. If we detect the four-momenta of
recoil proton and produced pion, we may reconstruct the kinematics of the process.
For the Bjorken variables Q2, xB and t, in the massless limit (mN ≈ mπ ≈ 0) valid
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in high energy kinematics, we have

Q2 ≈ 4Ee

(
Ep − p f cos2

(
θ f

2

)
− pπ cos2

(
θπ

2

))
, (8.8)

xB ≈
2Ee

Ep


1 +

Ep − p f − pπ

p f sin2
(

θ f
2

)
+ pπ sin2

(
θπ
2

)


 ,

t ≈ −4Ep p f sin2
(

θ f

2

)
, (8.9)

where we used the notation (pi, θi), with i ≡ π, f , for the absolute value of the
three-momentum and polar angle (w.r.t. incident proton) of the pion and recoil
proton. Since the cross section is exponentially suppressed as a function of t,
from Eq. (8.9) we may expect that the dominant contribution comes from configu-
rations with small scattering angle θ f of recoil proton and small momenta p f .

In Figure 8.94 we show the angular distributions of π− and recoil proton (inte-
grated over the momenta of the spectator particles in the kinematically allowed
domain). As expected, the recoil protons predominantly scatter in the forward
direction, whereas pions are produced mostly in the backward direction. It is ex-
pected that the dominant contribution will come from the pions with momenta
. 20 GeV and protons with momenta . 10 GeV.
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Figure 8.94: Kinematic plots for the e+p→ νe p π− process. Left plot: Angular distributions
of produced pions (integrated over the proton momentum in the kinematically allowed do-
main). Right plot: Angular distributions of recoil protons (integrated over the pion momen-
tum in the kinematically allowed domain). The number of events was estimated assuming
integrated luminosity

∫
Ldt = 100 fb−1 and the size of the bins ∆pi × ∆θi given in the title

of each Figure. In both cases, the angle θ is measured with respect to direction of incident
proton beam.

The distributions shown in the Fig. 8.94 do not reflect the kinematic constraints
which impose limits on possible mutual variations of the momenta of the parti-
cles. In order to illustrate such constraints, in Fig. 8.95 we show that the three-
momentum of the recoil proton may change in a very limited range when the mo-
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mentum of the produced pion is fixed.

In summary, it is possible to reconstruct the kinematics of the process using only
the momenta of the pion and recoil proton.
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Figure 8.95: Kinematic restrictions in the e+p→ νe p π− process on the momentum p f and
scattering angle θ f of the recoil proton in the case when the three-momentum of the pion
is fixed. The blue band corresponds to the physical region 0 < xB < 1. The intersection
of the subdomains 0 < Q2 . 100 GeV2 (pink band) and |t| . 1 GeV2 (green area) gives the
dominant contribution to the DVMP cross section, then limiting significantly the momentum
of the proton. The angles θ f , θπ are measured w.r.t. direction of the incident proton beam
(the first, second and third rows correspond to a pion produced in forward, central and
backward directions, respectively).

Photoproduction backgrounds

We expect that sizeable backgrounds to the charged current processes might come
from the processes mediated by virtual photon, e+p→ eπ−p X, where the scattered
electron and some remnants remain undetected. The cross sections of photon-
mediated processes are enhanced by the kinematic factor ∼ (Q2 + M2

W)2/Q4 com-
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pared to the charged current channel, and for the values of Q2 available at EIC the
quasi-real photoproduction will exceed by several orders of magnitude the con-
tributions of charged current exclusive processes. For this reason, the possibility
to measure the charged current processes will depend crucially on the possibility
to reject events which contain anything except π− and p in the final state. Detec-
tors with 4π coverage are needed for this purpose. Since this is experimentally
very challenging, we suggest some additional checks (“cutoffs”) which might be
used in order to ensure there is no undetected remnants of the photoproduction
processes.

• From charge conservation, we deduce that the photoproduction of π−p
should include at least a charged pion, e.g. via the subprocess the e p →
e π−π+p. In order to ensure that such backgrounds are missing, we suggest
to check that the value of the missing mass (the mass of the undetected neu-
trino) is below the threshold of the mass of a pion, i.e.

m2
νe ≡ p2

ν =
(

pe + pi − p f − pπ

)2
< m2

π. (8.10)

Such a cutoff is sufficient to exclude contributions of any process with pho-
toproduction of additional (undetected) hadrons. However, the strict imple-
mentation of the cut defined by Eq. (8.10) is experimentally challenging: the
quantities in the l.h.s. of Eq. (8.10) are of order of dozens of GeV, for this rea-
son the cut requires measurements of the momenta of the scattered particles
with outstanding precision (with a relative error . 10−5). Yet we still believe
that even a relaxed cut (8.10), with a higher upper limit, might be useful to
improve signal/noise ratio.

• Another important background comes from quasi-elastic scattering e+p→e+p,
which might give an important contribution due to the misidentification of
electrons as pions in the EIC detectors. For this reason, we suggest to use an
additional missing energy cutoff

∆E = Ee + Ei − E(π/e′) − E f & 0.5 GeV, (8.11)

where E(π/e′) is the energy of the final pion or misidentified electron pro-
duced in the collision. Imposing this cut, it will completely eliminate the
quasi-elastic background.

• In case of nuclear targets, there are additional contributions from photopro-
duction processes on neutrons, e.g., the en → eπ−p subprocess which will
give the dominant contribution, both for inclusive and exclusive production2.
For this reason, we find that nuclear targets cannot be used for CCDVMP
studies.

2In case of exclusive production on heavy nuclei we expect that CCDVMP will be overshadowed by pho-
toproduction of long-living nuclides via en→ eπ−p subprocess, e.g. e 63Cu→ e π− 63Zn. Experimentally it is
very challenging to distinguish its final state from that of CCDVMP process e+A→ νπ−A.
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To summarize, we believe that the CCDVMP processes have sufficiently large cross
sections to be measured at EIC kinematics. However, there are huge backgrounds
from photoproduction processes. The ability to exclude these backgrounds will
be crucial if charged current exclusive processes are to be studied at the EIC. We
checked that a combination of the cuts (8.10) and (8.11) allows us to get rid of
different photon-induced background processes, though the cut (8.10) might be
difficult to implement.

8.4.9 Diffractive dijets

Figure 8.96: Left: event display of diffractive dijet event at 140 GeV center-of-mass energy.
PYTHIA 8.244 simulation with 18×275 GeV collision energy. Right: Distribution of jets in
angle and momentum.

Figure 8.97: Leading order Feynman diagrams for diffractive dijet photoproduction in ep
collisions. In the left part, the photon participates directly in the hard scattering matrix
element. In the right part, a parton from the resolved photon participates.

In this section we focus on the photo-produced diffractive dijets in ep collisions.
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A typical event display is shown in Fig. 8.96, showing a back-to-back dijet sepa-
rated by a rapidity gap from the beam. The initial state consists of an electron and
a proton, with the former radiating off a (virtual) photon. If the photon is highly
virtual, we are in the range of deep inelastic scattering (DIS) while a photon with
low enough virtuality can be considered (quasi-)real. This is the photoproduction
regime. No clear distinction between the two regimes exists, however, and photons
of intermediate virtuality require careful consideration to avoid double-counting.
A special feature in the photoproduction regime is that the process can be sepa-
rated into different “resolved” and “unresolved” contributions [1402] depending
on whether the partonic structure of the photon is resolved or whether it directly
participates in the hard subprocess, see Fig. 8.97. These resolved photons open up
for all possible hadron-hadron processes, including diffractive ones [1402].

Several complementary experimental methods have been developed to identify
diffractive events in e+pcollisions. Each method exploits a specific signature char-
acteristic of diffraction. The diffractive events can be directly detected by means of
a forward spectrometer [136, 1403]. Because of the low t of the process, the outgo-
ing p or nucleus is scattered at very low angles with respect to the initial direction
and one needs to place the spectrometer very far from the interaction point and
very close to the beam axis. The other common technique to tag on diffraction is
to require a ”rapidity gap” in the detector. This means that there is a region in the
detector from the hadron beam towards the center of the detector in which there is
no activity from the hadronic final state [276, 1403–1405]. The efficiency for detect-
ing, and the purity of, diffractive events therefore depends strongly on the rapidity
coverage of the detector.

Figure 8.98: Left figure: The η distribution of the most forward particle in the event, for both
inclusive DIS and diffractive event samples; The middle and right figures: the efficiency and
purity distribution in ep collisions for different η coverage (-3,3) and (-4,4). Here we assume
the inclusive DIS to diffractive cross section ratio is 7:1.

Experimentally one measures the pseudorapidity of the most forward particle in
the detector (ηmax) and requires that the η range between it and the edge of the
forward detector instrumentation is large enough. The diffractive events concen-
trate therefore at low values of ηmax, corresponding to large values of ∆η (The η
gap between the most forward particle of the event and the edge of the forward
detector instrumentation). The large rapidity gap method has the advantage of a
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much higher statistics compared to the forward spectrometer method. The model
for photoproduced diffractive dijets for 18×275 GeV beam energy presented here
is based on the general-purpose event generator PYTHIA 8, and the DIS events are
simulated by PYTHIA 6. We select Q2 < 1 GeV2 events. The pT cut for the leading
jet is 5 GeV and for the associated jet is 4 GeV. The jet kinematic distribution in
diffractive events is shown in Fig. 8.96 (right). We assume the ratio of inclusive
DIS events and diffractive events is 7:1. In the left figure in Fig. 8.98, we show
the η distribution of the most forward particle in the event, for both inclusive DIS
and diffractive event samples. So we can obtain the purity and efficiency distribu-
tion as shown in Fig. 8.98. The larger η coverage would give us better purity of
diffractive events.

8.4.10 Summary

Limitations of the nominal detector design identified through the study of exclu-
sive processes outlined in this section are summarised below. The required con-
straints are presented in Tables 8.15 - 8.17.

Acceptance in the backward region The lowest edge of the angular acceptance of
the electron endcap in the central detector is critical for most of the exclusive
processes studied. At the highest collision energy, the nominal detector edge
at η = −3.5 cuts into the distributions in DVCS, the exclusive production of
π0s, vector mesons and diffractive jets. In DVCS, the electron distribution
peaks at η = −3.6. Cutting at η > −3.5 results in a loss of efficiency of 14%
(due to electron acceptance) and 17% (due to electron and photon acceptance)
for DVCS and 11%/12%, (due to electron/electron and photon acceptance),
for π0-production. In the case of DVCS off 4He, the loss is estimated at 20%.
This cuts into the lowest-xB reach. The loss can be recovered by extending
η > −3.7. For the case of vector meson production, exclusive photoproduc-
tion depends entirely on extending acceptance beyond η = −3.5: either with
the use of a low-Q2 tagger or with far-backward detectors beyond the electron
endcap. This is particularly important for Υ photoproduction near threshold.
Extending the coverage to η > −4 additionally increases the purity and effi-
ciency for difractive jet reconstruction.

Acceptance of the Far-Forward detectors At low xB, the physical tmin for DVCS
in 4He cannot be reached by the detectors, therefore detector acceptances
directly define the minimal t which can be experimentally accessed, which
translates into the uncertainty in quark density profiles. At the high t end,
the limitation comes from luminosity. The t-acceptance of the nominal detec-
tor is sufficient to map out the first minimum but a lower pT reach of 200 MeV
is critical and cannot be degraded. For the case of e+Acollisions, suppression
of the incoherent background up to the necessary third minimum in t cannot
be achieved with the cuts studied, but may be possible with a veto based on
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detection of nuclear decay photons in ZDC and B0. The u-channel exclusive
electroproduction of π0 also relies on proton detection at η ∼ 4.1 and a detec-
tion of the π0 decay photons with momenta 40 - 60 GeV in the ZDC. For the
lower proton beam energies, acceptance reaching lower angles than the ZDC
is necessary to detect the decay photons. Extending the coverage to η < 4
also increases the purity and efficiency for difractive jet reconstruction.

Muon detection The ability to detect muons in the central detector would be of
great benefit for vector meson production and TCS. This would not only dou-
ble statistics, but help to suppress backgrounds and improve the resolution
in t due to the smaller impact of radiative effects.

Tracking resolution Good momentum resolutions in the central detector are cru-
cial for vector-meson production in e+Acollisions as they have a direct effect
on the t-resolution. The minimum requirements are listed in table 8.15. Mo-
mentum resolution also plays a critical role in charged current meson pro-
duction, where it is needed to suppress photoproduction backgrounds.

pseudorapidity tracking
resolution

vertex
resolution

material
budget detector comments

-6.9 – -5.8 σθ/θ = 1.5% low-Q2 tagger 10−6 < Q2 < 10−2

GeV2

-4.5 – -3.5
instrumentation

to separate γ and
charged particles

need coverage for
DVMP at highest
energy settings

-3.5 – -2.0
σpT /pT ∼

0.1pT + 0.5%
TBD X/X0 ≤ 5% electron endcap

-2.0 – -1.0
σpT /pT ∼

0.05pT + 0.5%
TBD X/X0 ≤ 5% electron endcap

-1.0 – 1.0
σpT /pT ∼

0.05pT + 0.5%
σxyz ∼ 20µm X/X0 ≤ 5% barrel

1.0 – 2.5
σpT /pT ∼

0.05pT + 1%
TBD X/X0 ≤ 5% hadron endcap

2.5 – 3.5
σpT /pT ∼
0.1pT + 2%

TBD X/X0 ≤ 5% hadron endcap

3.5 – 4.0
instrumentation

to separate γ and
charged particles

π/K minimum pT
(see D+T section)

> 6.2 σt/t < 1% proton
spectrometer

0.2 < pT < 1.2 GeV
for protons, TBD

for light ions

Table 8.15: Summary of tracking constraints from exclusive processes.
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pseudorapidity
ECal

energy resolution
σE/E

PID in ECal
HCal

energy resolution
σE/E

detector

-4.5 – -4.0 2%/
√

E
instrumentation

to separate γ and
charged particles

-4.0 – -3.5 2%/
√

E 50%/
√

E + 6%
for di-jet studies

instrumentation
to separate γ and
charged particles

-3.5 – -2.0 2%/
√

E π suppression
up to 1:104

50%/
√

E
constant term TBD

electron endcap

-2.0 – -1.0 7%/
√

E π suppression
up to 1:104

50%/
√

E
constant term TBD

electron endcap

-1.0 – 1.0 (10− 12)%/
√

E π suppression
up to 1:104

HCal needed,
resolution TBD barrel

1.0 – 3.5 (10− 12)%/
√

E 50%/
√

E
constant term TBD

hadron endcap

3.5 – 4.0 (10− 12)%/
√

E 50%/
√

E + 6%
for di-jet studies

instrumentation
to separate γ and
charged particles

4.0 – 4.5 (10− 12)%/
√

E
instrumentation

to separate γ and
charged particles

> 4.5 4.5%/
√

E
for Eγ > 20 GeV

≤ 3 cm granularity
neutral particle

detection

Table 8.16: Summary of electromagnetic and hadronic calorimeter constraints from exclu-
sive processes.

8.5 Diffractive Measurements and Tagging

8.5.1 Requirements for exclusive vector meson production

Although exclusive vector meson production, e+ p/A→ e +V + X is a simple re-
action, with a final state that is typically the scattered electron, two charged mesons
or leptons from a vector meson decay, and, for incoherent photoproduction, the
products of nuclear breakup, it does impose some significant requirements on the
detector. Here, we discuss requirements related to pseudorapidity coverage of
tracking detectors, ability to track soft kaons, momentum resolution and detecting
nuclear breakup. More details are given in Ref. [127].

The simulations that are shown were done with the eSTARlight Monte Carlo gen-
erator [879] which accurately reproduces the essential features of the vector meson
production and decay. eSTARlight is based on parameterized HERA data, and
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pseudorapidity momentum range π/K/p
separation

muon
detection detector

-4.0 – -3.5

required
for background
suppression and

improved resolution

instrumentation
to separate γ and
charged particles

-3.5 – -1.0 ≤ 7 GeV/c ≥ 3σ

required
for background
suppression and

improved resolution

electron endcap

-1.0 – 1.0 ≤ 5 GeV/c ≥ 3σ

required
for background
suppression and

improved resolution

barrel

1.0 – 2.0 ≤ 8 GeV/c ≥ 3σ hadron endcap
2.0 – 3.0 ≤ 20 GeV/c ≥ 3σ hadron endcap
3.0 – 3.5 ≤ 45 GeV/c ≥ 3σ hadron endcap

Table 8.17: Summary of π/K/p separation and muon detection constraints from exclusive
processes.

Figure 8.99: The pseudorapidity distribution for the daughter particles from the decay of
different vector mesons at the EIC: ρ → π+π−, φ → K+K−, J/ψ → e+e−, ψ′ → e+e− and
Υ(1S) → e+e−. The lighter mesons have a broader pseudorapidity distribution because
the Clebsch-Gordon coeffients for a spin 1 particle decaying to two spin-0 particles is very
different than from a decay to two spin-1/2 particles. From Ref. [879].

has been benchmarked against many HERA reactions. The ratio of longitudinal
to transverse production as a function of Q2 is also based on HERA data, with
judicious extrapolations where needed. The vector meson decays depend on the
vector meson polarization and on the Clebsch-Gordon coefficients related the vec-
tor meson to its daughters, as is shown in Fig. 8.99.
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The main requirements presented touch on the pseudorapidity acceptance, mo-
mentum resolution and ability to track low pT particles. A fourth detector concern
is thickness, to minimize bremsstrahlung by e± traversing the beampipe or detec-
tor [127]. When e± from vector meson decays radiate photons, the pair will be
reconstructed with a lower mass, but higher pT. The same thing happens for ra-
diative J/ψ decays to e+e−γ. The higher pT is problematic for studies of dσ/dt.
Some of these events can be saved if the photon is reconstructed in a calorimeter,
and some can be removed with a cut on pair mass, but many soft bremsstrahlung
events will remain. The detector momentum resolution will determine the width
of the pair mass cut; this is another place where improved momentum resolution
can improve vector meson reconstruction.

Pseudorapidity acceptance

From Eq. 7.45, it should be immediately clear that a detector with broad accep-
tance in pseudorapidity is required. Figure 8.100 shows the rapidity distribution
for photoproduced ρ for both e+pand e+Acollisions, along with the pseudorapid-
ity distribution for the daughter pions. Vector mesons from ep collisions cover a
wider range in rapidity, for a couple of reasons. First, the ion Lorentz boost is
larger, allowing collisions down to lower Bjorken-x values. Second, the coherent
requirement for photoproduction on an ion is roughly x < h̄/mpRA. Therefore, for
heavy ions, coherence is only possible for roughly x < 0.03. Incoherent photopro-
duction is possible for all x values, so incoherent e+Aphotoproduction looks more
like the ep coherent distribution. It is important to note that, for ions, Fermi motion
allows interactions to occur with x > 1. That is not included in these simulations,
but could lead to final states with an even larger rapidity.

Very roughly, the decay of a ρ with rapidity y leads to pions in the pseudorapidity
range y− 1 to y + 1. It is important to have good acceptance in at least this broad a
range around the ρ rapidity to be able to reconstruct the spin-density matrix of the
ρ, and, from that, determine the mixture of longitudinal to transverse polarization.

If the acceptance is reduced for y > −4, sensitivity to partons with the lowest x
values will be lost. This region is also critical for probing backward production of
mesons, as discussed in Sec. 7.4.5. From Eq. 7.45, each unit of rapidity in Fig. 8.100
that is lost raises the minimum accessible x by a factor of e.

Similarly, if acceptance is cut off on the other side of the detector, sensitivity to
near-threshold production will be lost. This may be a particular issue for nuclear
targets, where the study of partons with x > 1 (possible because of Fermi mo-
tion) is important to understand nuclear correlations [1406]. This region is also
important for studying the production of exotics like pentaquarks, discussed in
Sec. 7.4.6.
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Figure 8.100: (left) dσ/dy for coherent ρ photoproduction using the eSTARlight Monte Carlo
[879]. The top plots are for 18 GeV electrons colliding with 100 GeV ions, while the bottom
plots are for 18 GeV electrons on 275 GeV protons. The total production is divided up in
terms of x of the struck gluon; rapidity increases smoothly with x. (right) Daughter pion
pseudorapidity for coherent ρ photoproduction under the same conditions, also divided up
by x.

Soft kaons from φ decays

Exclusive production of the φ was one of the featured reactions in the EIC White
Paper [2]. The White Paper considered only electroproduction, but it is very im-
portant to study the Q2 evolution of exclusive production, to see how saturation
turns on as the Q2 is reduced [879, 880]. Among the different φ final states, only
K+K− seems feasible. The KSKL final state is problematic because of the long KL
lifetime; it is too soft to be easily reconstructible in hadronic calorimeters. The
dilepton final states would be easy to reconstruct, but the branching ratios are too
low to allow for adequate statistics; their small signals would also challenge parti-
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cle identification systems.

φ → K+K− is challenging because the kaons are so soft. In the φ rest frame, the
kaon momenta are only 135 MeV, or v ≈ 0.2c. Besides the low velocity, they are
heavily ionizing, so are easily stopped in detector elements. Multiple scattering
of the kaons is likely to dominate the K+K− mass resolution. Combining timing
information with track points could help improve this mass resolution [1407].

Figure 8.101 shows the rapidity distribution for coherently produced φ, along with
the pseudorapidity distribution of its charged kaon decay products. In addition
to showing all generated φ and daughters, it also shows the φ and kaons that are
reconstructed in a model of an all-silicon detector [127] in a 1.5 T solenoidal mag-
netic field. There is a large drop-off for kaons with pseudorapidity near zero, and
a corresponding fall for φ with rapidity near zero. The reason is that this detector
cannot reconstruct soft kaons from φ decays near rest. Although this is only one
example detector, it has thinned silicon monolithic active pixel sensors in a preci-
sion vertex chamber, and it would not be easy to do significantly better than this.
Away from y = 0, the kaons are Lorentz boosted. The higher velocity kaons are
more penetrating, and the φ can be reconstructed. At still higher |y|, the typical
kaon pseudorapidity is larger than the φ rapidity, reducing the acceptance at large
|y| [127].

At higher Q2 the φ should have a significant transverse momentum, leading to
increased acceptance. The acceptance limitations near y = 0 and pT = 0 will
create a hole in acceptance at Q2 = 0 and will preclude φ measurements around
x = 1/2γ (x = 0.005 for ions). The importance of this hole will depend on its size;
this should be studied in future detector designs.

Momentum resolution

The need to be able to separate Υ(1S) → ll, Υ(2S) → ll and Υ(3S) → ll requires
a detector with good momentum resolution; separating the J/ψ and ψ′ is much
easier. The mass difference between the Υ(2S) and Υ(3S) is only 334 MeV, or 3%
of their mass. This separation is a signature requirement for the sPHENIX collab-
oration, who found that a mass resolution of 100 MeV was required giving a bit
over 3σ separation [1408]. The same requirement should be applicable for an EIC
detector.

It is possible to use this mass resolution to estimate the required momentum res-
olution, in a simple case: An Υ at y = 0 and pT = 0 has two back-to-back tracks
each with energy Mll/2 and momenta close to that value. Then, neglecting the
small lepton masses, M2

ll = 4p1p2. Assuming that the two track momenta and
their resolutions are roughly equal, then σM/M = 2σp/p. So, for tracks with mo-
mentum around 5 GeV, the required momentum resolution is about 0.5%. Away
from y = 0, pT = 0, an analytic analysis is more difficult, but it seems that the
Lorentz boosts lead to slightly looser requirements, when expressed in terms of
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Figure 8.101: (left) dσ/dy for coherent φ production using the eSTARlight Monte Carlo [879]
for 18 GeV electrons on 275 GeV protons. The red histograms show the total produc-
tion while the blue histograms show the acceptance in an all-silicon tracker with a 1.5 T
solenoidal field. The drop-off around y = 0 is because the tracker cannot reconstruct the
low-momentum tracks from kaons that decay nearly at rest. (right) Pseudorapidity distri-
bution for charged kaons from coherent φ production under the same conditions, with the
same red and blue curves. The gaps around y = 0 and η = 0 are because the tracker cannot
reconstruct the soft kaons from φ decays near rest.

Figure 8.102: Dielectron mass spectra for combined Υ(1S) plus Υ(2S) plus Υ(1S) production
in an all-silicon detector in (left) a 1.5 T magnetic field and (right) a 3.0 T magnetic field. The
histograms are for an integrated luminosity of 10 fb−1/A, where A = 197 is the atomic
number.

σp/p. Going further requires simulations; Fig. 8.102 shows the dielectron mass
spectrum for a simulation combining the three Υ states in an all-silicon detector in
1.5 and 3.0 T magnetic fields. Adequate separation is seen at 1.5 T, while at 3.0 T
the separation is almost complete.
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Separating coherent and incoherent interactions

As was discussed in Section 7.3.9, separating coherent and incoherent produc-
tion is critical for using vector meson production for nuclear imaging and stud-
ies of gluonic fluctuations. For moderate/large |t|, rejection factors of more than
400:1 are required. This poses extreme requirements on the forward detection el-
ements at an EIC detector. The nuclear excitation typically occurs via neutron,
proton or photon emission. Neutrons and protons can be detected with zero de-
gree calorimeters (ZDCs) and forward proton spectrometers (Roman Pots) respec-
tively, but it is critical that these both have excellent acceptance out to transverse
momenta of several times the Fermi momentum. Photon detectors must be able
to detect photons with energies considerably less than 1 MeV in the nuclear rest
frame. Gold has detectable (short-lived) excited states at 269 and 279 keV, for ex-
ample. Different nuclei will impose different requirements.

Lead is doubly magic, so its lowest energy excited state is at 2.6 MeV [1409], lead-
ing to lab-frame photon energies of hundreds of MeV. These photons are likely
isotropic in the nuclear frame. Backward-going photons will be Lorentz down-
shifted or not sufficienly boosted to be detectable. Allowance must be made for
these missed photon.

In contrast, gold has an excitation with an energy of 77 keV, and a lifetime of 1.9
nsec [1409]. The long lifetime means that the excited gold nucleus may travel tens
of meters before decaying, making the decay products essentially impossible to
observe. There are additional low-lying states with energies of 269 and 279 keV,
which translate to maximum detector-frame energies below 60 MeV. Although we
do not have good models to predict which levels are excited in exclusive vector
meson production, it seems unlikely that the required separation can be achieved
with gold nuclei.

In short, some nuclear deexcitations will involve very soft photons; for gold, some
of these photons are emitted after the excited nucleus has left the interaction re-
gion. These photons are probably undetectable. Separating coherent and incoher-
ent production is likely to be considerably easier with lead beams, but more study
is required to determine what rejection factor is achievable, and how it will impact
the physics.

8.5.2 Meson structure

For the detection of particles of relevance to meson structure studies all sub-
components of the far-forward area play an important role, the detection in the
B0 area, detection of decay products with the off-momentum detectors, and detec-
tion of forward-going protons and neutrons with the Roman Pots and ZDC.
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Sullivan process for pion structure: e + p→ e′+ X + n

Figure 8.103: A comparison of the scattered electron (top) and leading neutron (bottom)
kinematics in e + p → e′ + X + n for two energy settings - 10 GeV on 135 GeV (left) and 5
GeV on 41 GeV(right) with a luminosity of 100 fb−1. The momentum, P and angle, θ are
defined in the lab frame. The scattered electrons, in both cases, are within the acceptance of
the central detector and the leading neutrons are at small forward angles and carry most of
the proton beam energy after the scattering process.

The initial pion structure studies were conducted at the highest energy of 18 GeV
on 275 GeV (corresponding to the electron and proton beam energy, respectively,
both in GeV) to maximize the kinematics coverage. However, to improve access
to the high xπ region (see Sec. 7.1.3), alternate lower beam energies 10 GeV on 135
GeV and 5 GeV on 41 GeV were also selected. These lower beam energies allow
access to this high xπ regime over a wider range of Q2. For a comparison, the 18
GeV on 275 GeV energies allow access to high xπ data over a Q2 range of ∼200-
1000 GeV2, while with the 10 GeV on 135 GeV energies that range was increased
to ∼30-1000 GeV2, and with the 5 GeV on 41 GeV energies to ∼5-1000 GeV2. The
lower-energy combination of 5 GeV on 41 GeV is even more beneficial to tag kaon
structure by allowing detection of the leading Λ events (see below).

The kinematics for the more advantageous lower energy settings, 10 GeV on 135
GeV and 5 GeV on 41 GeV, are shown in Fig. 8.103. While the scattered electrons
are within the acceptance of the central detector, the leading neutrons for these two
energy settings are at a very small forward angle while carrying nearly all of the
proton beam momentum. These leading neutrons will be detected by the ZDC.

Figs. 8.104 shows the acceptance plots for neutrons in the ZDC for different beam
energy settings. As one can see, the spatial resolution of ZDC plays an important
role for the higher beam energy setting (18 GeV on 275 GeV), since it is directly
related to the measurements of pT or t. For the lower beam energy setting (5 GeV
on 41 GeV), the total acceptance coverage of the ZDC is important. This sets a
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requirement for the total size of ZDC to be a minimum of 60×60 cm2. Such a con-
figuration of the ZDC allows to achieve close to 100% neutron detection efficiency
for this channel.

Figure 8.104: Sullivan process e+ p→ e′+X + n: acceptance plot for neutrons in 60×60 cm2

ZDC, with a low spatial resolution of 3 cm (upper panels) and with a high spatial resolution
of 0.6 cm (lower panels), for different beam energy settings, from left to right 5 GeV on 41
GeV, 10 GeV on 100 GeV, and 18 GeV on 275 GeV, all with a luminosity of 100 fb−1. The
acceptance plot for 5 GeV on 100 GeV would be similar as shown for 10 GeV on 100 GeV.
The lower proton (ion) energies set the requirement for the size of the ZDC, whereas the
higher proton (ion) energies drive the spatial resolution requirement.

Sullivan process for kaon structure: e + p→ e′+ X + Λ

For the case of a leading Λ event, to tag the DIS process on a kaon, both its decay
products are detected at small forward angles due to the nature of two-body de-
cay kinematics. The detection of these Λ decay products requires additional high-
resolution and granularity due to the small angle of separation of decay products.

Detection of the decay channel Λ→ n + π0 is feasible but will require a means for
EM Calorimetry before the ZDC, in order to distinguish the neutron and the two
photons coming from π0 decay. Detection of the other decay channel, Λ → p +
π−, poses a more challenging measurement due to its requirement of additional
charged-particle trackers or a veto trigger on the path to ZDC.

The reconstruction of the Λ event in the far-forward detection area is one of the
most challenging tasks. This comes mainly from the fact that these leading Λ’s
have energy close to the initial beam energy, and thus their decay lengths can be
tens of meters along the Z-axis (or beam-line). This complicates detection of the
decay products, and thus the final Λ mass reconstruction.
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Figure 8.105 illustrates this further, and shows the Z-coordinate of where the Λ-
decay occurs for different beam energies. For the lower beam energy settings
(5 GeV on 41 GeV) most Λ decays are within the central detector region, but at
the higher proton (ion) beam energies the Λ decays happen more in the forward-
detection area, with tails of the decay process to near the ZDC location. Table 8.18
shows the percentage of decayed Λ for different energies and different Z ranges.

Table 8.18: e + p→ e′ + X + Λ: Percentage of decayed Λ’s in different detection ranges.

Ebeams Zvtx < 5 m 5 m< Zvtx < 30 m Ztextvtx > 30 m
5 GeV on 41 GeV 83.0% 16.6% 0.4%
10 GeV on 100 GeV 52.1% 46.7% 1.2%
10 GeV on 130 GeV 41.8% 54.2% 4%
18 GeV on 275 GeV 23.3% 56.2% 20.5 %

Figure 8.105: e + p→ e′ + X + Λ: the Λ-decay spectrum along the beam line for different
beam energies with a luminosity of 100 fb−1. Vertical axis shows unnormalized events.

To study the possibility of Λ mass reconstruction further, both main decay modes
were looked into: Λ → p + π− with a branching ratio of 63.9%, and Λ → n + π0

with a branching ratio of 35.8%. Both channels can be clearly separated by the dif-
ferent charge of the final-state particles, and thus the different detector components
which will play a role for their detection.

Λ → p + π〉 For this process we only have charged particles in the final state.
Therefore, for detection, we have to rely on sub-components along the far-forward
area such as the B0 tracker, the Off-Momentum trackers, and Roman Pots.

As an example, occupancy plots for the beam energy setting of 5 GeV on 41 GeV
are shown in Fig. 8.106. Since this is the lowest beam energy setting, most of the
lambdas would decay in the first meter (before the B0 magnet), and the decay
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Figure 8.106: Λ→ p + π− decay in e + p→ e′ + X + Λ: Occupancy plots for energy setting
5 GeV on 41 GeV with a luminosity of 100 fb−1. For π− in the B0 tracker (left panel). For
protons in the B0 tracker (middle panel) and in Off-Momentum detectors (right panel). The
red circle shows the beam pipe position and the blue circle shows the electron Final-Focus
Quadrupole (FFQ) aperture inside the B0 dipole.

(a) (b)

Figure 8.107: Λ → p + π− decay in e + p→ e′ + X + Λ: xL (top row) and theta (bottom
row) distributions for detected decay products of Λ particles for the 10 GeV on 110 GeV
beam energy combination with a luminosity of 100 fb−1: protons (left panels) and pions
(right panels). Vertical axes show unnormalized events.
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products of lambda are expected to have low momenta. Therefore, as expected,
protons coming from the Λ decays will mostly be detected, due to their lower
rigidity, in the off-momentum detectors (c) and partially in a B0 tracker (b). While
for pions, the tracker inside the B0 dipole will be the only detecting element (a).
As one can also see from this figure, the proton-beam-pipe aperture inside the B0-
dipole plays an important role and sets the detection efficiency for pions, as well
as the azimuthal angle φ-coverage of the detecting elements around the proton
beam-pipe. Further information on the distributions for detected decay products
at these lower beam energies of 10 GeV on 110 GeV are given in Fig. 8.107.

Figure 8.108: Λ→ p + π− decay in e + p→ e′ + X + Λ: Occupancy plots for energy setting
10 GeV on 100 GeV with a luminosity of 100 fb−1. For π− in the B0 tracker (left panel) and
the off-momentum tracker (middle panel). For protons in the Roman Pots detectors (right
panel). The red circle shows the beam pipe position and the blue circle shows the electron
FFQ aperture inside the B0 dipole.

For the higher beam-energy settings, for example 10 GeV on 100 GeV, the protons
are to be detected in the Roman Pots (and partially in Off-Momentum) detectors,
see Fig. 8.108. Pions originating from a Λ-decay with Zvxt < 4m will only par-
tially be detected in the B0-area, while most of them will go undetected through
the proton beam pipe. Pions with higher momentum and lower angles (pt or theta)
can pass through the bores of the Final-Focusing Quadrupole magnets (FFQs) and
be detected in the Off-Momentum detectors. Their detection represents the denser
(light) area of detection in the Off-Momentum detectors (Fig. 8.108(b)). Note that
due to the negative charge of the pions, they will experience an opposite bending in
dipoles, as compared to protons (compare with the protons in the Off-Momentum
detectors on Fig. 8.106(b)). Therefore, in order to detect the Λ-decays in this chan-
nel the Off-Momentum detectors need to provide a full azimuthal coverage, to
establish a proper detection for the negatively-charged particles.

For the 5 GeV on 41 GeV beam energy combination, Fig. 8.109 shows the momen-
tum (top panels) and angular (bottom panels) distributions of protons (left panels)
and pions (right panels) from Λ-decay as a function of distance of the Λ-decay
point, as detected in one of the beam line sub-detectors. This then in turn illus-
trates which of the sub-detectors along the beam line detect the decay products.
The protons carry most of the initial proton beam momentum and extend over the
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far-forward direction, with angles less than 8 mrad. On the other hand, as one can
clearly see from the high density of hits, the Λ-reconstruction efficiency will mainly
depend on the efficiency for the detection of pions in the B0 area, with angles in
the 5-25 mrad range.

Figure 8.109: Λ → p + π− decay in e + p→ e′ + X + Λ: Momentum (top) and angular
(bottom) distributions of protons (left) and π− (right) at beam energy setting 5 GeV on 41
GeV with a luminosity of 100 fb−1, as registered in the far-forward detectors as a function of
their origination (the decay vertex).

For the higher beam energy combination, for example 10 GeV on 100 GeV, the
situation will be much different. Fig. 8.110 shows the momentum and angular dis-
tributions for protons and π−. For the latter, one can clearly see a “dead” area
appear along the beam line, where the FFQ beam elements are located, prohibit-
ing placement of detectors and thus π− detection. This comes from the fact that
these pions have significantly low momentum, and the beam magnet optics set-
tings does not allow them to pass through this area, they get swept into the mag-
nets and beam line. Those Λs which decay after the set of FFQs will be tagged
by the off-momentum detector, but since the Zvtx is unknown, it will be hard (or
impossible) to make a one-to-one correlation between the tagged position and the
particle’s momentum or angle. Therefore, for the final reconstruction of the Λ in-
variant mass, one has to use only events with Zvtx < 3− 5 meters, to make this
correlation possible. That this indeed remains possible is shown in Fig 8.111 (right
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Figure 8.110: Λ → p + π− decay in e + p→ e′ + X + Λ: Momentum (top) and angular
(bottom) distributions of protons (left) and π− (right) at beam energy setting 10 GeV on 100
GeV with a luminosity of 100 fb−1, as registered in the far-forward detectors as a function
of their origination (the decay vertex). For the π−, the ”dead” area in the Final-Focusing
Quadrupole magnet region where placement of detectors is impossible is apparent.

panel), which shows the invariant mass spectra of the Λ(p, π−) channel for this 10
GeV on 100 GeV beam energy setting. The corresponding pT spectrum of the Λ
particles is shown on the left panel of Fig 8.111. Distributions for 5 GeV on 41 GeV
are very similar, for 18 GeV on 275 GeV distributions were not considered as too
few Λ decays survive the Zvtx cut (see Table 8.18).

Table 8.19: e + p → e′ + X + Λ: Final Λ detection efficiency, as a function of beam energy
combinations, for Λ detection with a cut on decay applied of Zvtx < 4 m to ensure Λ-mass
reconstruction.

Beam energies 5 GeV on 41 GeV 10 GeV on 100 GeV 18 GeV on 275 GeV
Lambda Efficiency 20% 15% 1%

We summarize this result in Table 8.19, which shows the expected Λ detection
efficiency for the decay Λ → p + π−. A cut on decay within 4 meters, Zvtx < 4m
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Figure 8.111: Λ → p + π− decay in e + p→ e′ + X + Λ: The pT ( left) and invariant mass
(right) of the reconstructed Λ particles for the beam energy settings of 10 GeV on 100 GeV
with a luminosity of 100 fb−1. Vertical axes display unnormalized events.

has been applied for this selection. The decrease in detection efficiency for the
higher-energy settings comes mainly from this Zvtx cut, but is necessary to ensure
Λ mass reconstruction.

Λ → n + π◦ For this process we only have neutral particles in the final state.
The main scheme of detection for these particles will be the ZDC and/or some
kind of electromagnetic calorimeter/photon detector in the B0 area. Similar as for
the p + π− decay mode, with lower beam energies more particles can be detected
in the central detector region. Fig. 8.112 shows the angular (Θ) distributions for
n and π0 for different beam energies. It is furthermore assumed that the π0 is
reconstructed from π0 → γγ, where the photons are deposited in one of the corre-
sponding detectors.

The energy and angular distributions of the two photons from the π0 decay are
shown in Fig. 8.113, for various beam energy settings. At lower beam energy set-
tings, like 5 GeV on 41 GeV, some measurements to detect the larger-angle photons
in the B0 area is required to recapture efficiency. As the beam energy increases, the
ZDC starts playing the main role for detection of both neutrons and neutral-pions.
Fig 8.114 shows occupancy plots of n and γγ used for π0 reconstruction for differ-
ent energy settings.

Exclusive p(e, e′π+n) events

Simulations demonstrating the feasibility of pion electric form factor measure-
ments at the EIC have been performed using a Deep Exclusive Meson Production
(DEMP) p(e, e′π+n) event generator based upon the Regge model of Ref. [1410].
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Figure 8.112: Λ → n + π0 decay in e + p→ e′ + X + Λ: Angular distributions for neutrons
(a) and π0 (b), for beam energy settings 10 GeV on 135 GeV, 5 GeV on 100 GeV, and 5 GeV
on 41 GeV with a luminosity of 100 fb−1. Vertical axes show unnormalized events.

Figure 8.113: Λ → n + π0 decay in e + p→ e′ + X + Λ: Energy and angular Θ distribu-
tions for detected γγ from π0 of Λ decay with a luminosity of 100 fb−1. Vertical axes show
unnormalized events.

This model provides an excellent description of the existing JLab data up to−t=4.3
GeV2 [1411] and is well-behaved over a wide kinematic range. The kinematic
distributions for exclusive p(e, e′π+n) events used to extract pion form factors
(Sec. 7.2.1) are shown in Fig. 8.115. As for tagged DIS events, the neutrons as-
sume nearly all of the proton beam momentum, and need to be detected at very
forward angles in the ZDC. The scattered electrons and pions have also similar
momenta as in the tagged DIS case, except that here the electrons are distributed
over a wider range of angles. E.g., for the 5 GeV on 100 GeV beam energy setting,
the 5-6 GeV/c electrons are primarily scattered 25◦-45◦ from the electron beam,
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Figure 8.114: Λ→ n+π0 decay in e + p→ e′ + X + Λ: Occupancy distribution for neutrons
(top panels) and γγ from π0 decay (bottom panels) as detected in the ZDC for different beam
energy settings with a luminosity of 100 fb−1.

while the 5-12 GeV/c π+ are at 7◦-30◦ from the proton beam.

Accelerator and instrumentation requirements

As one can see from the detector simulation examples shown, access to meson
structure physics greatly benefits from EIC operations at the lower center-of-mass
energies. Apart from that there is need for both ep and ed measurements at similar
center-of-mass energies. Lower energies enhance the range of Q2 at large xπ. The
detection needs to uniquely tag kaon structure require lower energies to enhance
Λ decay probability at short distances. This allows Λ-mass reconstruction from
the detected decay products. To tag the pion and kaon structure, proper instru-
mentation of B0 tracking detectors is needed, requiring full azimuthal coverage
and perhaps pushing a smaller proton-beam pipe diameter. Off-momentum detec-
tors have to also provide this full azimuthal coverage for detection of negatively-
charged decay particles.
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Figure 8.115: Kinematic distributions for exclusive p(e, e′π+n) events for e′ (left), π+ (cen-
ter), and n (right), at beam energies of 5 GeV on 41 GeV (top), 5 GeV on 100 GeV (middle),
and 10 GeV on 100 GeV (bottom) with a luminosity of 100 fb−1. The radial component is mo-
mentum [GeV], and the polar coordinate is the scattering angle, with the proton (electron)
beam direction pointing to the right (left).

8.5.3 Deuteron DIS with spectator tagging: Free neutron structure and nuclear
modifications

DIS on the deuteron with detection of the spectator nucleon (“spectator tagging”),

e + d→ e′ + X + N, N = p or n (8.12)

offers a unique method for extracting the free neutron structure functions and
studying the nuclear modifications of proton and neutron structure (EMC effect,
antishadowing, shadowing). Detection of the spectator nucleon identifies the ac-
tive nucleon in the DIS process and eliminates dilution. Measurement of the spec-
tator nucleon momentum (typically pN . 300 MeV/c in the deuteron rest frame)
controls the nuclear configuration in the deuteron initial state and permits a differ-
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ential analysis of nuclear effects, enhancing the experimental reach and theoretical
accuracy of the analysis. In DIS with proton tagging, on-shell nucleon extrapola-
tion in the spectator proton momentum selects large-size pn configurations in the
deuteron where nuclear interactions are absent and provides a model-independent
method for extracting the free neutron structure functions [68]. In DIS with proton
or neutron tagging, measurements with spectator momenta p ∼ 200-600 MeV/c
(rest frame) select small-size pn configurations where the EMC effect is enhanced
and can be studied systematically as a function of the size of the pn configura-
tion (tagged EMC effect). Measurements of bound proton structure in deuteron
DIS with neutron tagging can be compared with free proton structure measured in
proton DIS, transforming the analysis of nuclear modifications (independent nor-
malization, size of modifications). The theoretical framework for tagged DIS on
the deuteron is being developed, including final-state interactions and polariza-
tion [69, 70, 108, 109, 115].

In tagged DIS at EIC, the spectator nucleon moves in the forward ion direction
with ≈ 1/2 the deuteron beam momentum, with an offset that is determined
by its boosted rest-frame momentum (its light-cone momentum fraction is con-
served): p‖,N[collider] = xL p‖,d with xL ≈ 1

2(1 + p‖,N[restframe]/m) = 0.35–0.65,
p⊥,N[collider] = p⊥,N[restframe] . 300 MeV/c. Proton spectators are detected
with the forward spectrometer; neutron spectators are detected with the ZDC.
Generic detector requirements are: (a) Acceptance for proton and neutron spec-
tators in the given xL and p⊥ range; (b) Proton longitudinal momentum resolution
δxL/xL � 10−2 and transverse momentum resolution δp⊥/p⊥ ≈ 20–30 MeV/c;
(c) neutron momentum resolution of 9 − 11 GeV/c for p > 110 GeV/c and pT-
resolution of 40–80 MeV/c, assuming a ZDC with energy resolution σE < 50%/

√
E

for hadrons, and an angular resolution of 3 mrad/
√

E as assumed for other e+d
studies in this report (see Sec. 8.5.4 for details).

Simulations have been performed of neutron structure extraction with deuteron
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Figure 8.116: Deuteron DIS with spectator proton
tagging, e + d → e′ + X + p. The measured pro-
ton momentum is described by the light-cone frac-
tion αp = 2p+p /p+d and transverse momentum pT
in the deuteron-photon collinear frame. The proton
controls the neutron virtuality t−m2 in the deuteron
(off-shellness). The on-shell point can be reached
by extrapolation to p2

T → −a2
T , where a2

T(αp) is the
pole position in the deuteron light-cone wave func-
tion and is of the order ∼ εdm (εd = 2.2 MeV is
the deuteron binding energy, m is the nucleon mass).
The graph shows the cross section in the impulse
approximation; final-state interactions and polariza-
tion effects are discussed in Refs. [69, 108, 109, 115].
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DIS with spectator proton tagging and pole extrapolation in the proton momen-
tum (see Fig. 8.117); see Ref. [70] for earlier studies. The kinematic variables and
theoretical method are described in Refs. [69, 109]. The spectator proton momen-
tum is specified by the light-cone fraction αp = 2p+p /p+d and transverse momen-
tum pT in the deuteron-photon collinear frame. Electron-deuteron DIS events are
generated with BeAGLE [1267]. The top plots in Fig. 8.117 show the kinematic dis-
tribution of events in p2

T in two bins of αp, as determined by the strong momentum
dependence of the deuteron spectral function. The bottom plots show the kine-
matic distributions after removal of the deuteron pole factor (p2

T + a2
T)

2/[2(2π)3R],
which removes most of the momentum dependence, and the pole extrapolation to
unphysical p2

T → −a2
T, which gives the free neutron structure function F2n [109].

The plots show the procedure in a typical (x, Q2) bin in EIC kinematics; similar
results are obtained in other bins. The procedure has been verified by comparing
the extrapolation results with the free nucleon structure functions in the physics
model. The study of detector and beam smearing effects is in progress.

8.5.4 Diffractive J/Ψ production on the deuteron with spectator tagging

Diffractive J/Ψ production on the deuteron with the goal of probing short-range
correlations requires that the spectator nucleon is tagged, see Sec. 7.3.7. In the
EIC, these spectators are moving with the hadron beam will end up in the far-
forward region of the EIC. Some general considerations used to establish baseline
particle acceptance and detector resolutions via full simulations in Geant4 [1412]
are presented here and further details can be found online [854].

Four different forward detectors are considered in the current study: the B0 silicon
tracker, off-momentum detectors, Roman pots and ZDC. The location, size, res-
olution of transverse and total momentum, energy, and scattering angle of these
four detectors used in the simulation are summarized in Ref. [854]. In addition to
the intrinsic detector related effects, the beam related effects, smearing of the three-
momentum components of the nominal deuteron beam are carried out using Gaus-
sian smearing with a width proportional to the values of angular divergence and
beam energy spread. The modified deuteron beam four-vector is used to calculate
a Lorentz boost vector. The final state protons and neutrons are then boosted from
the lab-frame to the deuteron rest frame using the original, unsmeared deuteron
boost vector, and then boosted back to the lab-frame using the smeared boost.

With the current baseline design of the far-forward detectors and the consideration
of beam-related effects, the measurement of diffractive J/Ψ production in electron-
deuteron collision is experimentally possible with good precision up to 800 MeV in
internal nucleon momentum. The gluon density distributions can be obtained via
measurement of the momentum transfer distributions in different bins of nucleon
momentum, where the underlying mechanism of gluon dynamics can be directly
studied in terms of short-range nuclear correlations. Depending on the Q2 and
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Figure 8.117: Top row: p2
T distributions for two proton spectator αp bins in the same x and

Q2 bins (cuts are shown in the text on the bottom row of plots). The distributions in the top
row include the bin-weighting by the flux factor, as well as all constants included to achieve
the final, scaled histograms. Bottom row: The same distribution multiplied by the inverse
spectral function pole factor (p2

T + a2
T)

2/[2(2π)3R] [109]. The resulting dependence is then
used to perform the on-shell extrapolation to calculate the neutron structure functions. The
red line shows the first-degree polynomial used to fit the data and perform the extrapolation
to p2

T → −a2
T .

nucleon momentum range, the required integrated luminosity is between 30 to
500 fb−1.
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8.5.5 Double tagging in the far forward region

As discussed in section 7.3.7, one can do very interesting and unique physics with
the A=3 nuclei if it is possible to tag the spectator protons from 3He or the spectator
neutrons from 3H.
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Figure 8.118: DIS kinematics for the 3He(e,e’pp)X reaction at 5x41 GeV with the protons
detected in the far forward region.
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Figure 8.119: DIS kinematics for the 3He(e,e’pp)X reaction at 18x110 GeV. Here the protons
are more kinematically focused then in the lower energy case and will be better detected in
the Roman pots.
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Figure 8.120: DIS kinematics for the 3H(e,e’nn)X reaction at 5x41 GeV with the neutrons
detected in the far forward region.

Thus following the requirements as detailed in the Meson production section of
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Figure 8.121: DIS kinematics for the 3H(e,e’nn)X reaction at 18x110 GeV with the neutrons
detected in the far forward region.

the far forward region, one will be able to do double spectator tagging from A=3
nuclei, opening new ways to extract nucleon information as well as study reaction
mechanism effects.

8.5.6 Short-range correlations and EMC effect studies

Going beyond just using nuclei as an effective free nucleon target by tagging spec-
tator particles, one can also make use of tagging to determine when the system was
in a highly offset state. This is critical for studying short-range nucleon-nucleon
correction and could be the key to finally fully understanding the EMC effect.

To model the effect of initial-state corrections, the generalized contact formaliza-
tion was used and study preformed with EICROOT, g4e as well as EICSMEAR.
All the studies show a significant fraction of the highly-correlated nucleons from
pairing can be detected in the far forward region. As a representative example,
in Fig. 8.122 and Fig. 8.123 are shown the angles where a proton-proton SRC pair
from 3He and a neutron-neutron SRC pair from 3H go. This is an extreme exam-
ple, nevertheless, a significant fraction of the events would be detected, especially
at the highest center-of-mass energies.
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Figure 8.122: DIS kinematics for the 3He(e,e’pp)X reaction at 5x41 GeV but now for initial-
state SRC proton pairs with the protons detected in the far forward region.
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Figure 8.123: DIS kinematics for the 3He(e,e’pp)X reaction at 18x110 GeV but now for initial-
state SRC proton pairs with the protons detected in the far forward region.
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Figure 8.124: Pseudorapidity distribution of stable final state particles in a RAPGAP simu-
lation of diffractive DIS with xL > 0.6 at the EIC (electrons with energy 18 GeV and protons
of 275 GeV). The left panel corresponds to all final state particles whilst the right excludes
the final state proton. The full set of generated particles is shown in green (’gen’). Those
remaining after passing through an EIC detector simulation incorporating losses due to in-
complete acceptance and migration due to imperfect detector resolution are shown with the
red curve (’smr’). The vertical lines delineate the central detector region with full cover-
age (CD), the region in which only electromagnetic calorimetry is currently envisaged and
the regions covered by the B0 and Roman Pot (’RP’) detectors. The normalisation is to the
average number of particles per bin per event.

8.5.7 Inclusive diffraction

The studies of inclusive diffractive DIS (ep → eXp) presented in sections 7.1.6
and 7.3.2 by default assume that diffractive final states can be identified with per-
fect efficiency. In this section, we discuss methods of selecting diffractive processes
in which the proton remains intact and summarise the challenges in achieving a
high level of experimental performance.
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At HERA, the inclusive diffraction process was studied successfully using a ’ra-
pidity gap’ method [272, 276, 868] in which events were identified on the basis of
an absence of activity in a large forward region of pseudorapidity extending as
close to the outgoing proton direction as possible. The gap size is strongly cor-
related with the fractional energy loss of the proton ∼ ξ, with an approximate
dependence of the form ∆η ∼ − ln ξ. Events in which the proton did not remain
intact were vetoed on the basis of particles observed in ‘forward detectors’, ei-
ther directly from the primary interaction, or as a result of secondary interactions
with the beam-pipe or collimators. For example in the H1 experiment [276], the
most forward acceptance for veto detectors was obtained using scintillators sur-
rounding the beam pipe 26 m downstream, which were able to detect charged
particles in the range 6.0 < η < 7.5. Whilst it led to high acceptance at sufficiently
small ξ, this method suffered from a number of drawbacks. Most importantly, the
non-observation of the scattered proton leads to contamination from proton dis-
sociation sources (ep→ eXY) where Y is a low mass proton excitation) and even
from non-diffractive processes with naturally occurring fluctuations in the hadro-
nisation process, generating rapidity gaps that are exponentially suppressed as a
function of gap size. These unobserved backgrounds were ultimately the largest
source of systematic uncertainty. Furthermore, the use of the most forward part
of the calorimeter as part of the veto (using an ‘ηmax’ cut) limited the range in ξ
and β that could be accessed. The reduced center-of-mass energy at EIC leads
to smaller gap sizes for fixed dissociation system mass MX, implying that a gap
based selection would at best be applicable only at small MX. Nonetheless, ra-
pidity gap identification remains a powerful tool, even if it is only used as a veto
against background contamination. It is correspondingly advisable to ensure the
fullest possible acceptance for forward-going particles.

Figure 8.124 illustrates final state particle flow in a sample of diffractive events
simulated using the RAPGAP Monte Carlo model [1413]. The potential for veto-
ing forward activity is clear from the comparison between the distribution at the
generator level (’gen’) and that after accounting for experimental effects (’smr’).
Most interesting from this point of view is the most forward part of the central de-
tector, where there is almost full acceptance for both electromagnetic and hadronic
calorimetry up to η = 3.5 and continued electromagnetic calorimetry up to η = 4.5
(hence approximately half of final state particles are considered to be observed in
the region 3.5 < η < 4.5 according to the simple simulation). The use of the B0
detectors (integrated into the beampipe around 6 m downstream and covering an
angular region 5.5 < θ < 20 mrad) or the addition of dedicated veto detectors us-
ing for example scintillating tiles (the ’off-momentum’ detectors envisaged in the
current EIC design may be useful in this context) could extend this considerably.
Nonetheless, the rapidity gap method doesn’t reach the level of precision to which
we aspire for diffractive studies at EIC and limits the acceptance in ξ and β.

The second method of studying diffractive processes with intact protons is through
the direct observation and measurement of the scattered proton. This has been
achieved at various colliders by using ‘Roman Pot’ insertions to the beam pipe
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which house sensitive detectors that are able to approach the beam to within a few
mm without compromising the vacuum. Roman Pot technologies, first applied
at ISR and more recently at the LHC, with the TOTEM experiment for example
operating 14 separate stations. Detection and tracking have benefited from the
use of radiation-hard silicon pixel detectors, whilst Time-of-Flight techniques have
been introduced in the case where both protons are detected, using either multiple
layers of ‘ultra-fast’ silicon or diamond- or quartz-based Cerenkov radiators to
achieve precisions approaching 20 ps per proton.

The current version of the EIC design incorporates Roman pot detectors at 26 m
and 28 m, with an angular acceptance extending up to 5 mrad. Full coverage in az-
imuthal angle may be possible, exploiting the spectroscopic effects of the machine
magnets to ensure that all protons scattered with lower energy than the beam pass
inside the arc of the main beam. As can be seen from a comparison between the left
and right panels of Fig. 8.124, the Roman pot detector acceptance is well-matched
to the detection of scattered protons over a wide range of kinematic phase space.
The B0 silicon detectors incorporated in the current EIC design add acceptance at
larger scattering angles. This angular acceptance range can be mapped directly
onto a kinematic plane in ξ and t. As illustrated in Fig. 7.30, the upper limit of
the Roman pot angular coverage is adequate for the study of diffractive DIS across
the full region of interest in ξ and also across a wide range in t for high energy
EIC configurations. The addition of the kinematic range covered by the B0 further
improves matters at very large |t| such that there is almost full coverage at least to
|t| = 1 GeV2 at Ep = 275 GeV and Ep = 100 GeV. Whilst the situation is more
challenging at Ep = 41 GeV, highly interesting measurements could still be made.

It should be noted that the choice of lower limit of scattering angle θ = 0.5 mrad in
Fig. 7.30 is somewhat ad hoc. In practice this limit is determined by the proximity
to the beam-line that can be tolerated without causing disruption to the beam. Ex-
perience at previous colliders suggests that this lower limit is likely to be decreased
slowly and steadily over time and is a matter for constant discussion between ex-
periments and machine experts. A natural way to decrease the lower limit in θ
is to locate the Roman Pots further from the interaction point. However, it is not
possible to instrument the beam pipe further downstream than around 30 m in the
current EIC design due to the crab cavities.

One final consideration in proton tagging is to avoid a large gap in acceptance
between the B0 and Roman pot detectors. The current design achieves this for
the most part, as illustrated in figure 8.125(top), where protons from the RAPGAP
simulation are shown in the plane of η versus xL = 1− ξ. The plot after passing
through a simple simulation of EIC instrumental effects exhibits a small band in
which acceptance is lost around η = 6, corresponding to the gap between the B0
and the Roman pot acceptances. Mapping these distributions onto the plane in xL
and t, as shown in figure 8.125(bottom), shows that, at least for the highest

√
s, the

’dead zone’ band of lost acceptance is at relatively large |t| values and is unlikely
to seriously compromise measurements. On the other hand, the band migrates
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Figure 8.125: Distribution of final state protons in the RAPGAP simulation of diffractive DIS
at the EIC (electrons with energy 18 GeV and protons of 275 GeV). Top left: generator level
distribution in the plane of η versus xL = 1− ξ. Top right: similar distribution after passing
through a simple model of instrumental effects (migrations and acceptance). Bottom left:
distribution mapped onto the pane of xL versus t after passing through the simulation of
migration and acceptance effects. Bottom right: one dimensional projection onto the t axis
after passing through the simulation of migration and acceptance effects. No lower limit on
the acceptance in θ is applied in these figures.
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to smaller |t| vales at lower
√

s. It may be possible to mitigate this if there are
two EIC detectors, by adjusting the design of the forward detectors in the second
interaction region such that the gap falls at a different angle.

8.5.8 Summary of far forward region physics requirements

For the far forward region, we have seen that numerous physics channels can be
studied with the current design and layout of the various detectors. For the B0
sensors, 3.4 cm inner radius and 20 cm outer radius with a 50 x 50 µm2 pixel is
needed. For the off momentum tracker an 10 cm inner radius is assumed along
with a 10 x 30 cm2 sensor with a 500 x 500 µm2 pixel pitch. For the Roman Pots, it
is assume that they will be 10 σ from the beam halo size with a 20 x 10 cm2 sensor
with 500 x 500 µm2 pixel pitch.

For the zero degree calorimeter, it is assumed that the device will be at least 60 x 60
cm2 made up of low and high granularity electromagnetic calorimeter as well as
a 10 x 10 cm2 hadronic calorimeter. Ideally, the calorimeter would have an energy
resolution of 35%/

√
(E), but less than 50%/

√
(E) is acceptable for carrying out

the physics goals that have been laid out by the diffractive and tagging physics
working group.

In addition to these detector requirements, the spin physics studies with the light
nuclei require that the accelerator be able to store polarized spin-1/2 and spin-1
particles (e.g. polarized 3He and Deuterium). It is understood that preserving
the polarization of polarized deuterons in a circular storage ring is particularly
challenging and at a glance would seem to be beyond the scope of the planned
spin rotation capabilities of the EIC. A clever solution to this problem is to use
natural preserving deuteron energies, as known as magic energies, where only a
limited amount of spin rotator and/or Siberian snakes are required to maintain the
polarization. At per nucleon momentum of 104.9, 111.5, 124.6 and 131.2 GeV, full
polarization can be provided at one interaction region while at 39.3 GeV or 118.0
GeV full polarization could be provided at both of the planned interaction regions.

Finally, the measurement of the inclusive, diffraction puts additional requirements
on the forward and far-forward detectors. The rapidity gap method for inclusive
diffraction requires vetoing forward activity, thus hermiticity of the detector setup
is crucial. The B0 detectors are very useful for this measurement, but it would be
also necessary to have additional detectors to veto the activity. The method of the
tagged proton puts another requirement on the far forward detectors. While the
current setup is already very well suited for this measurement there exists a gap
in the proton acceptance between B0 and Roman pot detectors. While it would
be difficult to completely close the gap within the current detector setup, perhaps
the complementary detector design could be modified in such a way that the gap
would appear in the different regime of angles and thus at different values of mo-
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mentum transfer for the extracted cross section.

8.6 Summary of Requirements

Table 8.20 summarizes the combined detector requirements that emerged from the
studies performed by the working groups. Several requests for improved perfor-
mance as compared to the previously assumed values have been identified in order
to deliver key measurements at the future EIC:
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Table 8.20: Summary of the Physics Working Group detector requirements

1. Hermiticity A pseudo-rapidity coverage of −4 < η < 4 in the central detec-
tor is crucial for many flagship measurements, in the exclusive and diffrac-
tive channels. The highest η coverage should be strongly pursued in order
to reduce the pseudo-rapidity gap between the central and the far-forward
region detectors. An asymmetric configuration where the acceptance in η
is increased in a limited region in azimuth could potentially overcome the
pseudo-rapidity limitation enforced by the beams crossing angle. Indeed, the
measurement of inclusive diffractive channels using the rapidity gap method
requires an excellent hermiticity of the overall detector.
The increased pseudo-rapidity coverage in the forward region is also essen-
tial to reconstruct the hadronic state in inclusive and semi-inclusive reactions
using the JB method, extending the accessible area in the highest x at low y.
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2. Momentum resolution Excellent momentum resolution in the central region
is required for a wide variety of physics studies. In particular, for those in-
clusive and semi-inclusive reactions that use the Jacquet-Blondel method for
reconstructing event kinematics, for jet reconstruction, jet correlations, and
jet substructure studies, and others.

3. Minimum pT A low detection threshold for pions and kaons is required. In
order to measure soft pions from D∗ and Λ decays, as well as for partial-
wave analysis of di-hadron final states, a minimum detection pT of 100 MeV
is needed. Soft kaons from φ decays should be measured up to pT of 135 MeV.

4. Vertex resolution The requirements on the vertex resolution listed in Tab. 8.20
are driven by the heavy flavor reconstruction where the reduction of the back-
ground relies strongly on analyses-related selections performed in different
combinations of the primary scattering vertex and the secondary vertex of
the decaying heavy meson. The required impact parameter resolution for the
heavy flavor measurements is of the level of σxy ∼ 20/pT ⊕ 5 µm at mid-
rapidity.

5. Electron ID At mid-rapidity inclusive measurements will be limited by the
electron/pion discrimination, which will drastically impact the measure-
ments of longitudinal double spin and parity violating asymmetries in the
highest Q2 region. A pion suppression capability at the level of 10−4 is
deemed critical for several important measurements in studies of inclusive
reactions. In addition, spectroscopy measurements require 3σ electron/pion
separation in the forward region for J/ψ identification.

6. Photon detection threshold Soft photon detection is driven by requirements
to separate coherent and incoherent production of vector mesons. Some nu-
clear deexcitations will produce very low energy photons, depending on the
nucleus involved.

7. Hadron ID PID at the level of 3σ is required over a large momentum range
and is primarily driven by mid-to-high z measurements of jet fragmentation
functions and the related polarized Collins asymmetry. TMD measurements
also require 3σ separation of pions from kaons up to large values of their
momenta, and are driving the requirements in the forward-rapidity region,
too. Particularly, 3 σ π/K/p separation up to 50 GeV/c in the forward region,
up to 10 GeV/c in the central detector, and up to 7 GeV/c in the backward
region are required.

8. Electromagnetic calorimetry Good electromagnetic calorimeter resolution in
the central detector, at the level of σ(E)/E ≈ 10 − 12%/

√
E ⊕ 1 − 3% at

midrapidity, would be sufficient for jet physics, as jet reconstruction could
take advantage of expected excellent tracking performance. However, at for-
ward rapidities, excellent electromagnetic calorimeter resolution (σ(E)/E ≈
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2%/
√

E ⊕ 1− 3%) will become an essential driver of jet reconstruction per-
formance.

9. Hadron calorimetry In the mid-rapidity region, the energy resolution of
hadron calorimeters is driven by single jet measurements. Neutral hadron
isolation could also be important for jet energy scale and resolution. In
the forward and backward rapidity region diffractive di-jets need a good
hadron energy measurement, with a resolution of the level of σ(E)/E ≈
50%/

√
E ⊕ 10%. The requirement on the constant factor at the highest ra-

pidities is driven by the need for good energy resolution where tracking dies
out. A minimum energy threshold of 500 MeV/c was assumed for all the
studies performed.

In addition to the requirements described above and included in Tab. 8.20, require-
ments for the far-forward region have originated primarily from the exclusive and
diffractive working groups, as follows.

B0 sensors with an acceptance between 3.4 and 20 cm from the beamline and 50×50
µm pixels are required. The off-momentum tracker needs a 10-cm inner radius
and an active area of 10×30 cm2. Its position resolution should be at least 0.5×0.5
mm2. Similar position resolution is required in the Roman Pots that would need
a sensitive area of 20×10 cm2, assuming they are placed at 10 σ from the beam
envelope.

A zero degree calorimeter at least 60×60 cm2 in size should include both elec-
tromagnetic and hadronic calorimetry, with low and high granularity. Its energy
resolution should approach 50%/

√
E, but physics would benefit from an enhanced

performance of 35%/
√

E.

Finally, for the spin physics program with light nuclei, such as deuterons, high
polarization is key. In order to preserve deuteron polarization, which is very
challenging in a circular storage ring, it is suggested to use particular beam ener-
gies that only require a limited number of spin rotators and/or Siberian snakes to
maintain polarization. At per nucleon momentum of 104.9, 111.5, 124.6 and 131.2
GeV/c, full polarization can be provided at one interaction region while at 39.3
GeV/c or 118.0 GeV/c full polarization could be provided at both of the planned
interaction regions.
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Chapter 9

Introduction to Volume III

The third volume of the EICUG Yellow Report is dedicated to the EIC detector(s)
with reference to the EIC studies (Vol. II, Chapter 7) and the detector requirements
(Vol. II, Chapter 8), which result from the analysis of the physics scope. Volume III
assumes as its starting point, the performance requirements and the corresponding
detector challenges (Chapter 10). On this basis, the detector technologies adequate
to answer the EIC requests and the performance these technologies can provide
are surveyed (Chapter 11). Considerations in favor of instrumenting the two in-
teraction regions foreseen in the overall design of the accelerator complex are also
presented (Chapter 12). These studies are complemented with an initial assess-
ment of the EIC detector integration (Chapter 13). The on-going R&D effort within
the program “Generic R&D for the Electron Ion Collider” is presented in Chapter
14.

The matter discussed in Volume III results from a rich variety of inputs, including:

• Previous studies [2, 1366];

• Central detector concepts proposed over years, namely BEAST [1414],
JLEIC [1415, 1416], EIC-sPHENIX [1417] and TOP-SIDE [1418];

• The development efforts ongoing within the program “Generic R&D for
the Electron Ion Collider” (https://wiki.bnl.gov/conferences/index.php/
EIC_R%25D), which is summarized in Chapter 14;

• Dedicated simulation studies performed in the context of the “Generic Detec-
tor R&D for an Electron Ion Collider” and, more, during the preparation of
the present Yellow Report;

• Novel ideas and options proposed by the community during the one-year
long effort resulting in the present Yellow Report.

The present level of assessment of the EIC detector matter could not have been
achieved without the Yellow Report initiative. In fact, this activity has created
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an unique opportunity for the EIC community at large: the synergistic effort of
theorists, experimentalists, accelerator experts and computer science experts has
made possible the relevant progress obtained on a time-scale of one year.

9.1 General EIC Detector Considerations

All the different physics processes to be measured at the EIC require having the
event and particle kinematics (x, Q2, y, W, pt, z, Φ, θ, defined in Appendix A)
reconstructed with high precision. The key variables x, Q2, y, and W are either
determined from the scattered electron or from the hadronic final state. In order
to access the full x–Q2 plane at different center-of-mass energies and for strongly
asymmetric beam energy combinations, the detector must be able to reconstruct
events over a very wide range in rapidity. This imposes requirements on both de-
tector acceptance and resolution. At EIC, without good coverage of the rapidity
range |η| >2, a significant fraction of the x–Q2 phase space will be missed. This
puts strong emphasis on the lepton and hadron end-caps. Figure 9.1 illustrates, for
the detector elements in the interaction region, the correlation between the pseudo-
rapidity and scattering angle and the x–Q2 phase space. The central detector, ap-
proximately covering the range of |η| <1 is also referred to as the barrel detector,
while the hadron end-cap and the electron end-cap are often indicated as forward
and backward end-cap, respectively. The setup is completed by very-small-angle
counters situated at a larger distance from the interaction point, forming the set of
the very forward and very backward detectors. The geometrical acceptance is not
the only potential limiting parameter. Other constraints that are more critical for
forward high energy particles come from the minimum detectable particle momen-
tum, the acceptance in transverse momentum and the resolution in the momentum
measurement. These limitations can be mitigated by data taking at different set-
tings of the central solenoid resulting in different magnetic field values. Ancillary
systems, namely the luminosity monitor and the lepton and hadron polarimeters,
complete the equipment needed for the EIC physics program.

A reference general purpose detector is discussed in the following: it is still a con-
cept and consists of a set of equipment technologies that can meet the majority
of the EIC requirements. The included technologies correspond to the ones most
studied so far and can form a detector design, that can be used as a reference.
Nevertheless, no technology ranking between the reference and the alternative op-
tions has yet been established. The fresh and stimulating possibilities coming from
more recent proposals are useful for establishing a rich basis for the future detec-
tor choices. Therefore, all the technologies presented in the Yellow Report Volume
III have the same applicability and relevance, while they attest the fecundity of
the overall EIC user group community. The reference general purpose detector
concept is suggested by the EIC project. The EIC facility is able to support two
interaction points, but the EIC project foresees only the instrumentation of a sin-
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Figure 9.1: A schematic showing how hadrons and the scattered lepton for different x−Q2

are distributed over the detector rapidity coverage.

gle one, able to answer to the needs posed by the whole EIC physics program.
Nevertheless, the EICUG community is confident that the EIC science output can
be increased by instrumenting also the second interaction region, exploiting com-
plementary features, where the complementary aspects can be related both to the
detector and the interaction region design. In this context, the benefit of having
different options for the detector technologies appears in its full capacity: differ-
ent detector approaches can substantially contribute to the definition of the two-
detector scenario, which is the EIC user group favored scenario.

The EIC physics program poses challenges to the detector performance, which
becomes more severe when the constraints coming from the collider design are also
taken into account. The challenges can be understood by identifying the points of
tension between the requirements and the expected performance of the reference
detector. The existence of these critical aspects encourages the community to make
progress in the preparatory detector R&D effort, to explore novel options, and to
reconsider the overall detector design.

The simulation efforts have been started for various detector elements mostly as
standalone exercises with various levels of maturity: analytical calculations, sim-
plified Monte Carlo exercises (fast simulations), and Geant4-based Monte Carlo
approaches (full simulations). The path towards more advanced and comprehen-
sive approaches is presently evolving within three simulation tools, EicRoot, ES-
Calate, and Fun4All. One of them will be selected and will eventually include all
detectors in the central, far-forward electron, and far-forward ion regions. Fast
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simulations in Eic-Smear and Delphes are being used for physics studies. The de-
tector studies in this Yellow Report represent an initial assessment of the detector
technologies for the EIC and their capabilities, but need to be further refined and in
particular complemented in an integrated approach, where the information from
various detector elements and also the interaction region, support structures and
other dead material is taken into account. This is essential for understanding, e.g.,
the performance at the edges of the detector system or the effect of combining
different technologies. An integrated approach will benefit from one detector sim-
ulation toolkit that is maintained, and supported by the whole community. All this
considered, the results reported are subject to future improvements and updates,
even if they represent a solid initial assessment.

9.2 Reference EIC Detector

The physics opportunities at EIC are intimately connected to the overall design
of the experiments and to the performance of the required detectors. From the
experimental point of view, the broad physics EIC program can be accomplished
by the study of (i) inclusive, (ii) semi-inclusive and (iii) exclusive processes, all of
them with an initial state of electrons and light or heavy nuclei, with polarized
electron and light nuclei beams and spanning a wide range of center-of-mass en-
ergies. The main requirements for the experimental apparatus are based on these
processes and the requirements of the wide kinematic coverage, adding more and
more complexity moving from reactions (i) to (iii):

• Precise identification of the scattered electron and extremely fine resolution in
the measurement of its angle and energy are a key requirement for all experi-
mental channels; other essential tools for the whole physics scope are the cen-
tral magnet and the tracking system required for momentum measurements
and full rapidity coverage with electromagnetic and hadronic calorimetry;

• More is needed to access the semi-inclusive processes (ii): excellent hadron
identification over a wide momentum and rapidity range, full 2π acceptance
for tracking and momentum analysis and excellent vertex resolution by a
low-mass vertex detector;

• Exclusive reactions (iii) impose the necessity to accurately reconstruct all par-
ticles in the event using a tracker with excellent space-point resolution and
momentum determination, electromagnetic calorimetry with excellent en-
ergy resolution, hadronic calorimetry in the end-caps, the complete hermetic-
ity of the setup with the additional requirement of very forward detectors
such as Roman pots, and large acceptance zero-degree calorimetry to effec-
tively detect neutrons from the breakup of nuclei or neutral decay products
from tagged DIS processes;
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• For the entire experimental program a precise determination and monitoring
of the luminosity will be essential;

• Measurements with polarized beams require the use of electron, proton, and
light nucleus polarimeters;

• The strategy for detector read-out and data acquisition has to be defined tak-
ing into account the data rate of the experiment, as well as the rapid devel-
opments in the field of digital electronics and computing power, suggesting
a integrated approach to both the read-out and data acquisition and software
and computing.

A reference central detector design, largely matching the physics requirements, is
presented as a 3D model in Fig. 9.2 and in 2D schematic form in Fig. 9.3. Figure 9.4
illustrates the very forward detectors. The following characteristics are assumed.

Hadron Calorimeter Endcap

Electromagnetic Calorimeter

Cherenkov Counter
Barrel EM Calorimeter
DIRC
Solenoidal Magnet

RICH Detector
Barrel Hadron Calorimeter

Transition Radiation Detector
Preshower Calorimeter
Electromagnetic Calorimeter

Hadron Calorimeter Endcap

Figure 9.2: A cutaway illustration of a generic EIC concept detector.

The central detector instruments the pseudo-rapidity region −4 < η < 4 with full
coverage of the range |η| < 3.5 (details are provided in Sec. 11.8). This acceptance
range matches the needs of the inclusive, semi-inclusive, jet physics and spec-
troscopy studies. It is complemented by the very forward and backward detec-
tors ensuring the hermeticity and the forward tagging required by specific topics
of the physics program, in particular exclusive reactions and diffractive channels.
The main requirements of the central detector are dictated by the event geometry
and the physics program, as illustrated in detail in Vol. II, chapter 8. They are re-
lated to (1) tracking and momentum measurements, (2) electron identification,
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Figure 9.3: A 2D sketch of an EIC detector layout, horizontal cross cut. Only one half of the
detector is shown, with the other half being mirror-symmetric in this view, up to the crossing
angle. The beam pipe footprint (in dark gray) is to scale. The blue dashed line shows the
doorway size between the assembly and the installation halls. The red dashed line shows
the realistic central detector envelope with the available [-4.5, 5.0] m space along the beam
line.

Figure 9.4: GEANT4 rendering of the far-forward hadron beam magnets shown in green, a
simple sketch of a beam pipe, and the four detector subsystems currently included in the
reference detector.

(3) hadron identification and (4) jet energy measurements, while (5) the overall
detector size is imposed by collider design considerations:

1. Very fine vertex resolution, at the 20 µm level for the three coordi-
nates, is needed, while a moderate momentum resolution around 2% for
pT >0.1 GeV/c matches the physics requirements; in the reference detector
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this is obtained with Si vertexing surrounded by a TPC and completed by
disc-shaped detectors in the forward and backward regions;

2. The purity requirements for electron/hadron separation are at the 10−4 level
in the backward and barrel region and, for this reason, the figures for the
electron energy resolution are very demanding, in particular in the backward
region where an r.m.s. of 2%/

√
(E) is needed, in the reference detector this

is realized by PbWO4 (PWO) crystals; in the same direction, provided the
requested light collection system, and the material budget should not exceed
5% X0 in front of the electromagnetic calorimeter;

3. The identification of the different hadron species in the whole central detector
coverage, namely for hadrons with momenta up to 50 GeV/c, is 3σ π/K sepa-
ration over the whole range as a reference figure. In the reference detector this
is obtained with various technologies: a focusing aerogel RICH in the back-
ward arm, a high performance Detection of Internally Reflected Cherenkov
light (DIRC) in the barrel, a dual RICH with aerogel and fluoro-carbon gas in
the forward arm;

4. The measurement of the jet energy in the forward direction is a necessity, a
resolution of the order of 50%/

√
(E) is required to match the needs. Sam-

pling calorimeters with ion converter are assumed in the reference detector;

5. The detector extension along the beam lines impacts on the required length
around the IP that has to be kept free of machine elements, typically referred
to as L∗. The reference figure is [-4.5, 5.0] m space along the beam line, as-
suming the iteration point at zero.



Chapter 10

Detector Challenges & Performance
Requirements

10.1 Beam Energies, Polarization, Versatility, Luminosities

The science mission of the Electron-Ion Collider is to provide us with an under-
standing of the internal structure of the proton and more complex atomic nuclei
that is comparable to our knowledge of the electronic structure of atoms. Unlike
the more familiar molecular and atomic structure, the interactions and structures
are not well separated in protons and other forms of nuclear matter, but are in-
extricably mixed up, and the observed properties of nucleons and nuclei, such as
mass and spin, emerge out of this complex system.

A consensus study report of the National Academies of Sciences, published in
2018, on an Assessment of U.S.-based Electron-Ion Collider Science [1], recog-
nized this and concluded “EIC science is compelling, timely and fundamental”.
The NAS study further found that “An EIC can uniquely address three profound
questions about nucleons — neutrons and protons — and how they are assembled
to form the nuclei of atoms:

• How does the mass of the nucleon arise?

• How does the spin of the nucleon arise?

• What are the emergent properties of dense systems of gluons?”

They also concluded that “These three high-priority science questions can be an-
swered by an EIC with highly polarized beams of electrons and ions, with suffi-
ciently high luminosity and sufficient, and variable, center-of-mass energy.”

This reinforces the unique accelerator requirements of the Electron-Ion Collider,
requiring a large luminosity, 1033−34 cm−2s−1 over a large and variable range of

406
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center-of-mass energies, between 20 and 140 GeV, high electron and (light) ion
beam polarizations of above 70%, and a large range of accessible ion beams, from
deuterium to the heaviest nuclei (uranium or lead). The electron polarization is
longitudinal, whereas the polarization requirement for protons and light ions is
for both longitudinal and transverse. Due to the broad science program foreseen
at the Electron-Ion Collider, the possibility to have a second interaction region and
associated detector is emphasized in the report.

As stated in the National Academy of Sciences Committee recommendations, “a
central goal of modern nuclear physics is to understand the structure of the proton
and neutron directly from the dynamics of their quarks and gluons, governed by
the theory of their interactions, QCD, and how nuclear interactions between pro-
tons and neutrons emerge from these dynamics.” The scientific program of the EIC
is designed to make unprecedented progress towards this goal. The large versatil-
ity of the EIC can be at the highest level understood by the requirements from the
various studies driving the EIC science, for details see chapter 7 and 8.

Thus, the successful scientific outcome of the EIC depends critically on: (a) the lu-
minosity, (b) the center-of-mass energy and its range, (c) the lepton and light ion
beam polarization, and (d) the availability of ion beams from deuteron to the very
heavy nuclei. Two interaction regions are desired to ensure an overall optimized
physics output of the EIC in terms of precision and kinematic range through care-
ful complementary choices of basic features of the two general purpose detectors
such as the Solenoid, as well as sub-detector technologies, leading to different ac-
ceptances, technology redundancy and cross calibration.

The design of the EIC was guided by the described requirements and originally
expressed in the White Paper and reinforced by the recommendations of National
Academy of Sciences. In its current design the machine provides collisions of po-
larized electrons and polarized protons in the center-of-mass energy region from
29 to 141 GeV, and polarized electron-heavy ion collisions up to 89 GeV/nucleon.
This is accomplished by an electron storage ring with up to 18 GeV beam energy
and colliding those electrons with polarized protons or heavy ions stored in the
hadron storage ring operating at energies 41 GeV and 100 to 275 GeV (protons),
or 41 GeV and 100 to 110 GeV/nucleon (ions). Electron-proton luminosities reach
1.0× 1034 cm−2sec−1. The two beams collide at a crossing angle of 25 mrad, which
allows to separate beams quickly, to bring the focusing beam elements close to
the interaction point and at the same moment keeping synchrotron radiation back-
ground low. The loss of luminosity from the crossing angle is compensated by sets
of crab cavities in each beam. Both the electron and the proton beam in the EIC
will reach 70% polarization. The same high level of polarization is also expected
for 3He beams.

In collision the electrons and hadrons must circulate their respective storage rings
with the same revolution period, which defines the collision energy modes that
will be available. The beam parameters and energies relevant for our detector
studies including the corresponding luminosities are listed in Table 10.1 for e+p
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and 10.2 for e+Au with and without strong hadron cooling to improve emittance
of the proton/ion beams. Shown in each table are also the respective spread of the
beam momentum dp/p and the horizontal and vertical beam divergence σh and
σv, two effects that can potentially impact the precision of various measurements
and that cannot be corrected on an event-by-event basis. The former is a beam
effect while the latter is caused by the machine optics. The divergence adds a pT to
the beams. It can be reduced by increasing β∗ since σ ∝ 1/

√
β∗ but at the expense

of a substantially lower luminosity since β∗ ∝ 1/L.

The physics working groups had selected a set of beam species and energy modes
as benchmarks for the studies conducted for this report. They are listed in Table
10.3. This set could be also considered as a good example for the operation modes
of a future scientific program at the EIC. Most studies considered integrated lumi-
nosities of 10 fb−1 and 100 fb−1 and assumed a polarization of 70% for electrons,
protons, and light ions.
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Beams Collision energy modes (GeV)
Ee Eh Ee Eh Ee Eh Ee Eh

e+p 18 275 10 100 5 100 5 41
e+d 18 135 10 100 5 100 5 41
e+3He 18 110 10 110 5 41
e+4He 18 110 10 110 5 41
e+C 18 110 10 110 5 41
e+40Ca 18 110 10 110 5 41
e+Cu 18 110 10 110 5 41
e+Au 18 110 10 110 5 41

Table 10.3: Collision species and energy modes considered for physics simulations for this
report. Energies of ion beams (Eh) are always quoted per nucleon.

10.2 Integrated Detector and Interaction Region

Beyond the unique accelerator requirements, EIC science also leads to a unique set
of detector requirements, and to integrate the main and all the detectors along the
hadron ans electron beam from the beginning into the interaction region layout.
All final state particles carry information about the 3D QCD structure of nuclear
matter and the emergent phenomena. Therefore, it is essential that the interac-
tion region and the detector at the EIC are designed so all particles are identified
and measured at as close to 100% acceptance as possible and with the necessary
resolutions.

The basic physics process at the EIC is Deep Inelastic Scattering (DIS), which is
represented in Fig. 10.1. An ion, composed of nucleons, which are in turn com-
posed of partons (quarks and gluons), moves in one direction and collides with an
electron moving in the other direction. The electron collides with a parton within
the ion in a hard collision.

We qualitatively define three classes of particles in the final state:

• The scattered electron,

• Particles associated with the initial state ion, and

• Particles associated with the struck parton.

The difficulty in achieving good acceptance in the forward regions at a collider has
to do with the accelerator elements needed to deliver the colliding beams. To first
order, the luminosity at the interaction point is inversely proportional to the dis-
tance between the nearest quadrupole magnets. On the other hand, the closer the
beam elements are to the interaction point, the more they obstruct the acceptance
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(a)

(b)

(c)

A

e

Figure 10.1: Classification of the final-state particles of a DIS process at the EIC: (a) scattered
electron, (b) the particles associated with the initial state ion, and (c) the struck parton.

at shallow angles with respect to the beam axis, and restrict the acceptance for for-
ward particles. This complicates achieving close to 100% acceptance for all three
types of particles, but especially the particles associated with the initial state ion.

This leads to a unique and novel integration of the detector in the interaction re-
gion, extending over a large region (± 40 m) beyond the main detector. It also
should be pointed out that any change has impact on a wide variety of systems,
from beam dynamics to accelerator performance to magnet engineering require-
ments to detection capability – the latter in terms of (gaps in) acceptance, particle
identification and resolutions.

Further integration is required for ancillary measurements necessary to deliver on
the EIC science program, such as those to absolutely determine the longitudinal
electron and longitudinal or transverse proton/light-ion polarizations with beam
polarimeters, with good systematic (order 1%) understanding. For the electrons,
a transverse polarization measurement is not a requirement but is often useful
to underpin the systematic understanding of the spin direction. Further, the exact
frequency of electron-ion collisions per second must be experimentally determined
with luminosity monitors with a goal of better than ∼1% understanding. Both of
these goals are non-trivial, with beam dynamics potentially impacting long-time
averaging methods.

The central detector region of the EIC is designed to measure those final state parti-
cles from the hard collision between the electron and the parton in the ion (particles
of types (a) and (c) in Fig. 10.1) and is very much like the traditional collider detec-
tors. The EIC central detector needs to provide the measurements to determine Q2

and x variables of the electron scattering kinematics (related to the spatial resolving
power ∼ 1/Q2 and the quark/gluon density ∼ 1/x of the QCD landscape). The
central detector is divided into three sections, the Electron-endcap, the Hadron-
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endcap and the Barrel. The three different central detector sections correspond to
different x and Q2 regions for the scattered electron.

Beyond determination of x and Q2, measurement of two transverse kinematics de-
grees of freedom (transverse momentum and impact parameter), as well as flavor
identification of the partonic collision is central to the 3D QCD nucleon and nu-
clear structure program planned for the EIC. The energy scale of the transverse
kinematics is ∼200 MeV/c. This means that identification and precise measure-
ments of single hadrons among the particles associated with the scattered partons
(Particles of type (c) in Fig. 10.1) are also needed in the central detector.

Crucial information on hadron structure is carried by particles that do not emerge
from the beam envelope within the coverage of the central detector. Broadly
speaking, there are two types of forward final state particles that need to be re-
constructed. The first type of forward particles comes from interactions in which
the beam particle receives a large transverse momentum kick and fragments into
many parts. These particles typically retain a velocity similar in magnitude, but
with significantly different kinematics, from that of the incident beam particle and
may have very different charge-to-mass ratios. Such particles will separate rela-
tively rapidly from the beam. An example of such a particle is a forward proton
from a deuteron-electron DIS, a process that can give information on QCD neu-
tron structure (inside a deuteron) comparable to QCD proton structure. Another
example are forward neutrons.

The second type is a (hadron) beam particle that stays intact during the collision,
only loses a small fraction of its longitudinal momentum, and acquires a small
transverse momentum. These particles are for example protons or ions in non-
dissociative diffractive interactions, and will have a trajectory that is close to the
proton (ion) beam. To map these types of forward final state particles, a highly-
integrated extended (“far-forward”) detector region (see fig. 9.4) is defined down-
stream of the ion beam, and after the beam final-focusing elements, covering about
30 m. The far-forward detector region together with the central detector provides
essential near-complete coverage for final state particles associated with the inci-
dent ion-beam particle.

Similarly, the “far-backward” detector region, (detectors along the outgoing lepton
beam) is highly integrated to capture a third type of measurements, those close
to the beam line in the electron-beam direction. This allows monitoring of the
luminosity and an increase of the low-Q2 coverage of the detector. Electron-ion
collisions, where the electron is scattered through a very shallow angle, correspond
to the case where the exchanged photon is almost real. Such photoproduction
processes are of interest in their own right, but also can enable a program of hadron
spectroscopy.

The science program at the EIC has the potential to revolutionize our understand-
ing of 3D QCD nuclear and nucleon structure. It will also explore new states of
QCD. In order to maximize the potential of an EIC, it is important to have a large
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Figure 10.2: Particle production rates as a function of pseudo-rapidity at EIC for 18 GeV on
275 GeV e+p collisions and a luminosity of 1033cm−2s−1. (a) particles per second per unit
(φ, θ), i.e., the η-dependent flux at a distance of 1 m from the interaction point. (b) mean
numbers of particles per event (left axis) and particles per second per unit (η, φ) (right axis).

(near-100%) acceptance not only in the central region, but also in the region that is
close to both the ion-beam and electron-beam direction — i.e. a total acceptance
detector is needed. There has never been a collider detector that has both the cen-
tral and forward (or backward) acceptances maximized in tandem, and this design
is uniquely suited to the EIC physics program.

10.3 Rate and Multiplicities

Table 10.4: Total e+p cross-section (Q2 > 10−9, 10−9 < y < 0.99 as a function of electron and
proton beam energies. The cross-sections were calculated using PYTHIA6 event generator
and might change slightly depending on the settings.

σtot(µb)
Ee [GeV]

5 10 18

Ep [GeV]
41 25.9 30.1 35.0
100 32.1 37.1 41.6
275 39.4 44.6 49.3

The EIC total e+p cross-section is estimated using the PYTHIA6 event generator
as listed in Table 10.4. For each collision, Figure 10.2 shows the particle produc-
tion rates for the 20 GeV on 250 GeV beam energy configuration. Events were
simulated using PYTHIA6, and the total cross section reported by PYTHIA6 was
used to scale event counts to rates. No cuts, for example on event Q2 or parti-
cle momentum, were applied. The η-range spans the expected acceptance of the
main EIC detector. The term ”charged” particles refers to electrons, positrons, and
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Figure 10.3: Distribution of number of hits in the tracking detectors that originated from a
single e+p collision at √sep = 140 GeV.
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Figure 10.4: Distribution of per-tower energy and the number of active towers in the central
calorimeters that originated from a single e+p collision at √sep = 140 GeV.

charged long-lived hadrons, while ”neutrals” refers to photons, neutrons, and K0
L.

The EIC detector response to the collisions and the data rate were studied using
full detector GEANT4 simulations of a generic EIC detector model [1417, 1419].
The subsystem multiplicity distributions (Figures 10.3, 10.4, and 10.5) and the av-
erage data rate (Figure 10.6) are studied in a simulation combining the EIC tune of
PYTHIA6, which samples ∼ 50 µb of the e+p collision cross section, and the full
detector GEANT simulation. At the top instantaneous luminosity of 1034 cm−1s−1,
the collision-induced zero-suppressed streaming data rate from EIC collisions is
around 100 Gbps, which is the minimal amount of raw data that has to be recorded
to disk in order to record all minimum-bias EIC collisions in the central detector
without the assumption of online reconstruction and reduction.
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Figure 10.5: Distribution of per-tower energy and the number of active towers in the forward
calorimeters that originated from a single e+p collision at √sep = 140 GeV.
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e+p, s = 140 GeV, L = 1034 cm-2 s-1

Data rate from beam collision only
Signal rate for tracker and calorimeter = 40 Gbps
Total triggerless DAQ rate from collision ~100 Gbps
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Figure 10.6: Signal data rates from tracking and calorimetric detectors from EIC collisions
via full detector GEANT4 simulation of an EIC detector concept based on sPHENIX [1417,
1419], which also applies to the reference EIC detector as in this report. Zero-suppression
and realistic data format based on sPHENIX prototyping are assumed in this estimation.
The overall tracker data rate is 40 Gbps. The estimated rate with PID detector and moderate
detector noise would reach 100 Gbps for full experiment. Please note that the backgrounds,
e.g. beam gas interaction, excessive detector noise, synchrotron photon hit rate, may dra-
matically increase the data rate in some detectors, but they are not included in this plot and
they will be discussed in Section 10.4.

10.4 Backgrounds

The combination of the relatively low signal rate of the EIC collisions and the
requirement for stringent systematic control for EIC measurements calls for low
background and detector noise at an EIC experiment. In turn, the types and levels
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of backgrounds are one of the main considerations on the detector design and it
is a major consideration for IR integration, such as the arrangement of the beam
magnets as well as other beam parameters and optics. The experience at earlier
accelerator facilities, especially the previous HERA electron-proton collider, indi-
cates the importance of background studies in the early design phase. Primary
sources of machine-induced background are discussed in this subsection. One of
the problems at HERA the accumulation of positively charged ions or dust when
running with electrons has not yet been considered.

10.4.1 Ionization radiation dose and neutron flux from the EIC collisions

The ionization radiation dose and neutron flux from the e+p collisions are studied
using EICROOT and a generic EIC detector model in the RHIC IP6 experimental
hall. The simulation is generated with the EIC tune of PYTHIA6 with 20× 250 GeV
beam energy and is based on the GEANT3 package with the HADR = 5 option.
As shown in Figure 10.7, the near-beam-line regions experience relatively high ion-
izing radiation. For example, the crystal calorimeters in the backward arm show
approximately 2.5 kRad/year max ionizing radiation dose from the e+p collisions
at the top luminosity (1034 cm−2s−1). The above-100 keV neutron flux is shown in
Figure 10.8. The near-beam-line regions, in particular the vertex tracker and the
forward-backward calorimeters also experience relatively high neutron flux, ex-
ceeding 1010 neutrons/cm2 per year from the e+p collisions at the top luminosity
(1034 cm−2s−1).

Synchrotron radiation

Various sources of synchrotron radiation could have an impact on the background
level at the IP. When the trajectory of a charged particle is bent, synchrotron pho-
tons are emitted that are tangential to the particle’s path. Bending and focusing
of the electron beam is the main cause of synchrotron radiation within the IR. It
is important to place the IP far away from strong bending magnets in the arcs to
minimize synchrotron radiation. The tracking detectors in the central detector as
well as the calorimeter have to be properly shielded against synchrotron radiation,
therefore a number of absorbers and masking must be applied along the electron
beam direction. Synchrotron radiation also deposits several kilowatts of power
into the beam pipe in the central detector region, which must then be cooled. Ad-
ditionally, synchrotron radiation can degrade vacuum quality by causing material
desorption from vacuum chamber walls and/or heating residual gas. Synchrotron
radiation is also a direct and indirect source of background in the luminosity moni-
tor, and low-Q2 tagger located on the downstream electron side of the IR. However,
background from the contribution from the upstream electron beam scattering off
residual gas must still be assessed.
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Figure 10.7: Ionizing radiation energy deposition from e+p collision at √sep = 140 GeV
studied using the BeAST detector concept, which also applies to the reference EIC detector
as in this report.

A model of the electron beamline (Fig. 10.10) has been used in SynRad [1420],
where synchrotron radiation for the 18 GeV electron beam at the maximal design
value of 0.260 A, including 26 mA in a broad tail distribution, has been generated.
Figure 10.9 shows a view of the upstream electron beamline and IP, with syn-
chrotron radiation generated by the last upstream dipole and FFQ quadrupoles.
Electrons enter from the lower left on the figure, at the location of the last dipole,
≈ 40 m from the IP. The IP itself is obscured by the hourglass shape of the central
region of the beam pipe.

Figure 10.11 left panel illustrates the energy deposition in the Be beam pipe and
Si Vertex Tracker layers and the right panel the dose (energy per mass) in the Si
layers. The photon flux in these figures is integrated over 0.465 µs of an 18 GeV
electron beam at the design current of 0.26 A, including a beam tail.

Furthermore, a GEANT4-based tool-set is being prepared to examine the hit rate
that originates from the synchrotron radiation background in the full experiment
apparatus. The SynRad synchrotron radiation simulation [1420] as previously
discussed is interfaced with the detector response as modeled in full detector
GEANT4 simulations and the digitization model of a generic EIC detector model
[1417,1419], as illustrated in Figure 10.12. The detector hit rate results are pending
to be updated with the July-2020 beam chamber and optics adjustment.
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Beam-gas interactions

Beam-gas interactions occur when proton or ion beam particles collide with resid-
ual gas. Ion beam interactions with gas cause beam particle losses and halo, which
reach detectors. This is an important source of neutrons that thermalize within the
detector hall. The large synchrotron radiation load could heat the beam pipe and
residual gas particles from the beam pipe walls could be released, which would
lead to a degradation of the vacuum. A crossing angle and short section of shared
beam pipe in the EIC design minimize the beam-gas problem.

A model of the interaction region-1 (IR1),± 30 m, including all magnets, the tunnel
walls, the detector cavern, and a simplified representation of the detector have
been created in FLUKA. This is illustrated in Fig. 10.13. A more detailed view of
the detector model is presented in Fig. 10.15.

The studies of the dynamic vacuum in the IR are directly linked to the synchrotron
radiation flux impacting the beam pipe. Figure 10.14 illustrates the static vacuum
(without synchrotron radiation) in IR1, based on nominal out-gassing rates, the
molecular flow conductance of the beam pipe, and the pumping speed of the NEG
pumps at ±4.5 m.

In order to efficiently simulate the interactions of the ion beam with the residual
gas in the beam-line vacuum, we artificially create a thin “pencil” (diameter 3mm)

Figure 10.8: Neutron flux from the e+p collision at√sep = 140 GeV studied using the BeAST
detector concept with the assumed location in the RHIC, located/placed in the RHIC IP6
experimental hall, which also applies to the reference EIC detector as in this report.
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Figure 10.9: SYNRAD generation of synchrotron radiation from 0.260 A of 18 GeV electrons.
The color scale is logarithmic, with blue approximately 1 W/cm2. Electrons enter from the
lower left in the figure, the initial radiation fan is generated from the last dipole, at approxi-
mately 40 m upstream of the IP. Individual photons are traced by the green lines. The vertical
striations on the beam pipe result from the sawtooth inner profile of the pipe, which ensures
photons hit the wall locally head-on.

Figure 10.10: GEANT4 model of IR1 Beam Pipe, with Si Vertex Tracker. The electron beam
enters horizontally from the right, and exits in the rectangular beam channel to the left. The
ion beam enters in the small tube on the lower left, and exits via the large cone on the upper
right.
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Figure 10.11: Left: synchrotron energy deposition in central Be pipe and 5 layers of SiVT.
Energy is integrated over the length of each element. Right: synchrotron radiation dose
(GeV/gram) in each of 5 layers of SiVT, which is averaged over the length of each element.
The photon flux in these figures is integrated over 0.465 µsec of an 18 GeV electron beam at
the design current of 0.26 A, including a beam tail.

Figure 10.12: GEANT4 simulation of the synchrotron photon background in an EIC detector
model [1417, 1419]. The photons (green lines) are generated in SynRad simulation [1420]
and the photons are interfaced to the GEANT4 simulation after passing the Final Photon
Absorber around z > 3 m. Although the inner detectors have the highest flux of synchrotron
photon background, the background affects tracking and PID detectors in much higher radii
too, due to the scattering and secondary interactions.
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Figure 10.13: Top view of a FLUKA model of the EIC Interaction Region 1 (person for
scale comparison is shown at the bottom). Ions enter from lower left, electrons enter on
the solenoid axis from the right.

Figure 10.14: MOLFLOW calculation of the static vacuum in the IR. The beam pipe layout
is the same as Fig. 10.9. In this view, the electron beam enters from the upper left and exits
through the large horizontal aperture on the right. The incident ions enter from the right at
z = −4.5 m via the smaller upright rectangular aperture. The light green color in the central
region indicates a vacuum of ≈ 5 · 10−9 mbar. The downstream ion beam pipe is not shown
beyond the flange at z = 4.5 m.
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Figure 10.15: Elevation view of the FLUKA model of the EIC Detector. The Si Vertex Tracker
(SiVT) in this rendition includes six layers.

of air at pressure PF = 100 mbar along the beam-line. A global view of the neutron
fluence is presented in the top panel of Figure 10.17. The simulation includes the
full cascading and thermalization of secondaries from the primary beam-gas in-
teractions. The figure illustrates the fact that the detector itself, especially the iron
flux return, serves as both a neutron sink and neutron source.

The energy spectrum of beam-gas induced neutron at the central Si Vertex Tracker
(SiVT) is illustrated in Fig. 10.16. The energy distribution shows a clear peak of
fully thermalized neutrons below 1 eV, as well as a knee around 10 MeV from evap-
oration neutrons. Neutron damage to Si sensors occurs primarily via displacement
of nuclei from their ideal lattice positions. This can happen both by direct nSi scat-
tering, and also by recoil from Si(n, γ) reactions. The latter can dislodge nuclei,
even for neutron energies well below 1 eV.

The damage induced by neutrons is frequently quantified by an equivalent flux
of 1 MeV neutrons. This is shown in the lower panel of Figure 10.17. From
Fig. 10.18, we obtain an annual dose of 6 · 1010n/cm2 (1 MeV equivalent) in the
SiVT. This is more than three orders of magnitude less than the suggested toler-
ance of 1014n/cm2.

Next we we further estimated the data rate across the whole experiment that orig-
inated from the beam-gas interactions. The full detector simulation model is used
to simulate the proton beam hydrogen gas interaction generated with PYTHIA8
in the p + p fixed-target configuration. The hydrogen gas pressure is assumed to
be a constant 10−9 mbar across the experimental region |z| < 450 cm, which leads
to approximately 10 kHz inelastic beam gas interaction rate. The result collision
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Figure 10.16: Neutron energy spectra from FLUKA simulations in two layers of the SiVT : (1)
Outer-most Si layer (SVT1) and (2) Inner-most Si layer (SVT6). The vertical scale is fluence
in units of neutrons/GeV/sr/cm2/proton at pressure PF = 100 mbar. The horizontal scale
is neutron energy in GeV. Absolute realistic flux in neutrons/s/sr/cm2/GeV is obtained by
multiplying the vertical axis by ≈ 6.25 · 107 protons/s (see Fig. 10.17 caption).

is propagated through the detector model as illustrated in Figure 10.19. The result
data rate is summarized in Figure 10.20.

Beam halo

Particles produced in elastic collisions of both electron and proton beams with
residual gas or beam-beam interactions can form a halo distribution around the
beam. There also can be halo muons produced in inelastic p-A collisions. Often
the result is an on-momentum electron or ion with large scattering angle. These
particles can then generate additional background by interacting with the beam
pipe and can impact the stability of the beam. Beam halos are being studied to
determine whether ”scraping” the halo with collimators is required, as well as
proper placement of those collimators.

Summary and outlook

Although multiple background sources are discussed in this section, at the time of
this report, many aspects of these background estimation can still vary consider-
ably as the accelerator and experiment conceptual designs proceed. Nonetheless,
we feel it crucial to point out a few key experimental regions which are susceptible
to high background.
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Figure 10.17: Maps for Neutron fluence (top) and 1-MeV-equivalent Neutron fluence (bot-
tom) from p + Air interactions in the beam pipe at proton energy Ep = 275 GeV and an
artificial pressure PF (“P-FLUKA”) in a thin cylinder along the beam line. The IP is located
at Z = 285 cm. Neutron fluence is given by the color chart at the right side of the plot in
units of neutrons/cm2/proton at PF = 100 mbar. Normalized rates for current I = 1 A and
a realistic average beam-line vacuum P = 10−9 mbar are obtained by multiplying the color
values by (I/e)(P/PF) = 6.25 · 107 protons/s. Thus dark red regions (almost yielding to
black) correspond to a realistic fluence of ≈ 6 · 104 neutrons/s/cm2.
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Figure 10.18: One-MeV equivalent neutron fluence map in the area of SiVT; p + Air interac-
tions in the beam pipe at proton energy Ep = 275 GeV. IP is located at Z = 285 cm. Fluence
is given by the color chart at the right side of the plot in units of neutrons/cm2/proton/PF,
where PF = 0.1 bar is the pressure used in the FLUKA model.

• A silicon vertex tracker is expected to be installed with a minimal clearance
outside the beam pipe. The overall collision charged particle flux is relatively
low (Section 10.3). However, the proximity to the beam pipe exposes this
detector to the background such as the synchrotron radiation, beam gas in-
teractions, and beam halo. The current estimation shows an annual neutron
fluence reaches O(1011)n/cm2. The synchrotron hit rate ranges from O(108)
to O(1012) pixels per second, depending on the choices of the beam cham-
ber coating. Optimization of the machine and detector design is ongoing to
reduce and refine the background rate, and to protect this key detector from
unexpected beam conditions.

• In addition to the silicon vertex tracker, many tracking and PID detectors
would observe a considerable hit rate from the synchrotron photons, in par-
ticular the main barrel tracker and forward-backward silicon tracker, as illus-
trated in Figure 10.12. Optimization and detailed estimation are still ongoing.

• Hadronic showers lead to enhanced neutron fluence near the first few hadron
interaction lengths of the calorimeters at the vicinity of the beam pipe. Cur-
rent estimations are at the orders of O(1010)n/cm2. Further study and refine-
ment will be carried out.
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Figure 10.19: GEANT4 simulation of a beam gas interaction background in an EIC detector
model [1417,1419]. The interaction originate after the last focusing magnet at z = −4 m. The
produced particle shower will cascade through the central detector stack and induce high
multiplicity background throughout the forward and backward spectrometers.

EIC-sPHENIX simulation
p + p(beam gas), 250 GeV/c, |z|<450 cm
I(p) = 1A, Vac = 10-9 mbar, Gas event @ 12 kHz
Data rate from beam gas event
Rate for tracker and calorimeter = 1 Gbps
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Figure 10.20: Signal data rates from tracking and calorimetric detectors from beam gas col-
lisions via full detector GEANT4 simulation of a detector concept based on sPHENIX [1417,
1419], which also apply to the reference EIC detector as in this report. This simulation as-
sumes constant 10−9 mbar vacuum in the experimental region of |z| < 450 cm, which would
be modified with a dynamic vacuum profile in the future.
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10.5 Systematic Uncertainties

This sections gives a summary of physics and detector systematic uncertainties
critical at the EIC. Systematic effects will limit the precision of many EIC measure-
ments. This puts very high requirements on the statistical precision of the luminos-
ity and polarization measurement as well as on their systematic uncertainties. The
bremsstrahlung process ep → epγ was used successfully for the measurement of
the luminosity by the HERA collider experiments. It has the features of a precisely
known QED cross-section, and a high rate, which allowed negligible statistical un-
certainty.

Different from HERA, where only the lepton beam was polarized, in an EIC both
the lepton and proton/light ion beams will be polarized. Then the bremsstrahlung
rate is sensitive to the polarization dependent term a in the cross section: σbrems =
σ0(1 + aPePh). Thus, the polarization (Pe, Ph) and luminosity measurements are
coupled, and the precision of the luminosity measurement is limited by the pre-
cision of the polarization measurement. This also limits the precision of the mea-
surement of double spin asymmetries A|| =

1
Pe,Ph

[N++/−−−RN+−/−+
N++/−−+RN+−/−+ ] through the

determination of the relative luminosity R = L++/−−/L+−/−+, with N being the
measured for a specific beam polarisation alignment (parallel ++ and antiparallel
-+) and the spin sorted luminosity L

As an example, we show the impact of the systematic uncertainties on the deter-
mination of the gluon polarization ∆g(x, Q2) [1421] by measuring the double spin
asymmetry A||(x, Q2), which is proportional to the ratio of the polarized and unpo-
larized structure function g1(x, Q2), and F1(x, Q2), respectively. A full QCD anal-
ysis has been performed using EIC pseudo data for inclusive and semi-inclusive
double spin asymmetries. Figure 10.21 shows the impact of the systematic and
statistical uncertainties vs. only statistical uncertainties in the determination of the
integral contribution of the gluons to the total spin of the proton. A total systematic
uncertainty on the order of 2% would be important to achieve to profit from the
statistical precision available at an EIC. With the low-x double ‘spin asymmetries
being on the level of 10−4, this will require measuring the relative luminosity to
∼ 10−5.

For absolute cross sections the precision on the absolute luminosity measurement
is critical; the current understanding is that δL/L should be ∼1%. To achieve this,
it is critical to control and monitor the following parameters known to impact the
systematics of the luminosity measurement the most:

• beam parameters, like position and divergence, to not impact the acceptance
of the bremsstrahlung photons

• radiation damage of the electromagnetic calorimeter system, as this would in-
fluence the energy threshold and energy scale measurement of the calorime-
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Figure 10.21: The χ2 profiles for the first moments of the gluon truncated to the region
0.001 < x < 1. The results are based on using current data (DSSV+) and sets of projected EIC
data with two different c.m.s.-energies (5GeVx100GeV and 5GeVx250GeV). The χ2 profiles
assuming only statistical uncertainties and adding 2% and 5% systematic uncertainty in the
fit, solid, dotted and dot-dashed lines, respectively.

ters

• reduce impact of synchrotron radiation on the calorimeter system

• keep the homogeneity of conversion window in thickness and material com-
position

Radiative Corrections – Radiative effects are inescapably present in relativistic
electron scattering from hadrons. They are essential to the interpretation of all
electron scattering data and indeed can be central to the determination of impor-
tant aspects of hadron structure. The uncertainty on the radiative correction can
often be a significant contribution, and in certain cases may dominate the total
measurement uncertainty.

While there is a mature understanding of radiative corrections, EIC measurements
are likely systematics limited and radiative corrections systematics might be domi-
nant. EIC will involve polarized hadrons and nuclear beams in collider kinematics
for the first time. Radiative corrections are an important uncertainty [1365], and
EIC experiment design should take them into account, not only to minimize their
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effect, but also as a physics goal itself. While progress has been made on the theo-
retical development, there are still important open issues, especially for the theory
for e+A collisions. Event generators used in physics simulations, more work must
be done to either include radiative generators, or extend the existing generators
with radiative effects.

Radiative effects are conventionally treated by introducing correction factors to
map the measured quantity back to the pure, radiation-effects-free base quantity.
This procedure becomes increasingly difficult beyond inclusive scattering, when
more and more scales and complex multi-dimensional quantities are probed. Re-
cently, a new approach was proposed to unify the (QED) radiative effects with
the QCD radiation [1343]. This would allow a uniform treatment of radiative cor-
rections for the extraction of parton distribution functions, transverse momentum
dependent distributions, and other partonic correlation functions from electron
scattering data, including polarization and nuclear effects.

In parallel, it seems prudent to consider a systematic experimental test of radiative
correction procedures once the EIC becomes operational. This will likely require
a dedicated detector/beam configuration to enhance the sensitivity to particular
kinematics, where such corrections are large. It seems reasonable to organize a
dedicated effort focused on radiative correction generator development and exper-
imental validation in the EIC era. There appear to be no fundamental problems,
but the amount of work required to execute a precise measurement program at
EIC is still substantial, and corresponding efforts must be supported by the EIC
community.

Inclusive Processes Systematics – Uncertainties for inclusive structure functions
at the EIC were guided by experience from the ZEUS neutral current experiment
at HERA [1422], where the normalization (scale) uncertainty was ≈ 2% on the
reduced cross section with an uncorrelated uncertainty under 3% for most bins.
As the individual sources of uncertainty are similar, we anticipate ≈ 1.5% uncor-
related (point-to-point) and ≈ 2.5% normalization uncertainties in the optimistic
EIC case (see Table 10.5). This gives a total uncertainty on each point of ≈ 3%. In
the Table one can see the normalization uncertainty related to the luminosity mea-
surement, and the point-to-point estimate of the radiative corrections effect in the
HERA data. The latter may well differ at the EIC and is to be estimated process by
process. Of direct relevance is also the estimated point-to-point uncertainty of 1-2%
on acceptance, bin migration, tracking and trigger efficiencies, and backgrounds.
This 1-2% point-to-point uncertainty sets the scale for many EIC measurements.

Exclusive Processes Systematics – For exclusive processes, there is a further im-
pact on the knowledge of point-to-point systematics due to the dependence of the
cross sections on −t. Thus, the uncertainty goes beyond the precision of the abso-
lute luminosity measurement of 1% and the illustrated point-to-point uncertainties
for (semi-)inclusive measurements. For tagged structure function measurements
at HERA, a 2.5% point-to-point systematic uncertainty was quoted. We believe we
can improve on this at the EIC as the design is optimized for forward detection.
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point-to-point (%) normalization (%)
Statistics (10 fb−1) 0.01-0.35

Luminosity 1
Electron purity 1 (for 90% purity)
Bin-centering < 0.5 < 0.5

Radiative corrections (HERA) 1
Acceptance / Bin-migration,

Trigger and tracking efficiency, 1-2 2-4
Charge symmetric background

Additional uncertainty for y< 0.01 bins 2

Total 1.5-2.3 (2.5-3 for y< 0.01) 2.5-4.3

Table 10.5: Projected inclusive neutral current uncertainty sources and values

Based on scaling from experience of exclusive measurements at Jefferson Lab, and
folding in alignment expectation, the best point-to-point −t-dependent systematic
uncertainty that can likely be achieved for such reactions is 1.0-1.2%. This can be
further validated by actual EIC measurements and comparing measured and cal-
culated dependencies on −t.

Electron Polarization Systematics – One of the primary goals of the reference
Compton polarimeter concept presented in Section 11.9.1 is the ability to measure
the electron beam polarization with a systematic uncertainty of dP

P = 1% or bet-
ter. This systematic uncertainty is driven primarily by knowledge of the degree
of circular polarization (DOCP) of the laser at the interaction point, as well as the
detector response.

The EIC Compton polarimeter will make use of a technique that employs optical
reversibility theorems to constrain the laser DOCP inside the vacuum, at the inter-
action point, via measurements of back-reflected light [1423, 1424]. This technique
is expected to determine the laser polarization to a precision of ≈0.1%.

Extraction of the transverse electron beam polarization is accomplished via mea-
surement of an up-down asymmetry. In this case, a key requirement is to have a
detector of sufficient resolution in the vertical direction to be able to fit the shape
of the asymmetry with minimal distortion. Monte Carlo studies show that this
can be accomplished with strip detectors of ≈ 100µm (50µm) for the backscattered
photons (scattered electrons).

Measurement of the longitudinal beam polarization depends on knowledge of
the backscattered photon and scattered electron energy spectrum. For the elec-
tron detector, this is accomplished by measuring the horizontal position of the
scattered electrons after being momentum-analyzed in the dipole after the laser-
electron interaction point. A detector that measures both the Compton kinematic
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end-point and the asymmetry zero-crossing is self-calibrating (with respect to en-
ergy response) and about 30-40 channels between those two points are sufficient
to determine the longitudinal beam polarization with high precision. At the same
time, such an electron detector can be used to provide in-situ energy response cal-
ibration for the photon calorimeter. The two detectors together are expected to
constrain the longitudinal electron beam polarization to better than 1%.

Hadron Polarization Systematics – High energy hadron beam polarimetry is uti-
lizing recoil particles from elastic scattering at small momentum transfer (with re-
sulting recoil energies on the order of a few MeV). The methods have been es-
tablished at proton beam energies up to 255 GeV/c at RHIC over two decades.
The absolute beam polarization is measured through a polarized hydrogen jet tar-
get which is calibrated with a Breit-Rabi analyzer. The potential polarization de-
cay during a few-hour long store is tracked with fast measurements using ultra-
thin Carbon targets, which also allow to scan the transverse profile of the beam
bunches.

The dominant source of systematic uncertainties until recently was due to the
molecular fraction in the atomic hydrogen target. Recent studies have been able to
essentially eliminate this uncertainty, but at a cost to an increased background in
the detector. So far, the best achieved uncertainty for the polarization scale uncer-
tainty has been below 1.5% (relative).

Comparison of store-to-store differences between the hydrogen jet and Carbon
measurements have in the past exhibited additional uncertainties beyond purely
statistical fluctuations and need to be monitored. Polarization decay and the bunch
polarization profile will need to be folded into the time-dependent polarization in
collision at the EIC experiments, each of which introduces their own uncertainties.

The reduced polarized proton/ion bunch spacing at the EIC as compared to RHIC
operations is potentially magnifying background in the polarimeters, where the
time-of-flight of the recoil particles is on the order of or larger than consecutive
beam bunches. This is of particular concern when bunches have opposite polar-
ization direction as the background may carry its own spin-dependent asymmetry.
If pile-up of elastic reactions is small, this can be mitigated by modified detectors,
which allow for an efficient rejection of high-energetic background particles. How-
ever, since the particle energy is directly related to the time-of-flight, the kinematic
coverage of the detectors will suffer with the reduced bunch spacing.

Work is on-going to further study the sources of backgrounds in proton and light-
ion beam measurements and the necessary steps to reach the required uncertainty
for the EIC physics program. An uncertainty like the best achieved to date, better
than 1.5%, may be anticipated, with the goal to achieve 1% with time and gain of
EIC beam experience.
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10.6 Physics Requirements

The physics program of an EIC imposes several challenges on the design of a gen-
eral purpose detector, and more globally the extended interaction region, as it
spans center-of-mass energies from 29 GeV to 141 GeV, different combinations of
both beam energy and particle species, and several distinct physics processes. The
various physics processes encompass inclusive measurements e + p/A → e′ + X;
semi-inclusive processes e + p/A → e′ + h + X; which require detection of at
least one hadron in coincidence with the scattered lepton; and exclusive processes
e + p/A → e′ + N′A′ + γ/h, which require the detection of all particles in the
reaction with high precision.

The high level requirements for the EIC general purpose detector are:

• The EIC requires a hermetic detector with low mass inner tracking.

• The main detector needs to cover the range of −4 < η < 4 for the measure-
ment of electrons, photons, hadrons, and jets. It will need to be augmented by
auxiliary detectors like low-Q2 tagger in the far-backward region and proton
(Roman Pots) and neutron (ZDC) detection in the far-forward region.

• The components of an EIC detector will have moderate occupancy as the
event multiplicities are low (Sec. 10.3). However, depending on the machine
background level certain components close to the beamline might experience
higher occupancy (Sec. 10.4).

• An EIC detector will have to cope with a data rate of up to ∼ 500 kHz at full
luminosity.

• Compared to LHC detectors, the various subsystems of an EIC detector have
moderate radiation hardness requirements, e.g. at the calorimeters up to ∼3
krad/year electromagnetic and 1011 n/cm2 hadronic at the top luminosity.

The intensive work done during the Yellow Report initiative has resulted in de-
tailed requirements for the different subdetectors forming the central detector,
and the individual detectors along the beamline (Chapter 8). The current status
of these requirements is shown in Table 10.6. The interactive version of the Ta-
ble at (https://wiki.bnl.gov/eicug/index.php/Yellow Report Physics Common)
provides for every requirement a link to all the physics simulations and the study,
which sets the most stringent requirement.
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Chapter 11

Detector Aspects

11.1 Magnet

We consider the case of an EIC detector built around a central superconducting
solenoid, possibly with trim coils to adjust the solenoidal field. Tracking resolu-
tions in the central pseudo-rapidity range suggest a nominal field of 1.5 T, but a
range between 1.5 T and 3 T would make a wider range of physics measurements
accessible. A central field as high as 3 T would maximize the effective |B|·dl in-
tegral for particles scattered at small polar angles, both in forward and backward
directions. However, high magnetic fields come at the cost of reducing the low-pT
acceptance of charged tracks. The acceptance for low-pT particles down to the mo-
menta ∼100 MeV/c requires that a fraction of physics data are taken at a substan-
tially lower field. Field polarity flip is a standard measure to address systematic
effects due to a different acceptance for the positively and negatively charged par-
ticles, hence a bipolar magnet operation with a polarity switch is one of the magnet
requirements.

Physics studies to date suggest a solenoid with a bore diameter of 2.5-3.5 m would
be able to accommodate the detectors necessary for EIC measurements. Specifica-
tions on coil length, presently assumed to be able to provide a ∼3.0 m magnetic
length as a reference figure, cryostat radial space, and coil configuration require an
optimization integrated with the overall detector design. The solenoid design is
characterized by three regions: the barrel and backward/foreward endcaps. In the
barrel and the backward endcap regions, the field should be parallel to the magnet
axis. In the forward direction, the RICH detector extends from +100 cm to +240 cm
with respect to the magnet centre, where the field lines should be projective with
respect to the nominal IP location. A flux return path could be provided through
the hadronic calorimeter assemblies in the forward and backward directions. Cor-
rection coils in the hadron end-cap may be required to meet the RICH detector
readout on field projectivity. The need for these coils should be avoided as they
will adversely affect the hadron calorimeter performance, but if needed, should be

434



CHAPTER 11. DETECTOR ASPECTS 435

allowed to occupy a maximum of 10 cm of the available linear space.

Alternative detector integrated designs, where a dipole or toroidal field are super-
imposed with the solenoid field in the central region of the detector, have been con-
sidered to improve the |B|·dl integral at small scattering angles. These integrated
designs could be an option if an acceptance that meets the physics requirements
can be demonstrated.

Re-use of the existing BABAR/sPHENIX magnet is an alternative to the realization
of a new solenoid with optimized design. Whereas the new solenoid main specifi-
cations are an up-to 3T magnetic field, a 2.5-3.5 m diameter bore, and a magnetic
length of ∼3 m, the BABAR/sPHENIX magnet provides an up-to 1.5 T field, a
2.8 m diameter bore, and similar magnetic length. The magnet for the BABAR ex-
periment at PEP-II at SLAC, CA was manufactured by Ansaldo, Italy in 1997 and
was commissioned in 1998. It was then transferred to BNL, NY in 2015 for use
in the sPHENIX experiment where it still resides today. It received a high-field
test (up to 1.3 T) in 2018. The prolonged use of the BABAR/sPHENIX magnet
may require the implementation of several maintenance and improvement modi-
fications, including new protection circuits such as voltage taps, inspection of and
as needed reinforcement of the internal mechanical support, including new strain
gauges, and replacement of control instrumentation sensors. Several of these im-
plementations involve the delicate operation of disassembly of the magnet. To
repair an existing small leak in the valve box for the cryogenic cooling system re-
quires a replacement of the valve box or disassembly to inspect cooling pipework
and to repair leaks. Moreover, additional changes may be required for re-using the
magnet, for example those needed to match the requirements of projective field
lines in the RICH region.

The main parameters of both a new superconducting solenoid magnet, at the
present stage of magnet optimization integrated with the overall detector design,
and the existing BABAR/sPHENIX magnet are shown in Table 11.1. For a new
magnet, a slightly larger bore of 3.2 meter is chosen as compromise between, on
one hand, magnet complexity and mechanical hall space considerations, and on
the other hand providing some much-needed space in the bore to permit more de-
tector technology choices to ensure functionality of tracking, hermetic electromag-
netic calorimetry and particle identification (both e/π and π/K/p) over a large
range of particle momenta. No detection beyond hadronic calorimetry is foreseen
outside the magnet, alleviating any requirement for low radiation length materials
in the mechanical design and permitting the choice of a NbTi conductor in a Cu
matrix for the new magnet.

The coil length is driven by the present definition of the barrel region as between
pseudo-rapidity of -1 and 1. This corresponds to an angle of ∼40 degrees. This
means that for a certain bore size, the space for the mechanical length of the magnet
cryostat is roughly 20% larger, or 3.84 meter for a 3.2-meter bore. Folding in an
approximate need of 12 cm additional space on each side of the magnet coil for
inner vacuum and helium vessels, and multi-layer isolation, determines the coil
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length requirement to be 3.6 meter. A somewhat larger coil length of 3.8 meter
would not be a major issue, but likely not much more as the edge of the cryostat is
one of the regions where detector infrastructure (support, cabling, etc.) will reside.
There will also be a trade-off between the need for equal coverage of tracking and
electromagnetic calorimeter and particle identification detector readout.

Parameter New Magnet BABAR/sPHENIX Magnet
Maximum Central Field (T) 3 1.5

Coil length (mm) 3600 3512
Warm bore diameter (m) 3.2 2.8

Uniformity in tracking region
(z = 0, r < 80 cm) (%) 3 3

Conductor NbTi in Cu Matrix Al stabilized NbTi
Operating Temperature (K) 4.5 4.5

Table 11.1: Summary of some of the main requirements of the EIC detector solenoid magnet.

The main advantage of accessibility of low central solenoid fields (down to∼0.5 T)
is the low-pT acceptance of charged-particle tracks. A central field of 0.5 T roughly
equates to a detection capability of charged particles down to transverse momenta
of below ∼ 0.1 GeV/c. This is relevant for mapping the decay products of heavy-
flavor mesons. The main advantage of a 3 T versus a 1.5 T central solenoid field is
for the momentum resolution of charged particles as function of pseudo-rapidity.
Doubling the magnetic field can lead to an improvement of the momentum resolu-
tion by a factor of ∼ 2 from a leading order ∼ 1/B dependence. This is relevant in
the central region, but even more so in the forward pseudo-rapidity regions, η >
2, where the momentum resolutions rapidly worsen. For example, for η ∼ 3, a
momentum resolution of∼2-3% is achievable for pions with momenta up to about
30 GeV/c with a 3 T central field, and only double that resolution for a 1.5 T central
field.

11.2 Tracking

11.2.1 Introduction

This section represents an attempt to combine the requirements from the physics
working groups and tracking technologies and detector design into viable detector
concepts that can meet these requirements. These concepts contain assessments of
the current state of the art in both the technologies, services, mechanical support
and other components to deliver a design that is deemed to be consistent with what
can reasonably be expected to be deployed at the EIC in the needed timescales. In
order to reduce risk and ensure that development proceeds apace with the con-



CHAPTER 11. DETECTOR ASPECTS 437

struction schedule, a list of areas in need of targeted R&D has been compiled and
is presented in Chapter 14.

11.2.2 Main requirements and acceptance coverage

Table 11.2: Requirements for the tracking system from the physics groups.

The requirements for the tracking in an EIC detector are derived from the physics
simulations and are represented by the detector requirements table shown in Ta-
ble 11.2. The ranges in pseudorapidity are accompanied with requirements for rel-
ative momentum resolution, allowed material budget in terms of radiation length,
minimum pT cutoff, transverse and longitudinal pointing resolutions. These re-
quirements form the basis of the designs and concepts that are presented.

11.2.3 Silicon Detector Technologies for EIC

To satisfy the requirements detailed above, the EIC silicon vertex and tracking
(SVT) detector needs to have high granularity and very low material budget. Per-
formance simulations of the detector concepts presented in Section 11.2.5 highlight
the need for a spatial resolution ≤ 5µm in tracking layers and disks, and around 3
µm in the vertex layers, combined with a material budget ≤ 0.1%X0 in the vertex
layers, ≤ 0.8%X0 in the tracking layers and ≤ 0.3%X0 in the disks.

A broad survey of silicon detector technologies was presented and discussed at
the first EIC Yellow Report Workshop in March 2020 [1425] covering hybrid pixel
detectors, strip detectors, Low Gain Avalanche Detectors (LGAD), the DEPFET
sensor, and Monolithic Active Pixel Sensors (MAPS). The survey considered exist-
ing examples of these detectors as well as the silicon technologies used for their
development to understand their potential for application at the EIC. MAPS have
been identified as the best detector technology to satisfy the requirements of the
EIC SVT and are discussed below. These detectors provide the highest granularity,
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have lower power consumption and consequently lower material budget, as well
as the required readout speed in one device. Recent developments in MAPS at the
65 nm node offer some attractive features and satisfy the requirements of the EIC
vertex layers, as shown in Section 11.2.3. The integration of charge collection and
readout capabilities into one silicon substrate is well suited for the required level of
integration and acceptance coverage of the EIC SVT. Silicon technologies such as
LGAD and SOI, whose developments in the next few years could produce a viable
alternative for the EIC SVT, are presented in Chapter 14.

The stringent requirements for the vertex layers are driven by the rather large beam
pipe radius and are necessary to obtain the required vertex reconstruction perfor-
mance. This is shown in Figure 11.1. Pre-CD0 simulations assumed a beam pipe
radius of 18 mm and an upgraded ALICE Inner Tracker (ITS2) [1426] derived SVT
detector where vertexing layers and disks had a material budget of 0.3% X/X0 per
layer, and the tracking layers had a material budget of 0.8% X/X0 per layer. The
pixel size was 20× 20 µm2. This configuration gives the transverse pointing res-
olution described by the green curve in Figure 11.1. With the updated beam pipe
radius of 31 mm, this configuration would lead to a severe decrease in tracking per-
formance (blue curve). The transverse pointing resolution can be recovered, and
even improved, with higher granularity and lower material budget. The result in
the red curve assumes a configuration based on the ALICE ITS3 [1427] technology
explained below, where the vertexing layers have a material budget of 0.05% X/X0
per layer, the tracking layers 0.55% X/X0 per layer, and the disks each have a ma-
terial budget of 0.24% X/X0. The pixel size is 10× 10 µm2.
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Figure 11.1: Transverse pointing resolution versus transverse momentum, comparing the
ALICE ITS2 based detector configuration with old (green) and new (blue) beam pipe, and
the ALICE ITS3 based detector configuration with new beam pipe (red).

In addition to these requirements, an EIC SVT detector needs to be designed with
an integration time below 2 µs to cope with the interaction frequency expected at
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the highest luminosity, i.e. 500 kHz at 1034 cm−2 s−1. These requirements drive the
choice of the silicon detector technology.

MAPS

MAPS are currently used as vertex detectors in the STAR Heavy Flavour
Tracker [1428] and in the ALICE ITS2. The latter deploys the ALPIDE sensor [1429].
The sPHENIX experiment also uses the ALPIDE sensor. This sensor represents a
breakthrough with respect to traditional MAPS such as the MIMOSA used by the
STAR experiment. ALPIDE is fabricated in a commercial 180 nm CMOS imaging
process provided by Tower Jazz (TJ). The main novelty of this device is the possi-
bility to partially deplete the substrate and thus collect part of the charge by drift,
and to integrate both PMOS and NMOS transistors. These features have improved
MAPS charge collection properties, radiation hardness, and signal processing ca-
pabilities. Figure 11.2 shows the cross-section of an ALPIDE pixel. This design
retains as in previous MAPS generations a small collection electrode and thus a
small sensor capacitance of a few fF that is key to low power, low noise, fast sensor
readout, and compact front-end electronics design for small pixel pitch.

12 2 Pixel Chip
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Figure 2.1: Schematic cross section of a MAPS pixel in the TowerJazz 0.18 µm imaging CMOS
with the deep p-well feature.

large-scale application of CMOS sensors in a HEP experiment (Sec. 2.4). It will be shown
that the state-of-the-art MAPS do not fulfil the ALICE ITS requirements, which motivates the
development of new architectures (Sec. 2.5). Several prototypes have been developed to optimise
the di↵erent parts of the Pixel Chip. The prototypes and their characterisation are presented in
Sec. 2.6. All aspects related to the radiation hardness of the technology and the specific circuits
implemented in the ALICE Pixel Chip are discussed in Sec. 2.7. The chapter concludes with a
summary (Sec. 2.8), giving the prospect for the development of the final chip.

2.1 Detector technology

The 0.18 µm CMOS technology by TowerJazz has been selected for the implementation of the
Pixel Chip for all layers of the new ITS. Figure 2.1 shows a schematic cross section of a pixel in
this technology. In the following section, we discuss the main features that make this technology
suitable, and in some respect unique, for the implementation of the ITS Pixel Chip.

• Due to the transistor feature size of 0.18 µm and a gate oxide thickness below 4 nm, it is
expected that the CMOS process is substantially more robust to the total ionising dose
than other technologies (such as 0.35 µm) employed up to now as the baseline for the
production of CMOS sensors in particle physics applications.

• The feature size and the number of metal layers available (up to six) are adequate to
implement high density and low power digital circuits. This is essential since a large part
of the digital circuitry (e.g. memories) will be located at the periphery of the pixel matrix
and its area must be minimised to reduce the insensitive area as much as possible.

• It is possible to produce the chips on wafers with an epitaxial layer of up to 40 µm thickness
and with a resistivity between 1 k⌦ cm and 6 k⌦ cm. With such a resistivity, a sizeable
part of the epitaxial layer can be depleted. This increases the signal-to-noise ratio and
may improve the resistance to non-ionising irradiation e↵ects.

• The access to a stitching technology allows the production of sensors with dimensions
exceeding those of a reticle and enables the manufacturing of die sizes up to a single die
per 200mm diameter wafer. As a result, insensitive gaps between neighbouring chips
disappear and the alignment of sensors on a Stave is facilitated. This option has not yet
been exploited by the prototypes, but is foreseen as an option for future large-scale chips.

• The availability of a deep p-well option allows the production of pixel structures with
significantly enhanced functionality.

Figure 11.2: Cross-section of an ALPIDE pixel, showing the small n-type collection electrode
and the p-wells containing the electronics in a p-type epitaxial layer. A small depletion
region develops around the collection electrode for an applied reverse bias voltage of a few
volts [1426].

Following on from the ALPIDE, a new generation of MAPS sensors has been de-
veloped in the past ten years with the goal of reaching the rate and radiation toler-
ance capability typically required by high luminosity particle physics experiments.
These so-called Depleted MAPS (DMAPS) are fabricated in High Voltage or High
Resistivity commercial 150/180 nm CMOS imaging technologies and can be fully
depleted. A number of prototypes have been fabricated targeting the upgrades of
the ATLAS pixel detector for the HL-LHC in different CMOS technologies. The
ATLASPix sensor in the AMS/TSI technology [1430] and the LF-MONOPIX in the
LFoundry technology [1431] feature a large collection electrode that contains the
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electronics. This results in a uniform electric field in the sensor substrate needed
to achieve the required speed and radiation hardness but comes at the price of
high sensor capacitance. The MALTA and TJ-MONOPIX prototypes in the TJ 180
nm technology [1431–1433] keep the small collection electrode and achieve full
depletion with a modification of the process by adding a deep n-implant so that
the depletion region grows from below the collection electrode and electronics im-
plant [1434, 1435]. These sensors have demonstrated that they fulfil the require-
ments of operation at the HL-LHC, but use at the EIC SVT would have to be
demonstrated as they have been designed to match very different requirements.
An application of the MALTA sensor for tracking at large z is described in 11.2.5.

It is however important to note that the CMOS imaging technologies in which
existing DMAPS prototypes have been fabricated could be used to design a dedi-
cated MAPS sensor for the EIC SVT. In particular, the TJ 180 nm modified CMOS
imaging process is very interesting because of the benefit of the small sensor ca-
pacitance leading to low power and fine pitch. This technology has been positively
evaluated for use at the EIC by the eRD18 project, a collaboration between the Uni-
versity of Birmingham and the RAL CMOS Sensor Design group (CSDG), in the
framework of the EIC Generic Detector R&D program [1436].

Recently, an effort is emerging to develop a third generation MAPS in a 65 nm
CMOS imaging technology. A large community is gathering to develop this pro-
cess for future experiments through the ALICE ITS3 project and the CERN EP R&D
program. This path is more attractive for the development of an EIC MAPS as the
65 nm technology offers improved performance in terms of granularity and power
consumption that are key for precision measurements at the EIC, as well as process
availability on the EIC project timescale. The drawbacks with respect to older tech-
nology nodes are higher non recurring engineering (NRE) costs and complexity.

A joint EIC SVT sensor development has started with the ALICE ITS3 group. The
ALICE ITS3 project aims at developing a new generation MAPS at the 65 nm node
to build an extremely low mass detector for the HL-LHC. The ITS3 sensor speci-
fications and development timescale are largely compatible with those of the EIC.
Furthermore, non-ALICE members are welcome to contribute to the R&D to de-
velop and use the technology for other applications. Through the ITS3 collabora-
tion, the EIC can benefit from shared development costs to design an innovative
sensor solution at the 65 nm node for an experiment starting in approximately 10
years and that will demonstrate the capabilities of this technology for future col-
lider experiments.

65 nm MAPS SVT detector

An EIC SVT concept is being developed based on the proposed 65 nm MAPS sen-
sor and ITS3 detector concept [1437]. Both baseline configurations presented under
investigation (11.2.5, 11.2.5) assume the use of this technology to define pixel pitch
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and realistic estimates of material budget for services and support structure [1438],
and configuration of the vertex layers. In addition to the advantages discussed in
11.2.3, joining the ITS3 development has additional benefits.

Table 11.3 compares the specifications for the proposed ITS3 sensor to the ones
of the existing ALPIDE. Table 11.4 shows preliminary specifications for an EIC
sensor. From these it is clear that the ITS3 fully satisfies and even exceeds the
requirements of the EIC SVT with higher granularity, lower power consumption,
shorter integration time and lower fake hit rate. In particular, the 10 µm pixel pitch
is key to the design of the vertex layers (Figure 11.1).

Table 11.3: Specifications for the ALICE ITS2 ALPIDE sensor and the proposed sensor for
the ITS3 upgrade.

M. Mager | ITS3 kickoff | 04.12.2019 |

Specifications

5
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Description 

We propose the development of a new CMOS Monolithic Active Pixel Sensor (MAPS) in 65 nm 
technology with a size of up to 28 x 10 cm (!) and a thickness below 40 μm. Table 1 gives a summary 
of the key specifications that we plan to achieve and compares them to the ALPIDE chip, which is the 
current state-of-the-art of MAPS in HEP and which was developed within the ALICE experiment under 
the lead of the CERN team. 
Table 1. Key specification of the proposed sensor. ALPIDE, our current state-of-the-art, is given for 
reference. 

While ALPIDE is a very successful development, finding many applications (HEP, space, medical) 
outside its main target (the new ALICE ITS), we could – for time reasons – unfortunately not take 
advantage of all features the technology has to offer. In particular, with this EoI, we would like to 
address the following three items: 

Parameter  ALPIDE (existing) Wafer-scale sensor (this proposal) 
Technology node 180 nm 65 nm  
Silicon thickness 50 µm 20-40 µm 
Pixel size 27 x 29 µm O(10 x 10 µm) 
Chip dimensions  1.5 x 3.0 cm scalable up to 28 x 10 cm 
Front-end pulse duration  ~ 5 µs ~ 200 ns 
Time resolution ~ 1 µs < 100 ns (option: <10ns) 
Max particle fluence  100 MHz/cm2 100 MHz/cm2 
Max particle readout rate 10 MHz/cm2 100 MHz/cm2 
Power Consumption 40 mW/cm2 < 20 mW/cm2 (pixel matrix) 
Detection efficiency > 99% > 99% 
Fake hit rate < 10-7 event/pixel < 10-7 event/pixel 
NIEL radiation tolerance ~3 x 1013 1 MeV neq/cm2 1014 1 MeV neq/cm2 
TID radiation tolerance 3 MRad 10 MRad  

Table 11.4: Preliminary specifications for an EIC SVT MAPS sensor based on simulations
by the eRD18 (Birmingham/RAL CSDG) and eRD16 (LBNL) projects of the EIC Generic
Detector R&D program.

eRD18 Progress Report and Proposal 
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  EIC DMAPS Sensor 
Detector Vertex and Tracking Time stamping layer 
Technology 180 nm TJ CIS modified, 65 nm TJ 
Substrate Resistivity [kohm cm] 1 or higher 
Collection Electrode Small 
Detector Capacitance [fF] <5 
Chip size [cm x cm] Full reticule or stitched 
Pixel size [µm x µm] 20 x 20 max 350 x 350 
Integration Time [ns] 2000 

Timing Resolution [ns] OPTIONAL 
< 9 < 9 

Particle Rate [kHz/mm2] TBD 
Readout Architecture Asynchronous 
Power [mW/cm2] <35 <200 
NIEL [1MeV neq/cm2] 1010 
TID [Mrad] < 10 
Noise [electrons] < 50 
Fake Hit Rate [hits/s] < 10-5/evt/pix 
Interface Requirements TBD 

 
Parameter EIC Vertex and Tracking MAPS 

Technology 
65 nm 

(Backup: 180 nm) 
Substrate Resistivity [kohm cm] ≥	1  
Collection Electrode Small 
Detector Capacitance [fF] < 5 
Chip size [cm x cm] Full reticule or stitched 

Spatial resolution [µm] 
 ≤	5 

3 for vertex layers 
Integration Time [µs] ≤	2 
Timing Resolution [ns] < 9 (optional) 
Particle Rate [kHz/mm2] TBD 
Readout Architecture Asynchronous 
Power [mW/cm2] < 20 
NIEL [1MeV neq/cm2] 1010 
TID [Mrad] < 10 
Noise [electrons] < 50 
Fake Hit Rate [hits/s] < 10-5/evt/pix 
Interface Requirements TBD 
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The ITS3 project is taking an integrated approach where design and post-
processing techniques are combined to develop a three-layer vertex detector with
an extremely low material budget (Figure 11.3). The use of low power design tech-
niques, large area, 2D stitched sensors thinned below 50 µm and bent around the
beam pipe minimises cooling, support structure and services in the active area,
enabling a material budget of only 0.05% X0. Such a detector concept is a very
attractive solution for the EIC vertex layers where extremely low material budget
coupled with the sensor’s high granularity will deliver the required vertex resolu-
tion (Figure 11.1). The implementation of the ITS3 detector concept into the EIC
vertex layers is currently being worked out by the EIC Silicon Consortium.

3 Detector Layout, Implementation and Main Parameters

3.1 Mechanical Structure

The ITS3 will consist of two separate barrels, referred to as Inner Barrel and Outer Barrel. The
Outer Barrel, containing the four outermost layers (Layer 3 to Layer 6), will be that of ITS2.
A completely new Inner Barrel, consisting of the three innermost layers (Layer 0 to Layer 2),
will instead replace the current Inner Barrel of ITS2. The ITS3 IB will consist of two halves,
named half-barrels, to allow the detector to be mounted around the beampipe. Each half-barrel
will consist of three half-layers. The half-layers are arranged inside the half-barrel as shown in
Fig. 7. They have a truly (half-) cylindrical shape, with each half-layer consisting of a single
large pixel chip, which is curved to a cylindrical shape.

Figure 7: Layout of the ITS3 Inner Barrel. The figure shows the two half-barrels mounted
around the beampipe.

As shown in Fig. 8, the main structural components of the new Inner Barrel are the End-Wheels
and the outer Cylindrical Structural Shell (CYSS), both made of Carbon Fibre Reinforced Plas-
tic (CFRP) materials, and a series of ultra-lightweight half-wheel spacers, made of open cell
carbon foam, which are inserted between layers to define their relative radial position.

The End-Wheels are connected to the CYSS, which provides the external supports for the three
detection layers. Starting from the outermost layer (Layer 2), the half-layers are connected to
the outer CYSS and to each other by means of the half-wheel spacers.

The half-layer consists of a single large chip. Its periphery and interface pads are all located on
one edge, the one facing the A-side End-Wheel (see Fig. 8). At this edge, the chip is glued over
a length of about 5 mm to a flexible printed circuit to which it is electrically interconnected using
for instance aluminum wedge wire bonding. The flexible printed circuit is based on polyimide,
as dielectric, and aluminum, as conductor. The flexible printed circuit extends longitudinally

10

Figure 11.3: Layout of the ITS3 Inner Barrel. The figure shows the two half-barrels mounted
around the beampipe [1427].

Despite the large overlap, the EIC and ITS3 detectors have some significant differ-
ences, most notably the size. The ITS3 is a 0.12 m2, three layers vertex detector.
The EIC SVT baseline configurations presented in (11.2.5, 11.2.5) have an area of
approximately 12 m2 and 15 m2, for hybrid and all-silicon respectively. Cost and
yield of stitched wafer-scale sensors will not be compatible with use in the EIC
detector outside the vertex layers. For the tracking layers and disks the EIC sensor
development will fork off the ITS3 sensor design path to develop a reticule-size
version of the ITS3 sensor (no changes in other aspects of the sensor design are
foreseen a part from its size) as well as a more conventional design of support
structures (classical staves and disks), where dedicated engineering solutions will
be deployed to meet the material budget constraints [1438].
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11.2.4 Gaseous Detector Technologies

In this section, we describe various gaseous detector technologies under consider-
ation for the tracking in the central region of an EIC detector. Figure 11.4 shows
a comparative study of each of these technologies and where in the EIC detector,
each of these technologies is best suited.

TPC + Fast MPGD 
Layer 

Cylindrical MPGD 
(Micromegas, µRWELL)

Drift Chambers / 
Straw Tubes

Planar MPGDs (GEM, 
Micromegas, µRWELL)

Small TGCs
MPGD-TRDs 

Barrel 
region

Pros:
- momentum res.; 
- additional dE/dx;
- cost
- Low material in 

barrel

Pros:
- Space & angular res.
- Time resolution (< 10 ns)
- Low mat. in end cap
- Cost & robustness

Pros:
- momentum res.; 
- additional dE/dx;
- cost
- Low mat. in 

barrel

Pros:
- Alternative to cylindrical 

MPGDs arrangement in 
polygons

- Easier fabrication
N/A

N/A
Radiator size

Cons:
- End cap material
- calibration space 

charge distortion

Cons:
- Momentum res. 
- Fabrication challenges
- Material budget in barrel

Cons:
- End cap material
- calibration 
- Stability issues

Cons:
- Momentum res. 
- Detector space barrel
- Material budget in barrel

Hadron 
End Cap

N/A
Only planar option 

Pros:
- momentum res.; 
- additional dE/dx;
- cost

Pros:
- Momentum & angular res.
- Low material (< 0.4X/X0
- Cost & robustness

Pros:
- Momentum & 

angular res. 
- Cost & robustness

Pros:
- Additional tracking 
- Angular res. for 

RICH 
- Additional e/π PID

Cons:
- Material budget
- calibration 
- Stability issues

Cons:
- N/A

Cons:
- Material budget

Cons:
- Available space i.e. 

radiator thickness

Electron 
End Cap

N/A
Only planar option 

N/A

Pros:
- Momentum & angular res.
- Low material (<0.4%) 
- Cost & robustness

N/A 
Mainly because of 

material budget 

Pros:
- Additional tracking
- Complement e PID 

in electron end cap

Cons:
- N/A

Cons:
- Available space i.e. 

radiator thickness

Figure 11.4: Comparison of different gaseous detectors technologies for tracking in EIC.

Time Projection Chambers (TPC)

A TPC is an option for the central detector in an EIC detector. It will provide
required momentum resolution for the physics program at an EIC and is also a
detector that can deliver PID by means of dE/dx.
A TPC is presently under construction for the sPHENIX experiment which is ex-
pected to start taking data in IP8 of RHIC, in 2023. The sPHENIX-TPC is a compact
detector with a minimum material budget in the central region. It has been also
designed with an eye toward the use in an EIC detector. This concerns the min-
imization of the material budget in the forward region which takes into account
not only the front-end electronics but also necessary infrastructure, like mounting
structure and cooling.
The TPC design follows the classical cylindrical double-sided TPC layout, with
a cathode located at the middle of the interaction region dividing the TPC into
two mirror-symmetric volumes. The end-caps of the TPC accommodate gas-
amplification modules in a subdivided arrangement; 12 sectors in azimuth and
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3 sectors in radial extension. This results in a total of 72 readout modules for
both end-caps. An illustration can be seen in Fig. 11.5. The physics program

Figure 11.5: Pictorial diagram of the sPHENIX TPC. The gas volume and thus the active
registration volume for charged particle tracks is between the inner field-cage (I-FC) and the
outer field-cage (O-FC). The cathode consist of a thin metallized membrane.

with the sPHENIX detector requires excellent pattern recognition as well as ex-
cellent momentum resolution. One of the performance parameters to be fulfilled
for the sPHENIX program is the separation of the Y-states which requires a mo-
mentum resolution from the TPC in the order of ∆p/p ≈ 1.2% in the range of
4 GeV/c < p < 10 GeV/c for the e± daughter particles. This translates to a re-
quired position resolution σrφ . 300µm with 40 track points in the sPHENIX TPC.
This requirement is relaxing with more space points. A test-beam campaign with a
TPC prototype verified that this resolution goal more than achievable, see Fig. 11.6.

Figure 11.6: Left: simulation for the mass resolution sufficient to separate Upsilon states.
Right: test-beam results extrapolated to sPHENIX conditions.



CHAPTER 11. DETECTOR ASPECTS 445

The TPC has to be operated in a gate-less configuration such that the readout is
not limited due a severe dead-time. This requires in turn the use of Micro Pat-
tern Gas Detectors (MPGDs). For the sPHENIX TPC the choice was made to use a
quadruple-GEM avalanche structure, similar to the solution that has been imple-
mented in the ALICE-TPC at the LHC. The operating point of the GEM-stack has
been adapted to the sPHENIX environment.

Gas Amplification The goal to limit space charge effects requires a low ion-back
flow from the amplification device into the main tracker gas volume. A vast R&D
program to this extent has been performed by the ALICE collaboration and the
experience gained there directly affected the design choices for the sPHENIX TPC.
For the sPHENIX program the energy resolution does not play a role, hence the op-

Figure 11.7: Comparison of two amplification structures regarding their energy resolution
and ion-back flow performance with various gas mixtures. Left: operation regime of a
MM2G. Right: operation regime of a quadruple-GEM amplification device.

erating point for the readout has been chosen around the minimum IBF (∼ 0.3%).
For the EIC program this choice can be modified to gain back good energy resolu-
tion: the space charge effects in an EIC TPC might be less severe. Studies on the
effect of space are ongoing. In principle, there are already solutions in the proto-
type stage if it turns out that IBF will play a similar role in an EIC environment
(see next paragraph). The gas choice for the sPHENIX TPC is based on Ne-CF4
because of its advantageous properties: 1) high drift velocity, 2) low transverse
diffusion and 3) comparatively fast ion drift velocity. The Neon component could
be exchanged with Argon which provides a higher ionization yield and therefore
improves dE/dx performance. Other gas components can be added to the gas mix-
ture which is under consideration for optimizing the TPC for EIC purposes. It is
worth the mentioning that the sPHENIX configuration has been investigated in a
test-beam environment with a modified operating point and promising dE/dx per-
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formance has been measured.An alternative to the quadruple GEM readout option
is the MM2G option. It consists of a double-GEM layer on top of a MicroMegas as
the main amplification device, hence the term MM2G. The double-GEM structure
provides the necessary field ratios to maintain a low IBF and act as a pre-amplifier.
It has been shown that it is possible to obtain a low IBF while maintaining an en-
ergy resolution of better than 12% (Fig. 11.7, left).

Modifications to the sPHENIX TPC A major modification of the TPC presently un-
der construction for sPHENIX will be the recovery of about 10 cm vertical track
length. The design for sPHENIX was chosen such that the first 10 cm in radial ex-
tension will not be read out electronically. This choice has its origin in that space
charge distortions, i.e., deflections from the ideal electron trajectory are largest in
the vicinity of the field cage. Therefore, the space charge distortions will be still
real within the vicinity of the field-cage, however, the track information from this
part will not be considered and therefore not electronically read out. This can be
easily reverted in the EIC era.
A modified readout pad-geometry with perhaps a modified readout electronics
might improve the performance for the TPC in the EIC era. However, these are
topics which are discussed in the Section 14.2.

Micro Pattern Gaseous Detectors (MPGDs)

MPGD technologies such as Gas Electron Multiplier (GEM) [1439], Micro Mesh
Gaseous Structures (Micromegas) [1440], Resistive Micro Well (µRWELL) [1441]
are widely used for tracking in various particle physics experiment across the
world such as the COMPASS [1442], LHC main detectors upgrade (ATLAS [1443],
CMS [1444], ALICE [1445] & LHCB [1446]) at CERN, SBS [1447], CLAS12 [1448],
and PRad [1449] at Jefferson Lab, STAR FGT and PHENIX HDB at BNL. These
technologies typically combine a gaseous device for electron amplification with
high granularity strips or pads anode readout PCB (see Fig. 11.8, 11.9, 11.10) to
provide a combined excellent 2D space point resolution (≈ 50 µm), fast signal
(≈ 5ns), high rate capabilities (≈ MHz/cm2), low material budget (≈ 0.5%X0)
per layer, radiation hardness and large area capabilities at a significantly lower
cost compared to silicon trackers.
An extensive R&D program conducted by the eRD6 Consortium [1450] within the
EIC Generic Detector R&D program is dedicated to the development and opti-
mization of MPGD technologies [1451–1454] as main tracker in the central region
of an baseline EIC hybrid tracker as descried in section 11.2.5. In this hybrid con-
figuration, two options, both of them involving MPGD detectors, are under study
for the barrel tracker. The first option has a TPC detector (see section 11.2.4) for
the main tracker with a MPGD device or a combination of two MPGD devices for
electron amplification and readout in the TPC end cap. The alternative to the TPC
in the barrel region explores large cylindrical Micromegas or µRWELL layers for
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3 mm

2 mm

2 mm

2 mm

Ionizing particle

Figure 11.8: Cross sectional view of Triple-GEM detector [1439].

Figure 11.9: Cross sectional view of micromegas detector [1440].

the main tracker. Both TPC and and cylindrical MPGDs options are complemented
in the hadron end electron end caps by planar MPGD discs. Performance studies
for various geometrical configurations of the planar MPGD layers in the end cap
regions are reported in section 11.2.5
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Figure 11.10: Cross sectional view of µRWELL detector [1441]

Drift Chambers & Straw Tubes (DCs) An ultra-light drift chamber with particle
identification capabilities represents a sound and a well-founded proposal for the
tracker candidate of a general-purpose detector at EIC.
The recently built and under commissioning drift chamber, CDCH [1455] for the
experiment MEG II [1124] at PSI can serve as a guide for such a hypothesis.
The MEG II experiments aims at searching for the decay of a positive muon at
rest into a positron and a photon with a sensitivity of 6×10−14. The prerequisites
for accurate and efficient tracking of the 52.8 MeV/c momentum positrons rely
on transparency, to minimize the contribution from multiple Coulomb scattering
to the momentum measurement, and on high spatial resolution. The MEG II
drift chamber [1455] derives directly from the drift chamber [1456] of the KLOE
experiment [1457], run for over 20 years at the 1 GeV center of mass e+e− acceler-
ator DAFNE, the environment of which is not too different from the one at EIC,
although at a much lower energy and lower luminosity. In MEG II, a continuous
beam of 7×107 muon/s is stopped on a thin target, placed at the center of the
drift chamber, and all the muon decay products are efficiently tracked inside the
active volume, at a rate of 30 kHz/cm2. A resolution of better than 100 KeV/c is
expected for the 52.8 MeV/c positron momentum.
Furthermore, CDCH will adopt the cluster counting and timing techniques, which
allow for particle identification with unprecedented resolutions, typically a factor
two better than the traditional dE/dx technique, and for improving, well below
100 µm for short drift cells, the spatial resolution obtainable with the conventional
measurement of the fastest drifting electron. The CDCH (Fig. 11.11-left) is a
unique volume, high granularity, all stereo, low mass cylindrical drift chamber,
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Figure 11.11: The fully wired CDCH on the assembly structure (left) and a sketch of the drift
cells within two alternating sign stereo layers (right).

extending from 19.6 cm inner radius to 28.4 cm outer radius, for 193 cm length. It
consists of 9 co-axial layers, at alternating sign stereo angles divided in 12 identical
30◦ sectors. Each layer has 192 square cells, with a ratio of field to sense wires
equal to 5:1 to ensure the proper electrostatic configuration, and is composed by
one anode and two cathode sub-layers, as sketched in Fig. 11.11-right. The cell
size varies linearly between 6.7 mm, at the innermost radius, and 8.7 mm at the
outermost radius. The stereo angles range from 5.8◦ to 8.5◦.
The anodes are 20 µm diameter tungsten wires, while the cathodes are 40 and 50
µm light aluminum alloy wires. In total, the CDCH is made with 1728 sense wires,
9408 cathode wires and 768 guard wires to equalize the gain of the innermost
and outermost layers. The CDCH active volume is confined within a 2 mm thick
cylindrical carbon fiber shell at the outer radius and a thin (20 µm) aluminized
Mylar foil at the inner radius. The CDCH gas mixture is 90/10 He/i-C4H10,
chosen for the low radiation length (∼1400 m), a fast enough average drift velocity
(∼2 cm/µs) and a good spatial resolution (110 µm, [1458]).

For a generic detector at EIC, assuming an available cylindrical volume of
320 cm length, extending from 10 cm to 90 cm in radius, one could think of a
similar drift chamber with 270 cm active length (320 cm, including services at
the end-plates) co-axial to the beam line and asymmetrically placed with respect
to the interaction point with 2/3 of the length (180 cm) in the forward hadron
direction and 1/3 (90 cm) in the forward electron direction. Extrapolating from
the electrostatic structure of the MEG II drift chamber, one could fit in this volume
80 co-axial layers, at alternating sign stereo angles, arranged in 24 identical
azimuthal sectors, of approximately 1 cm2 size square cells for a total of approx-
imately 25,000 cells and 150,000 wires. The challenges potentially arising from
such a large number of wires are overcome by the peculiar design of the modular
wiring procedure successfully adopted for the MEG II CDCH (here one would
have 6 wires/cm2 as opposed to 12 wires/cm2 in the case of the MEG II CDCH).
The sense wires can be read from both ends for charge division and time difference
measurement in order to ease track finding seeding. The angular coverage would
extend down to 12◦ in the forward hadron direction, corresponding to 99% of
the full solid angle and to 23◦ in the forward electron direction for a 97% full
coverage. The chamber can be operated with the same CDCH gas mixture, 90/10
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He/i-C4H10, corresponding to a maximum drift time of ∼250 ns. The number of
ionisation clusters generated by a minimum ionizing particle (m.i.p.) is about 12.5
cm−1, allowing for efficiently exploiting the cluster counting/timing techniques
to improve both spatial resolution (σrφ < 100 µm) and particle identification
(σ(dNcl/dx)/(dNcl/dx) < 3.6%). Making use of the cluster counting technique for
particle identification, the proposed drift chamber for the EIC detector possesses
the capability of separating (¿ 4 sigma) pions from kaons over the full range of
momenta, up to 100 GeV/c, except for a narrow window around 1 GeV/c, which
can easily be recovered with a modest 100 ps resolution time-of-flight system (see
below for more details).
A very similar drift chamber [1459, 1460], proposed for the detectors at the future
e+e− accelerators FCCee [1461] and CEPC [1462], has been extensively studied
with full simulations at center of mass energies from 90 GeV to 365 GeV and
luminosities up to 2×1036 cm−2s−1, corresponding to trigger rates of 100 kHz and
charged track multiplicities in excess of 20/event.
The total amount of material in the radial direction towards the barrel electromag-
netic calorimeter would be of the order of 1.5% X0, (10−4 for the inner Mylar foil,
2.5×10−3 for gas and wires, 1.2×10−2 for the outer carbon fiber shell) whereas, in
the forward direction, it would be about 4.0% X0, including frontend electronics
and cables (see Fig. 11.15-bottom left). The analytically calculated expected
performance of such a drift chamber, illustrated in Fig. 11.12 and Fig. 11.13, would
be:
∆pt/pt = (0.34pt + 1.1)×10−3; ∆φ = (0.23 + 0.9/pt)×10−3 rad.;
∆θ = (0.24 + 0.6/pt)×10−3 rad.; σdN/dx/dN/dx = 3.6%
where the sums in parenthesis are intended in quadrature. In Fig. 11.14-left

Figure 11.12: Relative transverse momentum and angular resolutions (in radiant) from ana-
lytical calculations, as a function of momentum, in the forward hadron direction (at left, for
θ = 40◦) and in the forward electron direction (at right, for θ = 140◦).

the expected particle separation (µ/π in red, π/K in blue, K/p in green) perfor-
mance in terms of numbers of standard deviation is illustrated as a function of
momentum (for θ = 40◦). Solid curves refer to separation with the cluster counting
technique and dashed curves refer to the optimal energy loss truncated mean



CHAPTER 11. DETECTOR ASPECTS 451

Figure 11.13: Relative transverse momentum and angular resolutions (in radiant) from ana-
lytical calculations, as a function of polar angle for a transverse momentum of 5 GeV/c.

technique. Fig. 11.14-right shows how the π/K separation varies as a function
of the polar angle for a momentum of 2.8 GeV/c, both for cluster counting (solid
curve) and for dE/dx (dashed curve). A cluster counting efficiency of 80% is
assumed in the calculations. To be noticed the relative gain of a factor 2, in terms
of particle separation, of the cluster counting technique with respect to dE/dx.
The excellent performance of the drift chamber, not only in terms of momentum

Figure 11.14: Left: The expected particle separation (µ/π in red, π/K in blue, K/p in green)
performance in terms of numbers of standard deviation as a function of momentum (for θ =
40◦). Right: π/K separation as a function of the polar angle for a momentum of 2.8 GeV/c.
Solid curves refer to separation with the cluster counting technique and dashed curves refer
to the optimal energy loss truncated mean technique.

and angular resolutions, as it is shown in Fig. 11.13, but also in terms of particle
separation (Fig. 11.14-right), degrades for θ < 32◦ and θ > 124◦, because of the
limited longitudinal extension of the chamber.
This could be remedied with a different geometrical configuration by shortening
the cylindrical drift chamber to an active length of 120 cm and extending the
active volume longitudinally as follows. By using a planar drift chamber unit
module as the one sketched in Fig. 11.15-top left, one can assemble two transverse
planar drift chambers at its extremities, as shown in Fig. 11.15-bottom right: the
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one in the forward electron direction made of a set of 27 triplets of planes, as those
illustrated in Fig. 11.15-top right, for a total of 162 unit modules, 10,000 drift cells
and a longitudinal extension of approximately 80 cm and the one in the forward
hadron direction made of a set of 40 triplets of planes, for a total of 240 modules,
15,000 drift cells and a longitudinal extension of approximately 120 cm. In this

Figure 11.15: Top left: A unit module of a planar drift chamber hosting 64 cells in an elec-
trostatic configuration analogous to the one sketched in Fig. 11.11-right. Top center: One
plane constituted by two facing unit modules. Top right: A triplet of planes assembled after
a ±60◦ rotation. Bottom left: Schematic view of the cylindrical drift chamber discussed in
the text, with indication of dimensions and of material budget in terms of radiation length.
Bottom right: Different configuration with a short cylindrical drift chamber and two trans-
verse planar drift chamber at the two extremities, as described in the text. Solid red and
green boxes represent the service areas where the front-end electronics is placed.

configuration, the tracking system will occupy the same volume, although with
twice as many channels. A different arrangement will be needed for the services
of the cylindrical drift chamber. However, given its short radial extension, 80
cm, one could, with proper cables, distribute azimuthally at the outer radius
the front-end electronics, thus marginally reducing the momentum lever arm
and slightly increasing the material budget towards the barrel electromagnetic
calorimeter from 1.5% X0 to approximately 4% X0. This will be compensated by
a substantial increase to greater than 99.5% of the solid angle coverage and in
the flattening of the resolution functions in the forward and backward directions.
Particle identification will also greatly benefit from the increase in the average
number of samples with a resulting improvement of the σdN/dx/dN/dx from 3.6%
to better than 3.0% in the forward electron direction and to less than 2.4% in the
forward hadron direction.
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Small-strip Thin Gap Chambers (sTGCs)

Small-strip Thin Gap Chamber (sTGC) detector technology was developed for the
ATLAS new small wheel upgrade [1463]. ATLAS stGCs are used for muon detec-
tors to provide trigger capabilities. A modified version of the sTGC tracker, based
on the ATLAS design, is being used for the STAR forward rapidity upgrade [1464].
The small-strip thin gap chamber detector technology offers a reasonably good
space-point resolution (≈ 100µm) and low material budget ∼ 0.5%X0 per layer,
for a relatively low cost compared to various other technologies. The sTGC as
designed by ATLAS for the new small wheel upgrade consists of a grid of 50µm
diameter gold-plated tungsten wires with a 1.8mm pitch sandwiched between two
cathode planes 1.4mm from the wire plane. The sTGC wires operate at 2.9 kV in a
gas mixture of 55% CO2 and 45% n-pentane. The sTGC modules feature both strip
and pad readout. Copper strips with a pitch of 3.2 mm are located on one of the
anode planes and run perpendicular to the wires. Large rectangular readout pads,
useful for fast triggering, are located on the other anode plane. An illustration of
the basic design of an sTGC is shown in Fig. 11.16.

Figure 11.16: Schematic diagram of the basic sTGC structure reproduced from [1465].

While position resolution better than 50µm has been achieved in test beam stud-
ies [1465], in practice, the sTGC strip readout is expected to provide position res-
olution on the order of 100− 150µm, depending on the charged track’s incident
angle. The ATLAS new small wheel setup employs sTGC modules with strips
aligned to provide precise position measurement in the bending coordinate, with
measurement of the azimuthal information provided by wire readout. The STAR
forward upgrade application employs sandwiches of two layers of sTGC modules
with one layer providing precise x-position measurements and the other layer pro-
viding precise y-position measurements [1464, 1466]. In addition, the design used
by STAR replaces pads on one of the two layers with diagonal strips to help im-
prove space point reconstruction.

Since the sTGC detectors are highly cost-effective with a low material budget and
robust up to single hit rates of 100 kHz/cm2, they are a suitable technology choice
for large area planar regions of tracking. Specifically, sTGC layers could be em-
ployed for tracking in the hadron-going (forward) direction at a z ≈ 300 cm be-
yond the RICH detector. The sTGC may be a good choice for tracking in this re-
gion, beyond the central tracking and PID detectors, where the magnitude of the
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multiple scattering effects will be larger making precise space point resolution less
important. Similarly, sTGC planes may be a viable cost-effective option for the re-
gions that require large area trackers in the electron-going (backward) direction.

11.2.5 Detector concepts and performance studies

In this section we present two alternative detector concepts. The first is an all-
silicon set of tracking layers and discs. The second concept is a hybrid design
that contains silicon tracking layers and discs with a gaseous tracking detector
surrounding the silicon based barrel layers. Each of these designs has particu-
lar strengths. In the all-silicon case, the full tracking detector can be realized in a
comparatively compact form while retaining excellent tracking capabilities. In the
hybrid case, the gaseous detector can provide dE/dx measurements that can add
to the PID capabilities while maintaining tracking that meets the EIC requirements.
A set of attributes for each configuration is shown in Table 11.5. It is hoped that

Table 11.5: Comparison of attributes for the two simulated detector configurations.

Si + gaseous All Si

Attributes for 

consideration

• dE/dx in gas for PID (TPC)

• Well understood technology - less 

R&D needed.

• Costs less (likely)

• Less material in tracking region but 

more in the endcap region.

• More position samples

• Readout faster than TPC

• Better momentum resolution than TPC at 

higher momentum (>~5GeV/c)

• Can be made more compact

• Less material in endcap regions 

• Very high single point resolution

the inclusion of two alternative configurations will aid in the selection of a detector
optimized with respect to the full set of overall detector requirements. In addition,
these options may aid in the formulation of complementary detector configura-
tions for the second interaction point. The performance of each detector option in
comparison to the physics derived requirements can be found in summary tables
in the concluding Summary section of the tracking chapter.

Baseline All-Silicon Tracking Option (Barrel & End Caps)

A pixelated all-silicon tracker prototype for the EIC is shown in Fig. 11.17 (left).
The detector is cylindrically symmetric and has three main regions: a 6-layer bar-
rel in the mid-rapidity region, 5 disks in the forward region, and 5 disks in the
backward region. The extent of the tracker along the beam axis is identical in
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both directions, a constraint consistent with the current choice to have the nomi-
nal beam collision point coincide with the geometric center of the overall general
purpose detector concepts. In the barrel region, the trade-off from pairing layers
to gain momentum-resolution performance is primarily with the momentum mea-
surement threshold, 2pT ' 0.3B · r (about 0.2 GeV/c for a representative B = 3 T
and r ' 0.4 m). Pairing of layers also reduces the number of stave designs and
associated tooling. In the all-silicon concept under consideration, the layers that
constitute the barrel are thus paired with the outermost pair at ' 0.4 m and the
intermediate pair near the mid-point to the beam axes to best capture the sagitta.
The transition between the outer barrel layers and the disks is near |η| ' 1.1 to
minimize the amount of traversed material. Further details on the barrel and disk
geometries are presented in tables 11.6 and 11.7, respectively. In this concept, the
innermost barrel layers drive the vertexing performance. Their length (well) ex-
ceeds the extent of the ' 8 cm beam-collision region and is chosen to accept (dis-
placed) tracks for |η| . 2 without relying on track-pointing with the disks, which
will near-inevitably involve tracking across inactive material from services and
supports in this region of the detector. The dominant parts of the services and sup-
ports are thought to be guided out in a projective way along the transition angle
between the barrel and the disks. While the actual support structure will likely
be made of carbon fiber composite, the material is modeled in a simplified form
as an effective 5-mm-thick aluminum cone in the performance simulations thus
far; engineering evaluations remain to be done. This geometry is wrapped around
the EIC beam pipe, which in the region −79.8 < z < 66.8 cm corresponds to a
3.17-cm-radius beryllium cylinder of thickness of 760 µm.

In this configuration, the detector is made up of ALICE-ITS3-like staves, each hav-
ing an average material budget of X/X0 = 0.3%. These staves, assembled into the
detector geometry, contribute the amount of material shown in Fig. 11.17 (right).
Since the staves form a periodic but changing material budget, the azimuth (φ) is
swept for each pseudorapidity direction, and the minimum and maximum found
X/X0 define the width of the uncertainty band. Overall, the active areas of the
detector provide a material budget of X/X0 < 5%. The support structure adds a
significant amount of material. The projective design of this structure ensures that
most of this material is concentrated in a small pseudorapidity range, at |η| ≈ 1.1.

This configuration was studied and optimized using the Geant-4-based Fun4All
framework [1467–1469]. Momentum, pointing, and angular resolutions at the ver-
tex were studied by populating the detector over the entire acceptance with sin-
gle particles (charged pions, electrons, and protons) generated in the momentum
range of 0 < p < 30 GeV/c with a fixed vertex at (x, y, z) = (0, 0, 0), and re-
constructing their tracks with the detector. The simulated silicon-pixel size cor-
responds to 10 µm (point resolution = 10/

√
12 µm). The studies were carried

out with magnetic-field maps describing the BaBar (1.4 T) [1470] and Beast (3.0
T) [1471, 1472] solenoids.

The fractional momentum resolution is determined as the standard deviation of a
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Figure 11.17: All-silicon tracker geometry. Left: Geant-4 model showing half of the detector.
The barrel, disks, and support structure correspond to the green, dark-gray, and yellow
components, respectively. The beryllium section of the beam pipe is shown in cyan. The
rest of the beam pipe, which takes into account the expected electron-hadron-beam crossing
angle is shown in light-gray. Right: Detector material scan. The dashed line describes the
baseline material budget from the beam pipe. The red, blue, and green curves correspond to
the barrel, forward, and backward components of the detector, respectively. The uncertainty
band defines the minimum and maximum amounts of material found in a given η as the
material is scanned around φ. The yellow curve describes an aluminum structure that is
used as a mass equivalent for support structure and services. See text for details.

Table 11.6: Main barrel-layer charac-
teristics.

Barrel radius length along z
layer [cm] [cm]

1 3.30 30
2 5.70 30
3 21.00 54
4 22.68 60
5 39.30 105
6 43.23 114

Table 11.7: Main disk characteristics.

Disk z position outer inner
number [cm] radius [cm] radius [cm]

-5 -121 43.23 4.41
-4 -97 43.23 3.70
-3 -73 43.23 3.18
-2 -49 36.26 3.18
-1 -25 18.50 3.18
1 25 18.50 3.18
2 49 36.26 3.18
3 73 43.23 3.50
4 97 43.23 4.70
5 121 43.23 5.91
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Figure 11.18: Detector resolutions. Left: Momentum resolution as a function of pseudora-
pidity for pions for two magnetic-field configurations for representative momentum bins.
Center: Transverse Distance-of-Closest-Approach (DCAT) resolution as a function of trans-
verse momentum for several pseudorapidity bins. Right: Longitudinal Distance-of-Closest-
Approach (DCAz) resolution as a function of transverse momentum for several pseudora-
pidity bins.

normal function fitted to the ∆p/p ≡ (ptruth − preco)/ptruth distribution. Here, the
labels ‘truth’ and ‘reco’ represent generated and reconstructed variables, respec-
tively. Momentum-resolution results for pions are shown as a function of pseudo-
rapidity in Fig. 11.18 (left). As expected from the leading-order∼ 1/B dependence
of the momentum resolution, doubling the magnetic field improves the momen-
tum resolution by a factor of ≈2. The resulting distributions were characterized
using fits with the functional form

dp/p = Ap⊕ B, (11.1)

where ⊕ is shorthand notation for sum in quadrature. The A and B fit parameters
are presented in Table 11.8.

The Distance of Closest Approach (DCA) is defined as the spatial separation be-
tween the primary vertex and the reconstructed track projected back to the z axis
(DCAz) or to the x − y plane (DCAT). The DCA resolutions were determined as
the standard deviation of normal functions fitted to the DCAz and DCAT distri-
butions. DCA-resolution results as a function of transverse momentum (pT) for
pions are shown in Fig. 11.18 (center and right). The resulting distributions were
characterized via fits with the functional form

σ(DCA) = A/pT ⊕ B. (11.2)

The A and B fit parameters are presented in Table 11.8.

In closing, we have discussed several of the considerations for an instrument-
performance driven integration of barrel tracking and vertexing layers with back-
ward and forward disk arrays into an all-silicon tracking concept based on MAPS
technology [1475]. This all-silicon concept offers similar or better momentum and
angular performance than the hybrid TPC-silicon concept of BeAST [1476] with
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Table 11.8: All-silicon tracker momentum and pointing resolution parametrizations.

δp/p = Ap⊕ B DCAz = A/pT ⊕ B DCAT = A/pT ⊕ B
A[%/GeV] B[%] A[µm GeV] B[µm] A[µm GeV] B[µm]

0.0 < |η| < 0.5
B = 3.0T 0.018 0.382 27 3.2 25 4.9
B = 1.4T 0.041 0.773 27 3.3 26 3.9

0.5 < |η| < 1.0
B = 3.0T 0.016 0.431 37 3.8 28 4.5
B = 1.4T 0.034 0.906 35 3.8 31 4.0

1.0 < |η| < 1.5
B = 3.0T 0.016 0.424 56 5.9 33 5.5
B = 1.4T 0.034 0.922 56 5.4 35 5.1

1.5 < |η| < 2.0
B = 3.0T 0.012 0.462 111 7.0 40 5.1
B = 1.4T 0.026 1.000 112 7.1 41 4.9

2.0 < |η| < 2.5
B = 3.0T 0.018 0.721 213 13.8 47 7.1
B = 1.4T 0.041 1.551 212 16.0 48 7.7

2.5 < |η| < 3.0
B = 3.0T 0.039 1.331 347 40.5 52 11.9
B = 1.4T 0.085 2.853 373 37.9 59 11.2

3.0 < |η| < 3.5
B = 3.0T 0.103 2.441 719 87.6 59 26.0
B = 1.4T 0.215 5.254 732 87.7 66 25.3

3.5 < |η| < 4.0
B = 3.0T 0.281 4.716 1182 206 69 65.9
B = 1.4T 0.642 9.657 1057 221 69 72.1

Auxiliary (backward)
tracking station
at z = -180 cm

Auxiliary (forward)
tracking station
at z = 300 cm

RICH

All-Si tracker

Figure 11.19: Event display showing the all-silicon tracker complemented with additional
tracking stations in the available space [1473]. In the backward region, the tracking sta-
tion is installed at z = −180 cm with no significant amount of material expected between
the all-silicon tracker and the complementary tracking station. In the forward region, the
auxiliary tracking station is installed at z = 300 cm, behind the Ring Imaging Cherenkov
(RICH) detector. The RICH material parameters were provided by the PID detector work-
ing group [1474].
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identical vertexing performance. It is radially more compact, r = 43.23 cm versus
r = 80.0 cm, thereby freeing 36.77 cm that could be used for alternate purposes
such as PID and offering opportunities for complementary baseline EIC general
purpose central detector concepts.

Alternative Forward and Backward Tracking Options

As seen in Fig. 11.18 (left), the momentum resolution is overall constant as a func-
tion of pseudorapidity up to η ∼ 2, and then rapidly worsens. We studied the
possibility of improving the momentum resolution at forward and backward pseu-
dorapidities by complementing the all-silicon tracker with auxiliary tracking sta-
tions, including Gas Electron Multiplier (GEM) detectors with 50-µm resolution
in the radial and azimuthal directions and additional 10-µm-pixel silicon disks in
the available space away from the interaction point [1473]. The available space for
such additional detectors is different in the forward and backward directions, as
shown in Fig. 11.19. In the electron-going (backward) direction, a complementary
tracking station can be installed at z ∼ −180 cm, and no significant amount of
material is projected to be placed between said detector and the all-silicon tracker.
In the hadron-going (forward) direction, the additional station can be installed at
z ∼ 300 cm, behind the RICH detector.

The effect of complementing the all-silicon tracker in the electron-going direction
is shown in Figs. 11.20 and 11.21 for a 10 µm and 20 µm all-silicon-tracker pixel
sizes, respectively. In the backward region, where the available space is closer to
the all-silicon tracker, an auxiliary 10-µm-pixel detector provides a significantly
better momentum resolution, mainly in the higher momentum region.

Results in the forward region and with a 3 T magnetic field are shown in
Figs. 11.22 and 11.23 for a 10 µm and 20 µm all-silicon-tracker pixel sizes, respec-
tively. The auxiliary station is placed behind the RICH detector. The RICH mate-
rial parameters were provided by the PID detector working group [1474]. Since in
the forward region the available space is farther away from the all-silicon tracker,
the path traversed by a charged particle through the magnetic field in the track-
ing region (

∫
B · dl) is larger. As a result, the resolution is less sensitive to the

complementary detector resolution, and while the silicon disk provides the best
performance, the GEM detectors considered provide a comparable enhancement
to the momentum resolution. The effect of these auxiliary tracking stations de-
pends on the EIC magnetic-field details. In these simulations, solenoidal fields
were used. Likely, the magnetic field lines will be shaped to minimize bending in-
side the RICH detector, which will lower the

∫
B · dl. While the auxiliary tracking

stations in these simulations cover pseudorapidities |η| > 1.2, they have a larger
impact at higher pseudorapidities (|η| & 2.5). Consequently, smaller tracking sta-
tions can be used to complement the all-silicon tracker.
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Figure 11.20: Momentum resolution as a function of pseudorapidity demonstrating the
effect of complementing the all-silicon tracker in the electron-going (backward) direction.
Each panel corresponds to a different momentum bin, from 0 to 20 GeV/c. The black cir-
cles correspond to the standalone all-silicon tracker (for a 10 µm × 10 µm pixel size). The
red squares and blue triangles correspond to the all-silicon tracker complemented with a
50-µm-resolution GEM detector and a 10-µm-pixel silicon disk, respectively.
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Figure 11.21: Same as Fig. 11.20, but for a 20 µm × 20 µm all-silicon-tracker pixel size.

Forward Silicon Tracker (FST) Another forward silicon-tracker configuration
(hereon referred to as FST), designed for heavy flavor and jet measurements in
the EIC [846, 991], is presented here. The proposed FST covers pseudorapidities
between 1–3.5 and momenta up to 30 GeV. An integrated detector design with the
use of both FST and GEM tracker, which could be a cost effective option, are also
studied in detector simulation.

Detector Design The FST, which is implemented in Fun4All simulation, consists
of six planes of silicon sensor as shown in Figure 11.24. The FST detector design
parameters are listed in Table 11.9. The FST is placed between 35 cm and 300 cm
along the z axis. The inner radius of each plane changes with the z position to fit
the ion beam pipe geometry. Studies of the detector performance with different
pixel pitch and silicon thickness are documented in ref [846]. In the latest FST
detector design, the first three planes (plane 0-2) use a pixel pitch of 20 µm and a
silicon thickness of 50 µm that are close to the ALICE ITS-3 type sensor [1426,1427]
while the last three planes (plane 3-5) apply MALTA sensor properties [1477–1479].
With both sensor technologies, the FST can provide excellent spatial and timing
resolutions.
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Figure 11.22: Momentum resolution as a function of pseudorapidity demonstrating the ef-
fect of complementing the all-silicon tracker in the hadron-going (forward) direction. Each
panel corresponds to a different momentum bin, from 10 to 30 GeV/c. The black circles
correspond to the standalone all-silicon tracker (for a 10 µm × 10 µm pixel size). The red
squares and blue triangles correspond to the all-silicon tracker complemented with a 50-µm-
resolution GEM detector and a 10-µm-pixel silicon disk, respectively.

2 2.5 3 3.5
η

2
4
6
8

10
12
14
16
18

dp
/p

 [%
]

c10 < p < 15 GeV/
m pixel)µAll-Si (20 

m) GEMµ(50 σAll-Si + 

m pixel Si diskµAll-Si + 10 

at z = 300 cm
auxiliary tracking station

2 2.5 3 3.5
η

2
4
6
8

10
12
14
16
18

dp
/p

 [%
]

c15 < p < 20 GeV/

2 2.5 3 3.5
η

2
4
6
8

10
12
14
16
18

dp
/p

 [%
]

c20 < p < 25 GeV/

2 2.5 3 3.5
η

2
4
6
8

10
12
14
16
18

dp
/p

 [%
]

c25 < p < 30 GeV/

Figure 11.23: Same as Fig. 11.22, but for a 20 µm × 20 µm all-silicon-tracker pixel size.

Figure 11.24: FST setup in Fun4All
simulation.

Plane
z rin rout pixel silicon

(cm) (cm) (cm) Pitch (µm) thickness (µm)
0 35 4 25 20 50
1 62.3 4.5 42 20 50
2 90 5.2 43 20 50
3 115 6 44 36.4 100
4 125 6.5 45 36.4 100
5 300 15 45 36.4 100

Table 11.9: FST geometry parameters

Detector Integration Integrated detector setups are also implemented in the sim-
ulation. The first setup, which is shown in Fig. 11.24, includes an additional gas
RICH with aerogel and C2F6 gas as radiator. The second setup replaces the last
plane (plane 5) of FST with a mockup GEM tracker. The GEM tracker, which con-
sists of three planes filled with methane, covers 1.5 < η < 3.5. The material bud-
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gets of the integrated setups are shown in Fig. 11.25. The material budgets of the
first and the second integrated setup are < 8% X0 and < 10% X0 at η < 3.3, respec-
tively.

1 2 3 η0

0.1

0.2

0
X

/X Beam pipe
Beam pipe+FST (6 planes)
Beam pipe+FST (6 planes)+Gas RICH

1 2 3 η0

0.1

0.2

0
X

/X Beam pipe
Beam pipe+FST (5 planes)
Beam pipe+FST (5 planes)+Gas RICH
Beam pipe+FST (5 planes)+Gas RICH+GEM

Figure 11.25: Material budgets of different integrated detector setups.

Detector performance The momentum resolutions of the integrated detector setup
with the GEM are shown in Fig. 11.26. The results are fitted using Equation (11.1).
The fit results of different detector setups are listed in Table 11.10. The momentum
resolutions of the integrated detector setups with the 3 T (1.4 T) magnet are < 10%
(18%) and < 4% (8%) at η < 1 and η > 1, respectively. Comparing results of
different detector setups as shown in Table 11.10, the additional gas RICH wors-
ens the momentum resolutions by about 1% at η > 2.5. Furthermore, Table 11.10
shows that replacing the last plane of FST with a GEM tracker does not signifi-
cantly change the momentum resolution. The DCAT resolutions of the integrated
detector setups with the GEM tracker are shown in Fig. 11.27. The DCAT reso-
lutions are fitted using Equation (11.2). The fit results of different detector setups
with the use of the 3 T magnetic field are listed in Table 11.11. The fit results of
DCAT resolutions with the use of the 1.4 T magnetic fields are not shown in Ta-
ble 11.11 as the DCAT resolutions show a weak dependence on the magnetic fields.
Table 11.11 shows that the DCAT resolutions are < 50 µm and < 110 µm at η < 2
and η > 2, respectively. Furthermore, Table 11.11 shows that the replacement of
the last plane of FST with the GEM tracker gives no significant differences in DCAT
resolution. The results of momentum and DCAT resolutions, which show that re-
placing the last plane of FST by the GEM tracker does not give significant differ-
ences in detector performance, make the integrated detector setup with the GEM
tracker an possible option considering the potential of lower cost of a GEM tracker
compared to a silicon detector with a large pseudorapidity coverage needed for
the RICH detector.
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Figure 11.26: Momentum resolutions as a function of input momentum of the integrated
detector setup with the beam pipe, the barrel tracker, the five-plane FST, the gas RICH and
the GEM tracker. The dash lines are the fits using Equation (11.1). The fit results are shown
in Table 11.10.
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Figure 11.27: DCAT resolutions as a function of input transverse momentum of the inte-
grated detector setup with the beam pipe, the barrel tracker, the five-plane FST, the gas
RICH and the GEM tracker. The dash lines are the fits using Equation (11.2). The fit results
are shown in Table 11.11.

Hybrid Tracking Option (Si-Vertex + Gaseous Detector Trackers)

Barrel: Silicon Vertex + TPC Figure 11.28 shows the simulated layout of this hy-
brid configuration. The silicon part is made of three layers close to the beampipe
(vertexing layers) and two layers at larger radii (tracking layers) in the central re-
gion, and seven disks in the forward and backward regions. A TPC surrounds
the central region and two TPC endcaps are placed after the silicon disks in both
forward and backward regions.

The silicon detector parameters are based on the ALICE ITS3 technology. The
vertexing layers have a material budget of 0.05% X/X0 each, the tracking layers
0.55% X/X0, and the disks each have a material budget of 0.24% X/X0. The pixel
size is 10× 10 µm2. The placements and parameters of barrel layers and disks are
described in detail in Tables 11.12a and 11.12b. The table for the disks only shows
the forward region, since this detector layout is symmetric in z. The radial posi-
tions for the barrel layers are based on the minimum distance between layers used
in the ALICE ITS2 system [1480]. While it may be possible to put layers closer
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Table 11.10: Fit parameters of the momentum resolutions of different detector integration
setups.

η B field
FST (6 planes) FST (6 planes) + RICH FST (5 planes) + RICH + GEM

A (%/GeV) B (%) A (%/GeV) B (%) A (%/GeV) B (%)

1.0–1.5
3 T 0.039 0.568 0.040 0.551 0.032 0.597

1.4 T 0.076 1.039 0.077 1.120 0.070 1.088

1.5–2.0
3 T 0.019 0.454 0.018 0.448 0.013 0.445

1.4 T 0.039 0.839 0.039 0.882 0.026 0.876

2.0–2.5
3 T 0.032 0.687 0.035 0.682 0.028 0.704

1.4 T 0.068 1.346 0.070 1.374 0.051 1.402

2.5–3.0
3 T 0.037 1.190 0.062 1.306 0.062 1.336

1.4 T 0.086 2.362 0.127 2.607 0.123 2.629

3.0–3.5
3 T 0.063 1.746 0.095 2.069 0.095 2.278

1.4 T 0.124 3.378 0.189 4.305 0.189 4.868

Table 11.11: Fit parameters of the DCAT resolutions of different detector setup with the use
of the 3 T magnetic field.

η
FST (6 planes) FST (6 planes) + RICH FST (5 planes) + RICH + GEM

A (µm·GeV) B (µm) A (µm·GeV) B (µm) A (µm·GeV) B (µm)
1.0–1.5 41.54 14.19 39.47 14.39 40.73 14.06
1.5–2.0 49.57 8.24 48.49 8.43 51.56 7.36
2.0–2.5 57.87 13.73 54.79 14.16 59.58 11.48
2.5–3.0 76.78 20.42 81.63 21.13 83.90 20.35
3.0–3.5 77.79 29.71 95.90 30.01 104.95 31.55

together, using these distances give a detector that is plausible to build with cur-
rently existing technologies and structure solutions. Each detector layer is built up
of overlapping staves, consisting of several chips along with material representing
cables, cooling pipes, and simple support structures.

Momentum and pointing resolutions; Studies for the resolutions are made in the
following parameter space:

• Transverse momentum range: 0 to 30 GeV/c

• Pseudorapidity: −1.0 ≤ η ≤ 1.0, 1.0 ≤ η ≤ 2.5, 2.5 ≤ η ≤ 3.5

• Magnetic field: 1.5 T and 3.0 T

Since this detector layout is symmetric, negative pseudorapidities will have the
same resolutions as the positive ones. Positive pions are used, with 1,000,000
events in each pseudorapidity range.
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Figure 11.28: New hybrid baseline layout. The silicon layers and disks are shown in green,
and the TPC in light blue.

Layer Length Radial position
Layer 1 420 mm 36.4 mm
Layer 2 420 mm 44.5 mm
Layer 3 420 mm 52.6 mm
Layer 4 840 mm 133.8 mm
Layer 5 840 mm 180.0 mm
TPC start 2110 mm 200.0 mm
TPC end 2110 mm 780.0 mm

(a) Barrel region

Disk z position Inner radius Outer radius
Disk 1 220 mm 36.4 mm 71.3 mm
Disk 2 430 mm 36.4 mm 139.4 mm
Disk 3 586 mm 36.4 mm 190.0 mm
Disk 4 742 mm 49.9 mm 190.0 mm
Disk 5 898 mm 66.7 mm 190.0 mm
Disk 6 1054 mm 83.5 mm 190.0 mm
Disk 7 1210 mm 99.3 mm 190.0 mm

(b) Disk region

Table 11.12: Positions and lengths of detector parts in the barrel region and the disk re-
gion. In the disk region, the seven disks in the forward region are shown, but this layout is
symmetric so it is the same with reversed sign on the z position in the backward region.

The formulae for resolution parametrisation are given in Equation 11.3, where A
and B indicate constants.

σp

p
= A · p⊕ B =

√
(A · p)2 + B2,

σxy

pT
=

A
pT
⊕ B =

√(
A
pT

)2

+ B2 (11.3)

This parametrisation works well for the pointing resolution, but it has limitations
for the relative transverse momentum resolution when using a gas TPC. In this
case, as can be seen from Figure 11.29, the parametrisation works well for pT be-
tween 0 and 4 GeV/c , but the resolution value goes into a less steep linear in-
crease after this point. The figure shows the relative transverse momentum res-
olution versus transverse momentum for both a 1.5 T field and a 3.0 T field, and
the dashed line shown is the parametrisation provided by the Physics Working
Group. Fits to these data will be split up in momentum intervals to characterise
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Figure 11.29: Relative transverse momentum resolution versus transverse momentum, for
the baseline hybrid silicon plus TPC layout. The data are for the central region (−1 ≤ η ≤ 1).
The blue curve shows the resolution for a 1.5 T field, and the green curve shows the resolu-
tion for a 3.0 T field. The red line shows the relative momentum resolution parametrisation
requirement as given by the Physics Working Group (see Equation 11.3).

the two clear regions (above and below 4 GeV/c ) separately. The pseudorapidity
interval 1 ≤ η ≤ 2.5 receives similar treatment. The final results from the relative
transverse momentum fits, with parameters taken from Equation 11.3 can be seen
in Table 11.13 for a 1.5 T field and a 3.0 T field. The same can be seen for the full
momentum resolution (i.e. p rather than pT) in Table 11.14.

Table 11.13: Relative transverse momentum resolution fit parameters for a 1.5 T magnetic
field and a 3.0 T magnetic field, using the fit presented in Equation 11.3.

Interval pT interval Fit 1.5 T [%] Fit 3.0 T [%]
−3.5 ≤ η ≤ −2.5 0 to 30 GeV/c A = 0.6± 0.01, B = 4.2± 0.03 A = 0.3± 0.01, B = 2.1± 0.01
−2.5 ≤ η ≤ −1.0 0 to 4 GeV/c A = 0.5± 0.01, B = 0.9± 0.01 A = 0.2± 0.01, B = 0.5± 0.01

4 to 30 GeV/c A = 0.1± 0.01, B = 2.2± 0.01 A = 0.06± 0.001, B = 1.1± 0.01
−1.0 ≤ η ≤ 1.0 0 to 4 GeV/c A = 0.2± 0.01, B = 0.4± 0.01 A = 0.1± 0.01, B = 0.2± 0.01

4 to 30 GeV/c A = 0.07± 0.001, B = 1.1± 0.01 A = 0.03± 0.001, B = 0.5± 0.01
1.0 ≤ η ≤ 2.5 0 to 4 GeV/c A = 0.5± 0.01, B = 0.9± 0.01 A = 0.2± 0.01, B = 0.5± 0.01

4 to 30 GeV/c A = 0.1± 0.01, B = 2.2± 0.01 A = 0.06± 0.001, B = 1.1± 0.01
2.5 ≤ η ≤ 3.5 0 to 30 GeV/c A = 0.6± 0.01, B = 4.2± 0.03 A = 0.3± 0.01, B = 2.1± 0.01

Table 11.15 shows the fit values for the transverse pointing resolution data from
simulations, using the silicon plus TPC hybrid baseline detector. Table 11.16 shows
the same for the longitudinal pointing resolution.

These results show that the requirements on pointing resolutions can be met with
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this layout and the ITS3-like technology, in all regions. The relative momentum
resolution does not meet the requirements however, especially with a 1.5 T mag-
netic field. With a 3.0 T magnetic field the requirements are met apart from at
|η| ≥ 2.5.

Minimum-pT limit; The minimum reconstructable pT is investigated in the full
pseudorapidity range, by sending out low-momentum (0 to 0.5 GeV/c in pT) kaons
and pions from the vertex, and seeing what fraction of total tracks in a region can
be reconstructed, using a simple fast Kalman filter reconstruction algorithm. Im-
proved reconstruction methods may fare better, but as an approximation of the
highest limit of the minimum-pT that can be reconstructed, this method is deemed
feasible. Table 11.17 contains minimum reconstructable pT values for different
pseudorapidity regions. Results for pions and kaons are similar, and thus only
one value is presented, representing the cutoff point where 90% of events are re-
constructed. This cutoff point is important to keep in mind; lower pT tracks can
also be reconstructed up to a point, but less efficiently.

Barrel: Silicon Vertex + Cylindrical MPGDs

In the barrel, the silicon vertex tracker can be complemented by several layers of
MPGDs, i.e. a barrel MPGD tracker (BMT). Each cylindrical layer of the MPGD
tracker consists of curved detector elements (tiles) of about 50 cm in width and
long enough to cover the range |η| < 1. Each detector element is considered to
have a 2D readout and the spatial resolutions both in the z and the r · ϕ direc-
tions are assumed to be 150 µm. The detailed implementation in simulation of
each tile is based of the technology developed for the CLAS12 barrel Micromegas
tracker [1448]: the material budget in the active area of each detector is about
0.3% X/X0. The tiles in each layer are separated by a gap of about 2 cm of printed
circuit board with a copper layer that mimic the routing of the readout lines back
to the end caps.

Figure 11.30 shows a possible configuration of the MPGD tracker with six layers:

Table 11.14: Relative momentum resolution fit parameters for a 1.5 T magnetic field and a
3.0 T magnetic field, using the fit presented in Equation 11.3.

Interval Mom. interval Fit 1.5 T [%] Fit 3.0 T [%]
−3.5 ≤ η ≤ −2.5 0 to 30 GeV/c A = 0.09± 0.005, B = 3.71± 0.046 A = 0.05± 0.003, B = 1.90± 0.024
−2.5 ≤ η ≤ −1.0 0 to 8 GeV/c A = 0.24± 0.003, B = 0.67± 0.011 A = 0.11± 0.002, B = 0.33± 0.006

8 to 30 GeV/c A = 0.07± 0.001, B = 1.81± 0.020 A = 0.04± 0.001, B = 0.88± 0.010
−1.0 ≤ η ≤ 1.0 0 to 5 GeV/c A = 0.21± 0.002, B = 0.34± 0.004 A = 0.11± 0.001, B = 0.18± 0.003

5 to 30 GeV/c A = 0.06± 0.0004, B = 1.09± 0.007 A = 0.03± 0.0002, B = 0.54± 0.003
1.0 ≤ η ≤ 2.5 0 to 8 GeV/c A = 0.24± 0.003, B = 0.67± 0.011 A = 0.11± 0.002, B = 0.33± 0.006

8 to 30 GeV/c A = 0.07± 0.001, B = 1.81± 0.020 A = 0.04± 0.001, B = 0.88± 0.010
2.5 ≤ η ≤ 3.5 0 to 30 GeV/c A = 0.09± 0.005, B = 3.71± 0.046 A = 0.05± 0.003, B = 1.90± 0.024
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Table 11.15: Transverse pointing resolution fit parameters, using the fit presented in Equa-
tion 11.3.

Interval Fit 1.5 T [µm] Fit 3.0 T [µm]
−3.5 ≤ η ≤ −2.5 A = 49.3± 0.2, B = 9.64± 0.02 A = 48.5± 0.2, B = 9.58± 0.02
−2.5 ≤ η ≤ −1.0 A = 23.3± 0.1, B = 3.32± 0.01 A = 23.1± 0.1, B = 3.31± 0.01
−1.0 ≤ η ≤ 1.0 A = 14.1± 0.1, B = 2.11± 0.01 A = 13.7± 0.1, B = 2.14± 0.01
1.0 ≤ η ≤ 2.5 A = 23.3± 0.1, B = 3.32± 0.01 A = 23.1± 0.1, B = 3.31± 0.01
2.5 ≤ η ≤ 3.5 A = 49.3± 0.2, B = 9.64± 0.02 A = 48.5± 0.2, B = 9.58± 0.02

Table 11.16: Longitudinal pointing resolution fit parameters, using the fit presented in Equa-
tion 11.3.

Interval Fit 1.5 T [µm] Fit 3.0 T [µm]
−3.5 ≤ η ≤ −2.5 A = 596.9± 1.5, B = 41.05± 0.12 A = 596.5± 1.5, B = 40.79± 0.12
−2.5 ≤ η ≤ −1.0 A = 78.3± 0.2, B = 3.11± 0.02 A = 78.1± 0.2, B = 3.12± 0.02
−1.0 ≤ η ≤ 1.0 A = 23.2± 0.1, B = 2.64± 0.01 A = 22.9± 0.1, B = 2.64± 0.01
1.0 ≤ η ≤ 2.5 A = 78.3± 0.2, B = 3.11± 0.02 A = 78.1± 0.2, B = 3.12± 0.02
2.5 ≤ η ≤ 3.5 A = 596.9± 1.5, B = 41.05± 0.12 A = 596.5± 1.5, B = 40.79± 0.12
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Figure 11.30: (left) A possible configuration of the cylindrical MPGD tracker with two pairs
of layers at mid way between the SVT and the four outer detector layers. The material bud-
get of the hybrid detector with MPGD layers (center) is comparable with the TPC solution
(right). In the stack plots, the contribution of the beam pipe in blue, in gray the one of the
silicon vertex detector and in green the MPGD tracker (or TPC) contribution.

two layers are placed at a radial distance from the beam pipe of about 50 cm and
four layers are placed at about 80 cm. Several configurations have been investi-
gated: one configuration with six layers equally spaced at regular radial intervals,
one with three pairs of layers (inner, middle and outer pairs) and a configuration
with two layers in the middle and four layers in the outer part of the barrel. Ta-
ble 11.18 shows the radial position of the layers for the last two configurations.

Studies of the relative momentum resolution have been performed by simulat-
ing five thousand π− per momentum bin in the range |η| < 0.5 with a solenoid
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Table 11.17: Minimum reconstructable pT, using simple Kalman filter reconstruction algo-
rithm, for different pseudorapidity intervals. This study is done using the silicon plus TPC
baseline layout.

η interval Min-pT, 1.5 T Min-pT, 3.0 T
−3.0 ≤ η ≤ −2.5 100 MeV/c 150 MeV/c
−2.5 ≤ η ≤ −2.0 130 MeV/c 220 MeV/c
−2.0 ≤ η ≤ −1.5 70 MeV/c 160 MeV/c
−1.5 ≤ η ≤ −1.0 150 MeV/c 300 MeV/c
−1.0 ≤ η ≤ 1.0 200 MeV/c 400 MeV/c
1.0 ≤ η ≤ 1.5 150 MeV/c 300 MeV/c
1.5 ≤ η ≤ 2.0 70 MeV/c 160 MeV/c
2.0 ≤ η ≤ 2.5 130 MeV/c 220 MeV/c
2.5 ≤ η ≤ 3.0 100 MeV/c 150 MeV/c

Table 11.18: Radial position of MPGD tracker layers used in the hybrid detector simulation

Layer Radial position
0 inner 198 mm
1 inner 217 mm
2 middle 477 mm
3 middle 496 mm
4 outer 719 mm
5 outer 736 mm
6 outer 756 mm
7 outer 775 mm

magnetic field of 1.5 T and 3 T. The beam pipe and the silicon vertex tracker are the
same as in Section 11.2.5. The results for the configurations with two middle layers
and three or four layers in the outer region are shown in Figure 11.31 together with
resolutions obtained with the hybrid TPC detector of Section 11.2.5. The hybrid
detectors studied (TPC and BMT) show similar relative momentum resolutions
overall, with the hybrid TPC solution performing better at very low momenta and
at higher momenta, while the hybrid BMT solution being better in the momentum
range 3 < p < 12 GeV/c. The results have been interpolated with the equation
shown in Equation 11.3 and are reported in Table 11.19. When compared to the
PWG requirements, these results echo those presented in Section 11.2.5, in partic-
ular the results at 3 T magnetic field exceed the PWG requirements.
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Figure 11.31: Relative transverse momentum resolutions of two hybrid detector configu-
rations with MPGD cylindrical layers compared toe the configuration with the TPC: (left)
with a magnetic field of 1.5 T and (right) 3 T. The configuration “2m 4o” is depicted in Fig-
ure 11.30. The “2m 3o” only has three layers in the outer region.

Table 11.19: Results of the fitting of the relative momentum resolutions for two hybrid BMT
configurations.

B = 1.5 T B = 3.0 T
p < 4 GeV/c p > 4 GeV/c p > 0.5 GeV/c

A (c/GeV) B A (c/GeV) B A (c/GeV) B
BMT 2m 3o 0.161±0.007 0.656 ± 0.008 0.091±0.007 0.81 ± 0.01 0.0456 ± 0.0005 0.402 ± 0.007
BMT 2m 4o 0.15±0.01 0.65 ± 0.01 0.083±0.0008 0.81 ± 0.01 0.0427 ± 0.0004 0.391 ± 0.005

Hadron & Electron End Cap: MPGDs

The tracking in the forward region of the hybrid configuration is composed of two
large–area GEM stations, the inner forward GEMs and the outer forward GEMs,
with each station made of three disks of triple-GEM detectors as shown in a stan-
dard BEAST detector geometry in Fig. 11.32 (left). Using the EicRoot simulation
framework, we have studied the impact of inner and outer GEMs on the momen-
tum resolution and the number of hits available for track fitting as a function of
particle scattering angle and particle momentum. The simulated detector compo-
nents include the beam pipe, the vertex and forward silicon trackers, the time pro-
jection chamber (TPC), the inner forward GEM station, the ring imaging Cerenkov
(RICH) detector gas volume, and the outer forward GEM station behind the RICH.
Specifically, the impact of the outer GEM detector on the tracking performance is
studied by comparing the performance of the BeAST detector in the standard con-
figuration with only the inner GEMs against the configuration including the outer
GEMs while varying the particle parameters (scattering angle and momentum).
Here, it is assumed that the detector would operate with a 1.5 T B-field. The scat-
tering angle θ is varied from 5◦ to 75◦. The outer GEMs impact performance within
their angular acceptance of 5◦ < θ < 35◦ ( 3.1 > η > 1.15). The dimensions of the
outer GEMs in these simulations are chosen to closely match the acceptance of the
inner GEMs.
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Figure 11.32: Left: Simulated BeAST geometry with outer forward GEM detectors. Right:
Momentum resolution vs. momentum for pions at fixed scattering angle θ = 15.41◦ (η = 2.0)
with (orange) and without (blue) outer forward GEMs.

Fig. 11.32 (right) shows the momentum resolution as a function of momentum
while keeping the scattering angle fixed at θ = 15.41◦ (η = 2.00). It demonstrates
that the significant improvement from outer GEMs holds over a large momentum
range from 1 - 60 GeV/c. From the results shown in Fig. 11.33 (left), it is clear
that the outer GEMs significantly improve the momentum resolution, particularly
for small scattering angles where the improvement reaches a factor of two. The
particular structure of the graph is presumably due to the varying number of hits
on the individual detectors. In order to verify this, we plot the average number of
hits in each tracking subdetector as a function of θ in Fig. 11.33 (right). Over the
full 5◦ < θ < 35◦ acceptance region of the outer forward GEM, both inner and
outer GEM subdetectors provide a constant number of hits while the number of
TPC hits drops rapidly below θ = 15◦ and the number of vertex hits is down to
one hit below θ = 18◦ . In this angular range, the number of forward Si hits is
comparable to the number of hits in each GEM subdetector. The design of the two
GEM subdetector is very similar, so adding the outer forward GEM doubles the
total number of GEM hits in this region. The forward Si detector, inner GEMs, and
outer GEMs each contribute roughly a third to the total number of track hits in
this region. This explains the significant impact of the outer forward GEM in the
angular range below θ = 15◦ (η > 2).

Transverse Momentum Resolution Study A study on the impact of the magnetic
field strength on the transverse momentum resolution was performed using a
model of the hybrid detector including TPC with a longitudinal hit point reso-
lution given by Equation 11.4 where D is the drift distance, A = 100µm/

√
cm

and B = 500µm, and a transverse hit point resolution also given by Equation 11.4
with A = 15µm/

√
cm and B = 200µm, and vertical pad size of 0.5cm; Silicon Ver-

tex Tracker with hit point resolution of 5.8µm× 5.8µm; Forward Silicon Tracker
with hit point resolution of 5.8µm× 5.8µm; forward GEM trackers with hit point
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Figure 11.33: Left: Momentum resolution vs. scattering angle θ for 10 GeV/c pion tracks
in a 1.5 T magnetic field from simulation of the standard BeAST detector with (gray) and
without (orange) outer forward GEMs added. Right: Average number of hits in each track-
ing subdetector (vertex, TPC, silicon, inner and outer GEMs) vs. scattering angle θ for this
configuration.

resolution of 50µm × 50µm; far-forward GEM trackers with hit point resolution
of 100µm × 100µm; material for the gas RICH between the inner forward GEM
trackers and outer forward GEM trackers is also included. This model is shown in
Figure 11.34.

The placements and parameters of barrel layers and disks are described in detail
in Tables 11.20a and 11.20b.

Figure 11.34: Hybrid barrel with forward GEM layers. TPC is shown in teal, the silicon
layers within the TPC are shown in yellow, the forward GEM layers are shown in yellow,
and the RICH is shown in purple.

σ = A ·
√

D[cm]⊕ B =

√
(A ·

√
D[cm])2 + B2 (11.4)
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Table 11.20: Positions and lengths of detector parts in the barrel region and the disk region.

(a) Barrel region

Layer Length Radial position
Layer 1 270 mm 23.4 mm
Layer 2 270 mm 46.8 mm
Layer 3 420 mm 140.4 mm
Layer 4 420 mm 157.2 mm
TPC start 1960 mm 200.0 mm
TPC end 1960 mm 800.0 mm

(b) Disk region

Disk z position Inner radius Outer radius
Disk 1 250 mm 18.0 mm 185.0 mm
Disk 2 400 mm 18.0 mm 185.0 mm
Disk 3 600 mm 18.0 mm 185.0 mm
Disk 4 800 mm 18.0 mm 185.0 mm
Disk 5 1000 mm 18.0 mm 185.0 mm
Disk 6 1210 mm 18.0 mm 185.0 mm

Studies for the resolutions are made in the following parameter space:

• Transverse momentum range: 0 to 30 GeV/c

• Pseudorapidity: η = 1.25, 1.5, 1.75, 2.0, 2.5, and 3.0

• Magnetic field: 1.5 T and 3.0 T

In the simulation positive pions are used, with 1000 events for each transverse
momentum value at each pseudorapidity value.

The formula for resolution parameterization is given in Equation 11.5, where A
and B indicate constants.

σpT

pT
= A · pT ⊕ B =

√
(A · pT)2 + B2 (11.5)

As noted in the studies from Section 11.2.5, this parameterization has limitations
for the relative transverse momentum resolution when using a gas TPC. In this
case, as can be seen from Figure 11.35a, the trend of the resolution values changes,
going into a less steep linear increase after 5 GeV/c. So the parameterization is
done in two regions. The figure shows the relative transverse momentum resolu-
tion versus transverse momentum for both a 1.5 T field in green and a 3.0 T field
in magenta.

Fits to these data will be split up in momentum intervals to characterise the two
clear regions (above and below 5 GeV/c) separately. The evaluation of resolutions
at pseudorapidity values η ≤ 2.0 are treated this way. The final results from the
relative transverse momentum fits, with parameters taken from Equation 11.5, can
be seen in Table 11.21 for a 1.5 T field and a 3.0 T field. With a TPC that reflects the
material budget and resolution of the sPHENIX TPC, a 3T magnetic field would
be needed for the current gas-silicon hybrid detector to meet the current physics
tracking momentum resolution requirements in the central region. However, it
should be noted that an EIC optimized TPC (material budget, gas choice, etc.) still
needs to be investigated and could yield different conclusions. Additionally, as
the TPC resolution deteriorates at larger rapidities and the endcap trackers kick in,
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Figure 11.35: Relative transverse momentum resolution versus transverse momentum. The
data are for the pions at η = 1.25 (left) and at η = 2.5 (right). The green points shows the
resolution for a 1.5 T field, and the magenta points show the resolution for a 3.0 T field. The
dashed blue line represents the physics momentum tracking requirement, which is calcu-
lated from values in Table 11.21 (assuming p = pT), and Equation 11.5 for the eta range:
1.0 < |η| < 1.5 (left) and 2.5 < |η| < 3.0 (right).

within this detector setup, a 3T field would not meet the required physics require-
ments for high momenta particles at large rapidity. This shows that additional
tracking elements will be needed.

Table 11.21: Relative transverse momentum resolution fit parameters for a 1.5 T magnetic
field and a 3.0 T magnetic field, using the fit presented in Equation 11.5.

η Interval pT Interval
Fit 1.5 Tesla Fit 3.0 Tesla

A [%/(GeV/c)] B [%] A [%/(GeV/c)] B [%]

η = 1.25
0 to 5 GeV/c 0.203± 0.009 0.772± 0.019 0.095± 0.005 0.411± 0.010
5 to 30 GeV/c 0.046± 0.002 1.269± 0.025 0.021± 0.001 0.666± 0.012

η = 1.5
0 to 5 GeV/c 0.228± 0.019 1.361± 0.034 0.128± 0.009 0.721± 0.017
5 to 30 GeV/c 0.068± 0.003 1.819± 0.037 0.034± 0.002 0.931± 0.019

η = 1.75
0 to 5 GeV/c 0.356± 0.023 1.745± 0.048 0.183± 0.011 0.905± 0.022
5 to 30 GeV/c 0.097± 0.004 2.524± 0.057 0.048± 0.002 1.309± 0.027

η = 2.0
0 to 5 GeV/c 0.459± 0.025 1.882± 0.051 0.210± 0.013 1.029± 0.027
5 to 30 GeV/c 0.196± 0.006 2.959± 0.085 0.090± 0.002 1.506± 0.036

η = 2.5 0 to 30 GeV/c 0.426± 0.006 2.445± 0.046 0.214± 0.003 1.299± 0.026
η = 3.0 0 to 30 GeV/c 1.077± 0.020 4.668± 0.109 0.520± 0.007 2.143± 0.048

Fast tracking Layers & Additional PID detectors

Fast Signal & High Resolution MPGDs for DIRC in the Barrel Region For the sce-
nario where a TPC is chosen as the central tracker option for the EIC detector and
MAPS technology is adopted as the vertex tracker, we have identified three strong
motivations for the need of a high-precision and fast-signal tracking detector to
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complement the inherent limitations of the TPC + MAPS as main tracking detec-
tors in the barrel region.

High angular resolution tracking layer for the barrel PID detector: Particle iden-
tification at an EIC is going to be critical. High angular tracking resolution will
improve the effectiveness of the PID detectors, in particular the DIRC and RICH
detectors. We have studied the impact that our fast cylindrical µRWELL trackers
would have on the angular tracking resolution in the central region.

We simulated a detector setup within the EicRoot framework, which implemented
a silicon vertex tracker, TPC, and cylindrical µRWELL trackers [1481]. The study
was performed with π− particles in a 1.5 T magnetic field for scattering angles of
43o, 66o, and 89o over a momentum range of 1 to 7 GeV. We find an improvement
in the angular resolution of tracks entering and exiting the DIRC when cylindrical
µRWELL layers are located in front and behind the DIRC [1481]. The simulation
studies demonstrate that the two layers configuration surrounding the DIRC de-
tector will improve the PID detector performances, and help aid in achieving the
required 3σ π/K separation at 6 GeV.

High space point resolution tracking layer for TPC field distortions correc-
tion/calibration: In addition to providing the angular resolution information to
the DIRC detector, cylindrical µRWELL layers will also provide precision tracking
to calibrate the TPC tracks and help correct for well known ”scale distortions”
of TPC tracks. For this case, the optimal configuration will be two cylindrical
µRWELL layers, the first inside the TPC inner field cage and the second outside.
We are performing simulation studies for the two-layers configurations to evaluate
the performances.

Fast tracking layer to complement slow TPC and MAPS detector Both TPC and
MAPS technologies are slow detectors and having an additional fast tracker with a
timing resolution of a few ns will be required to provide the bunch crossing timing
information to the reconstructed vertex as well as central tracks. µRWELL detector
technologies provides the timing resolution better than 9 ns [1482–1484] needed to
satisfy these requirements

MPGD-based-TRDs for Electron PID and Tracking in the End Caps Identification
of secondary electrons plays a very important role for physics at the Electron-
Ion Collider (EIC). J/ψ has a significant branching ratio for decays into leptons
(the branching ratio into e+e− is ∼ 6%). The branching ratio of D-mesons is
Br(D+ → e+ X)∼ 16% and the branching ratio of B-mesons is Br(B± → e+ ν+ Xc
) ∼ 10% , and also not negligible contributions from B → D → e + X. Elec-
tron identification is also important for many other physics topics, such as spec-
troscopy, beyond the standard model physics, etc. By using more sophisticated
electron identification the efficiency of those channels could be increased. A high
granularity tracker combined with a transition radiation option for particle identi-
fication could provide additional information necessary for electron identification
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or hadron suppression in the energy range from 2-100 GeV (note, that pions only
start to emit TR-photons above ∼150 GeV, which are beyond the EIC kinematic
range). Due to asymmetric beam energies and boosted kinematics, it is impor-
tant to provide such additional instrumentation in the hadron endcap. The basic
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Figure 11.36: The concept of GEM-based TRD (left), the prototype scheme (middle), proto-
type in testbeam setup (right)

concept of GEM-based TRD is shown on the Fig. 11.36. A standard triple-GEM de-
tector [1439] with high granularity strip pitch (400 µm) capable of providing high
resolution space point position information was converted into a transition radi-
ation detector and tracker (GEM-TRD/T) [1485]. This was achieved by making
several modifications to the standard GEM tracker. First, since heavy gases are
required for efficient absorption of X-rays, the operational gas mixture has been
changed from an Argon based mixture to a Xenon based mixture. Secondly, the
drift region needed to be increased from ∼3 mm to 20-30 mm in order to detect
more energetic TR photons. To produce the TR photons, a TR radiator was in-
stalled in front of the GEM entrance window. Finally, the standard APV25 GEM
readout electronics was replaced with faster electronics based on FADCs [1486]
developed for the JLab GlueX Drift Chambers. A GEANT4 simulation was per-
formed to optimize the radiator and detector thicknesses for a single chamber
(Fig. 11.36). The G4XTRGammaRadModel model was used for the fleece radia-
tor, which was implemented in GEANT4 as an irregular type of radiator with a
given density and two parameters (α1, α2), which define the spread of materials
and air-gaps within a radiator. Due to the self-absorbing property of the radiator,
soft photons (3-6 keV) generated within the first few centimeters of the TR-radiator
will be absorbed, leading to an increase in the hard X-ray photon spectrum at the
exit from the radiator. A thin layer of gas in Xe-based detector will not be effec-
tive at detecting hard X-ray photons. As one could see in Fig. 11.38 (left), rejection
power is saturated after 22cm of radiator for our GEM detector with 21mm gas
thickness, including 400µm of dead gas layer in front. Experimental data points
(stars) show a good agreement with MC projections. A TRD needs information
about the ionization along the track, to discriminate TR photons from the ioniza-
tion of the charged particle. The GEM-TRD/T prototype used a precise (125 MHz,
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12 bit) FADC [1486] coupled with fast shaper pre-amplifiers, developed at JLAB,
with a VME-based readout. The FADCs have a pipeline readout window of up to
8 µs, which covers the entire drift time (500 ns) of the GEM-TRD/T prototype and
gives a room for HV scan. The pre-amplifiers used GAS-II ASIC chips to provide
2.6 mV/fC amplification with a peaking time of 10 ns. For the e/π rejection factor

Figure 11.37: Left plot shows average energy deposition along the drift time (x-axis in fADC
time-bins). Right plot is output from Neural Network, showing the separation between
electrons and pions.

Figure 11.38: Rejection vs. TR-radiator
thickness.
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Figure 11.39: Single track reconstruction.

the amplitude and arrival time of each individual cluster along the drift time were
analyzed. All this information (up to 20 variables) was used as input for likelihood
and artificial neural network (ANN) programs, such as JETNET or ROOT-based
Multi-layer Perceptron. The ANN system was trained with MC or data samples
of incident electron and pions. Then an independent sample was used to evaluate
the performance. An example of such a training procedure is shown in Fig. 11.37.
A 90% efficiency for our electron identification was required. The neural network
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output for e/π rejection is shown Fig 11.38, demonstrating that a rejection factor of
around 9 could be achieved with a single module and ∼15 cm radiator. A single
GEM-TRD/T module has ∼ 3%X0 depending on a TR-radiator length.
As for tracking aspects, a standard GEM plane can only provide the 2D X-Y po-
sition of a track, while the GEM-TRD/T with increased drift volume and with
Flash ADC readout allows for 3D track segments to be reconstructed as in µ−TPC
configuration. In the hadron end cap region, in addition to the e/π rejection capa-
bilities, GEM-TRD track segment behind dRICH could be used to:

• measure a track angular resolution and therefore help to improve dRICH per-
formance;

• correct for a multiple scattering before EMCAL and improve tracking perfor-
mance for charged particles.

• improve pointing track resolution and cluster-seed position measurements
for EMCAL

• could be used as a seed-element for track finding algorithms.

Figure 11.39 shows projections of a typical 3D reconstructed track from the GEM-
TRD/T prototype. The left panel shows the track projection in XZ plane with Z the
drift time as a function of the cluster position in the X direction. The right panel
shows corresponding projection in YZ plane.

Readout structures for MPGDs Zigzag Shaped Charge Collection Anodes
The segmentation of the readout plane for MPGD-based detectors can play a crit-
ical role for the detector performance, especially for the spatial and angular reso-
lution and should be seriously considered for future experiments. To improve the
resolution, a typical strategy is to simply reduce the pitch of the anodes, but this
comes at the cost of greater instrumentation. As an alternative, highly interleaved
anode patterns, such as zigzags offer relatively coarse segmentation, while pre-
serving performance [1487] [1488]. By optimizing the three main operant geomet-
ric parameters of the zigzag (including the pitch, the periodicity of the zigzag, and
the degree of interleaving, here referred to as the “stretch” parameter), charge shar-
ing among neighboring pads or strips may be finely tuned for specific avalanche
schemes.

Fig. 11.40 compares the resolution as a function of the pitch for standard straight
strips and various zigzag parameters for GEM, Micromegas, and µRWELL detec-
tors. In all cases, the position resolution is comparable below a pitch of 1mm, but
the resolution quickly degrades for straight strips at larger pitch. This is mainly
due to poor charge sharing, where the majority of charge is collected by a single
pad. An equally beneficial feature of zigzags is the ability to maintain a highly
uniform and linear response across the full detector acceptance. The “out of the
box” detector response of optimized zigzag anodes is shown in Fig. 11.41, which
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Figure 11.40: Position resolution vs. pitch for straight strip and zigzag shaped anodes
in GEM, Micromegas and µRWELL detectors respectively, measured in a 120 GeV proton
beam. The resolution is shown for a zigzag period (d) of 0.5 mm and various stretch param-
eters (s). The resolution for straight strips is corrected using pad response functions, how-
ever the raw resolutions are quoted for the zigzags. The resolution for the straight strips is
broken down into regions of the readout dominated by single and multi-pad clusters (grey
points), where the red points denote the weighted average.

Figure 11.41: Raw residual distribution for zigzag anodes with pitch = 2 mm, period =
0.4 mm, and stretch = 0 % and a plot of the position resolution vs. pitch in the case of a
4-GEM detector, respectively.

includes a purely Gaussian raw residual distribution, without the need for pad re-
sponse functions, as in the case of straight strips. Ultimately, in situations where
the detector occupancy is fairly low and a relatively coarse readout segmentation is
acceptable, zigzag shaped charge collection anodes provide a very efficient means
of encoding high resolution positional information, with values remaining below
65 µm for a pitch as large as 3.3 mm as indicated in the right-hand plot.
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Comparison: requirements versus performance

The tracking performances of the two baseline detector concepts (“all-silicon” and
“hybrid” systems) have been compared with the corresponding requirements com-
ing from physics simulations reported in Table 11.2. While both reference systems
correspond to a total material budget well below the 5% X0 limit in the tracking re-
gion, the two options exhibit slightly different performances, in particular in terms
of relative momentum resolution as a function of total momentum and pointing
resolution in the transverse plane as a function of pT. Results coming from fit
description of the corresponding distributions according to the functional forms
( 11.1) and ( 11.2), have been reported in table 11.8 and tables 11.14, 11.15, for the
all-silicon and hybrid baseline respectively. They have been also extracted for the
two different values of the magnetic field currently under consideration, namely
1.5 T and 3 T. Tables 11.22 and 11.23 illustrate the comparison of the all-silicon
tracking performance for both fields with the corresponding requirements. The
transverse pointing resolution stays unchanged with varying magnetic field and
satisfies pretty well the requirements both at 1.5 T and 3 T field. The relative mo-
mentum resolution better matches the requirements for the higher field value and
in the central pseudo-rapidity region.

Table 11.22: Comparison of performance and requirements for the all-silicon concept at 1.5
T magnetic field.

The same comparison can be done for the performances worked out with the hy-
brid baseline concept, including also the preliminary estimate of the track recon-
struction efficiency at low transverse momenta reported in table 11.17. The cor-
responding comparison is shown in Tables 11.24 and 11.25 hereafter, again for
both the magnetic field values. Also for the hybrid tracker the transverse pointing
resolution performance does not depend on the magnetic field and satisfies the re-
quirements, while with the low magnetic field option the relative momentum res-
olution degradation brings the performance below the level set by requirements.
However, a more efficient reconstruction of the tracks at the lower transverse mo-
menta would better fit the physics requirements in this case.
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Table 11.23: Comparison of performance and requirements for the all-silicon concept at 3 T
magnetic field.

Table 11.24: Comparison of performance and requirements for the hybrid concept at 1.5 T
magnetic field.

Table 11.25: Comparison of performance and requirements for the hybrid concept at 3 T
magnetic field.

11.2.6 Material Budget Considerations

As is clear from the requirements, the silicon tracking layers require a very low
material budget per layer/disc and this need for low mass material budget in the
acceptance extends to the surrounding detectors. In order to assess the balance
of mass that contributes to the overall load, it is necessary to make an estimate
of the additional material in the fiducial volume that is associated with the track-
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ing detectors. The material budget for the tracking detector is dependent on the
parameters of the silicon sensors used, the architecture of the services (powering,
readout, cooling, monitoring, safety interlocks, etc.) employed in the deployed
detector design and the design and composition of the mechanical support struc-
tures used for precisely locating the tracking detector in the main detector volume.
A reasonable starting point for estimating the services load is to start with exist-
ing technology and powering/readout architectures and project what could be ex-
pected should we adopt what has been accomplished. The current state of the art
tracking detector of similar characteristics (MAPS sensors, 10/m2 of silicon area)
is the recently upgraded ALICE ITS. As part of the EIC User Group Yellow Report
activities, the service loads have been estimated and parameterized [1438]. These
estimates have been scaled for what can be expected for a detector system based
on the ITS3 sensor which is currently under development [1427]. These parame-
terizations are currently being added to the simulation efforts for the EIC silicon
detector baseline detector configurations so that the effects of these mass loads on
the physics measurements can be assessed. The largest mass in the services, by far,
is the power supply and return cabling. This can be addressed in multiple ways.
The most obvious avenue to explore is reducing the power required by the sensors.
This is under investigation. An EIC sensor based on the ITS3 type development is
expected to reduce the power needed by half to a dissipation of 20 mW/cm2. This
helps, but as the voltage supplied to the sensors is also reduced from 1.8V to 1.2V,
to maintain the cable voltage drops to manageable levels, a significant fraction of
the conductor is still required. It is possible to reduce the radiation length of the
power cabling by moving to copper clad aluminum conductors. This can help sig-
nificantly since the X0 of aluminum is a factor of ∼ 6 lower than the X0 of copper.
Using aluminum conductors unfortunately comes at a cost in space required by the
services since the conductivity of aluminum is 65% that of copper. Other options
would include significantly reducing the number of required conductors to power
the detector. This could be addressed by either serial powering of detector staves,
or the integration of radiation tolerant DC-DC converters at the stave ends [1489].
Both of these options require exploration and R&D to become viable. The readout
cabling is also a significant load. It could be possible to combine stave outputs and
multiplex the data from multiple staves on detector for readout over high speed
fiber optical connections. The multiplexing circuitry and fiber optic drivers would
need to be radiation tolerant. In addition, this reduction in the readout granularity
would lead to larger portions of the detector becoming inactive in the case of single
point failures in the multiplexing and fiber circuits. Clearly an optimization using
these factors will need to be carried out. This is also an area for targeted R&D. The
reduction in the sensor power dissipation using ITS3 like sensors would signifi-
cantly help the cooling requirements so smaller and possibly fewer lines could be
used. Air cooling is also a possibility, but the envisioned detector is very compact
and arranging proper flow and ducting would require careful study. For the de-
tector safety system sensors and environmental monitors, it is likely that the level
of services would be similar to what is seen in the ALICE ITS.
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11.3 Electromagnetic Calorimetry

The EIC is a collider with diverse physics topics that impose unique requirements
on the electromagnetic calorimeter (ECAL) design. Nearly all physics processes
require the detection of the scattered electron for the momentum or energy re-
construction and particle identification. The 3-momentum is measured with the
tracker and the energy is measured with ECAL. An excellent energy resolution of
ECAL is essential at small scattering angles where the momentum resolution of
the tracker is not expected to be sufficient. ECAL also must detect and identify
single photons from DVCS and photon pairs from π0 decays. The main tasks of
the ECAL can be summarized as:

• Detect the scattered electrons in order to separate them from pions and also
improve the energy/momentum resolution at large |η|.

• Detect neutral particles - photons, and measure the energy and the coordi-
nates of the impact.

• PID: separate secondary electrons and positrons from charged hadrons.

• Provide a spacial resolution of two photons sufficient to identify decays π0 →
γγ at high energies.

11.3.1 Requirements and Overview

The physics requirements on the EIC detectors are shown in Table 10.6 (also out-
lined in Ref. [1366, p. 25]). The requirements on ECAL are summarized in Ta-
ble 11.26. The kinematic range and the requirements for the electron detection in
ECAL was discussed at length in presentations [1490–1494] (see Fig.11.42). The
background to DIS electrons is shown in Fig.11.43. The expected particle flux at
the full luminosity is shown in Fig. 11.44.

η -4 to -2 -2 to -1 -1 to 1 1 to 4
σE/E ·

√
E/1 GeV 2% 7% 10-12% 10-12%

Table 11.26: The physics requirements on the ECAL energy resolution from Table 10.6.

The best energy resolution is required at η < −2. Such a resolution can be achieved
with heavy scintillating crystals. The best two-photon resolution is required at
η > 2, which can be achieved with a fine granularity of a detector made of heavy
materials, or by using a preshower detector with a fine granularity. The physics
goals favor a reasonably hermetic detector, covering a range of about −4 < η < 4.
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Figure 11.42: Calculated momentum spectra of particles in e + p 18 × 275 GeV collisions
[1491]. Left: DIS e− from PYTHIA [1371]; Middle: DVCS γ from MILOU [1378]; Right: π0

from PYTHIA.

Figure 11.43: Calculated momentum spectra of DIS electrons, photons and pions in e +
p 18× 275 GeV collisions [1491].

The space available for the entire EIC detector system is finite. This poses a prac-
tical constraint on the technologies for the EIC calorimeters. At the writing of
this Yellow Report no final decisions on the space have been made, but one can
consider general drivers of space constraints, e.g. tightness of the space in the end-
caps is driven by the luminosity requirements while the barrel calorimeter space
depends on the magnet design1. For example, with the BaBar magnet the outer di-
ameter of ECAL can go up to 140 cm, while the minimal radial thickness of ECAL
is about 30 cm (based on the sPHENIX experience). The space in the magnet barrel
is valuable for the momentum measurements, the PID etc. The general purpose

1The barrel ECAL is assumed to be located inside of the magnet’s bore. Placing ECAL outside of the magnet
cryostat would significantly compromise the performance. For example, the cryostat of the BaBar magnet is
about 1.4X0 thick [1495] which would add ≈ 10%/

√
E [1496] to the energy resolution for η = 0 particles,

and more at larger impact angles. Furthermore, it would strongly compromise the position resolution, e/π
separation and the reconstruction of high-energy π0s.
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Figure 11.44: Calculated particle and energy flux from DIS in e + p 10× 100 GeV collisions
at a luminosity of 1034 cm−2s−1, for η < 4. The top row shows the particle flux for electrons
plus photons (left) and for hadrons (right). The bottom row shows the energy flux.

detector illustrated in Fig. 9.3 allocates:

• ∆Z < 60 cm in the electron endcap;

• ∆R < 30 cm in the barrel;

• ∆Z < 40 cm in the hadron endcap;

Limited space generally favors calorimeter materials with a short radiation length
(X0).

The expected particle flux (Fig. 11.44) is relatively low. In the electron arm the
highest flux from DIS and photoproduction at small angles is below 0.5 kHz for a
2× 2 cm2 module. Taking into account the leakage from the adjacent modules the
signal rate per module is expected to be < 5 kHz in the electron arm. In the hadron
arm the signal rate is expected to be < 20 kHz per similar module. The contribu-
tion from various accelerator backgrounds remains to be evaluated. The calculated
energy flow in this area (Fig. 11.44) allows to evaluate a dose rate of about 1.2 krad
per full year. Several specifications for ECAL follow from the particle spectra and
flux:

• The energy range depends on η (Fig.11.42).
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• The expected particle flux from the ep collisions is below a few kHz per mod-
ule. The expected signal rate is below a few dozens of kHz per module.

• The timing resolution should be good enough to separate the bunches (≈
10 ns apart).

• Moderate radiation hardness up to 3 krad/year (30 Gy/year) electromagnetic
and 1010 n/cm2 hadronic at the top luminosity.

Only light-collecting calorimeters for the EIC have been considered in this report 2

ECAL will be located in a strong magnetic field - in the bore of the solenoid, or
in the stray field of > 0.1 T. Therefore, regular PMTs cannot be used. Silicon pho-
tomultipliers (SiPM) are considered the most promising photosensor for ECAL.
Compared to PMTs, SiPMs take much less longitudinal space, mostly for the read-
out electronics, which is an advantage at EIC. Based on the current experience the
SiPM readout and the services (cables, cooling pipes etc) may take about 15 cm of
the longitudinal space.

11.3.2 ECAL: Requirements, Options and Features

The important parameters of calorimeters are:

• Energy resolution. The commonly used approximation for a particle of en-
ergy E is:

σ/E = α⊕ β/
√

E⊕ γ/E. (11.6)

The term γ depends on the noise level and is typically small for photosen-
sors with high gains. The constant term α depends on a number of factors,
including the calorimeter thickness (on the leakage of showers outside of the
calorimeter active area), and also on the quality of the detector calibration.
For ECALs with hundreds of channels or more, typically α > 1% [1495,1498].
The stochastic term β depends on the technology used (the sampling ratio,
the size of the signal observed etc.).

• Position resolution of the particle impact. An approximation is used:

σX = δ⊕ ε/
√

E⊕ ∆ · sin θI . (11.7)

The resolution depends on the granularity (for ECAL limited by the Molière
radius) and the energy resolution. The coefficients δ and ε are approximately
proportional to the cell size. The third term describes the dependence on the
angle θI between the incoming particle direction and the longitudinal axis of
the calorimeter cell. The coefficient ∆ is approximately X0, where X0 is the
average radiation length of the calorimeter material [1499, p. 527].

2An alternative approach to the EIC spectrometer - TOPSiDE [1497] features most of the detectors based
on silicon, including calorimeters with very fine granularity. More details can be found in Section 11.4.6
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• Lowest detectable energy depends on the signal size versus the noise and
low-energy background.

• Electron/pion separation mostly depends on the energy resolution and the
longitudinal segmentation (if any).

• Two-photon separation. Two photons not hitting adjacent cells can be sepa-
rated at the clustering level. An analysis of the shower profile allows to sepa-
rate photons hitting adjacent cells, provided the hits are at least one cell-size
apart.

• Detector longitudinal size. A denser material allows to make the detector
shorter for the given thickness in radiation lengths. The resolution may de-
pend on the thickness.

• Signal timing. A long signal may affect the signal/noise ratio and the pattern
recognition.

The energy resolution of any calorimeter depends on:

• Uniformity of the measured response across the volume of the detector. The
effect may be important both in high-resolution homogeneous calorimeters,
in particular of a trapezoidal shape [1500, 1501], and in medium-resolution
sampling calorimeters [1502, 1503].

• Shower containment. In a shorter calorimeter the fluctuations of the shower
leakage lead to a higher constant term α and a worse resolution at high
energies. The dependence of the energy resolution of the calorimeter on its
depth in radiation length was calculated in Ref. [1504]. For the expected
energy range of E < 20 GeV the impact of the downstream leakage would
not significantly change the resolution, for a thickness:

β 2.5% 7% 12%
thickness in X0 >22 >20 > 18

The dependence of the constant term of a sampling calorimeter with a
0.25X0 layer thickness on the overall thickness x = X/X0 has been calcu-
lated [1505, p. 12] in a range of 18-24 (Fig. 11.55). The result is well fit using
a polynomial α ≈ (1.31 − 0.251(x − 20) + 0.0144(x − 20)2)% and can be
extrapolated to a wider range as 14-28.

• Signal size. More photoelectrons/GeV lead to smaller relative fluctuations
and a lower impact of noise. A typical yield of a classic lead glass calorimeter
is about 1000 p.e./GeV providing fluctuations of RMS=3% at 1 GeV, to be
compared with the factor β. For high resolution calorimeters of β < 3% the
yield should be higher.

• The readout threshold may be important since a shower splits between sev-
eral cells. It is selected depending on the noise and background.
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Numerous ECAL technologies have been developed for the field and the develop-
ment is still ongoing. A number of technologies have been studied and developed
in the framework of the EIC R&D, project eRD1 [1506]. The results have been used
in this report. The technologies considered are discussed in more details in in Sec-
tion 11.3.3.

Homogeneous Calorimeters

Typically, the best energy resolution is obtained with homogeneous detectors not
affected by the sampling fluctuations. Heavy scintillating materials produce large
signals per MeV absorbed, leading to a good resolution. The best results have been
achieved so far with scintillating crystals. Detectors using the Cherenkov light in
heavy glass provide a medium resolution.

• PbWO4. A combination of the requirements for the resolution, compact-
ness, radiation hardness, the signal length, as well as the cost and availabil-
ity considerations led to one candidate among the scintillating crystals: lead
tungstate PbWO4 (see Sec. 11.3.3) - a mature technology used in many exper-
iments (Tab. 11.32). It typically provides β ≈ 2.5%.

• Scintillating glass. A search for a new, cheaper material - scintillating glass
(see Sec. 11.3.3) - is being pursued in the framework of eRD1 [1506]. Such a
material may provide a resolution comparable with the lead tungstate. The
material is less dense than lead tungstate and would require more space for
the same thickness in X0. A potential advantage with respect to lead tungstate
would be a lower cost and higher availability.

• Lead glass. This technology uses the Cherenkov light produced in glass
containing lead oxide (see Sec. 11.3.3) and provides a medium resolution of
β ≈ 6%. Lead glass is less dense than lead tungstate and would require more
space. It has been widely used in experiments since the 1960’s, and some of
those detectors may become available for re-use at EIC.

Sampling Calorimeters

The resolution of sampling detectors may vary β ∼ 5 − 15% depending on the
sampling fraction and the granularity of the active and passive material:

• Sampling fraction fsamp is the fraction of the total energy released in the active
material, evaluated typically for MIPs. For a better resolution one needs a
larger sampling fraction, which typically increases the detector length for the
same thickness in X0.
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• Sampling frequency is related to the thickness of one ”layer” of the absorber
and the active material (scintillator). This parameter is well defined for the
”sandwich”-type geometry.

It has been argued [1507, p. 119] that the stochastic coefficient is approximately

proportional to
√

d[mm]/ fsamp, where d is the thickness of the active material layer
(or the fiber’s diameter). This subject is discussed in Section 11.3.3 (shashlyk sub-
section), Figure 11.54 and Equation 11.8.

The requirements for the resolution and radiation hardness favor the absorber-
scintillator combination. The popular technologies are:

• Absorber/Scintillating Fibers: Pb/ScFi or W/ScFi. The fibers are embedded
into a heavy material as lead or tungsten (see Sec. 11.3.3). In one implemen-
tation the fibers are glued between lead sheets. Such SPACAL-type detectors
have been used in a number of experiments [1508–1510]. In another imple-
mentation tungsten powder is used for the absorber. This technology [1502]
has been developed for the sPHENIX experiment. The resolution depends
of the fiber density and the absorber material and may vary in a range of
β = 6− 15%. A better resolution is provided by a less dense detector.

• Shashlyk - a stack of absorber and scintillator plates (see Sec. 11.3.3). The
light is collected with the help of WLS fibers passing through the plates. For
the absorber lead or tungsten are used. The technology is widely used and al-
lows detectors of various resolutions and sizes (see Tab. 11.34). The resolution
depends on the thickness of the plates and may vary between β = 5− 15%.
Tungsten for the absorber material provides a high density and a short length
of the calorimeter.

ECAL technologies considered for EIC

Technologies which may fit the EIC requirements are listed in Table 11.27.

Comments to Table 11.27:

1. Such a W/ScFi detector is being built for sPHENIX [1502]. The properties have been
measured in test beams.

2. PbWO4 crystals have been used in a number of experiments (Tab. 11.32) and typically
provide such properties.

3. Such a 20X0 calorimeter would fit into 40 cm space. The W/Sc sampling is similar
to the Pb/Sc sampling of #5. The resolution coefficients α and β have been evaluated
using Eq. 11.8. In order to account for calibration uncertainties 1% was added to the
constant term: α→ α⊕ 0.01.
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# Type samp- fsamp X0 RM λI cell X
X0

∆Z σE/E, %
ling, mm mm mm mm mm2 cm α β

1 W/ScFi∗∗ �0.47 ScFi 2% 7.0 19 200 252 20 30 2.5 13
W powd.

2 PbWO∗∗∗4 - - 8.9 19.6 203 202 22.5 35 1.0 2.5
3 Shashlyk∗∗∗ 0.75 W/Cua 16% 12.4 26 250 252 20 40 1.6 6.3

1.5 Sc
4 W/ScFi∗∗ 0.592 ScFi 12% 13 28 280 252 20 43 1.7 7.1

with PMT W powd.
5 Shashlyk∗∗∗ 0.8 Pb 20% 16.4 35 520 402 20 48 1.5 6

1.55 Sc
6 TF1 Pb glass∗∗∗ - - 28 37 380 402 20 71 1.0 5-6
7 Sc. glass∗b - - 26 35 400 402 20 67 1.0 3-4
*** Mature technology, well understood. used in several experiments
** New technology, proven in test beams , in production for experiments
* Technology under development, not fully proven in test beams
a Material 80% W + 20% Cu by volume, X0=4.1 mm
b The parameters of scintillating glass are tentative, see Section 11.3.3.

Table 11.27: The technologies promising for ECAL, ordered by the radiation length of the
material. The Molière radius RM is defined as RM = X0 · 21 MeV/Ecrit and calculated
for mixtures according to Ref. [355] (Eq. 34.37–34.38). X/X0 is the thickness of the active
area measured in radiation lengths, selected to provide the resolution presented in the table.
A shorter active area would increase the constant term α. ∆Z denotes the full length of
the module calculated as X + 15 cm, where 15 cm is reserved for everything but the active
area and includes the photosensors, the readout electronics, the cables and services, and the
support structure. The resolution is parametrized using Equation 11.6. The “noise” factor γ
depends on the type of the photosensor, for SiPM γ ≈ 0.01 GeV is expected.

4. Such a W/ScFi prototype has been built and the properties measured in a test
beam [1511]. It used a long light guide and a PMT. The sampling can be adjusted
to fit into a shorter space, as 40 cm.

5. Such a Pb/Sc shashlyk calorimeter (but 23X0) is used in the COMPASS experi-
ment [1512]. The constant term α is scaled to a shorter calorimeter of 20X0. See
also Table 11.32.

6. TF1 glass has been used in many experiments (see Ref. [1499, 1512] for example).
Cherenkov light is detected. For details see Section 11.3.3.

7. Several types of Scintillating glass are being tested [1506]. For details see Sec-
tion 11.3.3.

The technologies listed can provide the energy resolution close to the initial requirements
(Table 11.26). The PbWO4 crystals nearly fit the requirements for the −4 < η < −2 area.
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The 1 < η < 4 area requires a medium resolution, and a high granularity, which implies
a dense material. The choice of the technologies for the −2 < η < 4 areas will depend on
the geometrical constraints of the spectrometer and the space allocated.

All the described technologies are considered radiation hard for the radiation levels ex-
pected at the EIC.

Impact of the material in front of ECAL

A certain amount of material will be distributed along the path of particles from the inter-
action point to the face of ECAL. The electrons radiate and the photons convert to pairs.
Because of the magnetic field the radiated photons may hit the calorimeter at a distance
from the impact of the electron. Simulated signals are shown in Figure 11.45. The detected
energy distribution has a tail to lower energies. A typical identification criteria for electrons
E/p > 1− 2σE may lead to losses of 5-30%, in particular at low momenta (Fig. 11.45). The
losses can be partly recovered, since the material is expected to be concentrated at certain
places, allowing to predict the impact position of radiated photons for a given particle
trajectory. Still losses of 10-20% are expected for certain areas at p < 10 GeV.
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Figure 11.45: Simulated impact of material in front of a PbWO4-crystal ECAL on detection of
2 GeV electrons [1494]. The amount of material depends on η. Three cases are considered: a)
electron does not radiate in the material; b) electron radiates and only the cluster associated
with electron track is considered; c) attempt made to recover the photons radiated in the
thick objects upstream, whose positions can be predicted. Practically all the energy has been
recovered up to a loss of a half of the initial energy, which was an arbitrary cutoff. The real
cutoff will depend on the background, the tracking quality etc.
Left: The energy spectrum of the cluster in ECAL from GEANT4 [1412] simulation.
Middle and Right: the losses of electrons, selected using E/p > 1− 2σE.

Impact of the Cell Size and the Projective Geometry

In order to have the best coordinate resolution while minimizing the number of the read-
out channels the cell transverse size is usually selected close to the Molière radius of the
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calorimeter material. The coordinate resolution depends on the position of the hit and is
the best at the boundary between two cell. The average resolution depends on the particle
energy and the incident angle (see Equation 11.7). Based on experience (see Table 11.28) we
may expect a resolution for the normal incident angle θI of about (1⊕ 3/

√
E/1GeV) mm

for the cell size 20-25 mm, and (1⊕ 6/
√

E/1GeV) mm for the cell size of about 40 mm.
Let us consider a dense detector with X0 ≈ 10 mm and the cell size of 25 mm. In the
non-projective geometry, at θI = 45◦, the additional term X0 sin θI ≈ 7 mm will dominate
the coordinate resolution. The relative deterioration of the resolution does not depend
strongly on the density of the material.

Type RM, cell size, σE/E δ ε, mm Ref
mm mm at 1 GeV mm GeV0.5

PbWO4 20 20 2.9% 0.4 2.6 [1513]
PbWO4 20 22 3.9% 0.3 2.6 [1514]
TF1 37 38 5.7% 0.5 6.0 [1515]
Shashlyk 41 55 8.4% 1.6 5.7 [1499]
Shashlyk 59 110 4.7% 3.3 15.4 [1516]

Table 11.28: The coordinate resolutions observed with several detectors for the normal in-
cident angle θI . The resolution is parametrized using Equation 11.7. The stochastic factor ε
appears to be approximately proportional to the cell size.

Another important characteristics of ECAL is the ability to discriminate a single photon
from a merged photon pair from a high momentum π0 meson decay. For a high momen-
tum π0 the minimal angle between two photons in the Lab frame is ≈ 2mπ0 /pπ0 and most
of the decays produce two photons at angles close to the minimal angle. At high enough
momentum two photons appear in the ECAL in a close proximity to each other, so that the
ECAL response to a pair of decay photons becomes indistinguishable from the response
to a single photon with the energy equal to a sum of decay photon energies. ECAL granu-
larity defines the highest momentum at which ECAL can discriminate single photon from
merged photons from π0 meson decay. Usually, two photons are easily distinguishable in
the ECAL when they are separated at least by a distance equal to twice of cell size. In this
case two photons produce two clusters in ECAL, or a single cluster with two distinct local
maxima. With smaller distance between two photons, they produce a single cluster with
one local maximum. Even in this case, different mathematical techniques to analyze the
energy distribution among the cluster cells still can discriminate a single photon cluster
from a merged photon cluster, down to a distance between two photons equal to the cell
size, or even down to a half of the cell size, though with limited efficiency. Figure 11.46
illustrates such a capability for the hadron endcap ECAL with the cell transverse size of
2.5 cm, located at 3 m from the collision point. The performance deteriorates for a non-
orthogonal impact (here at lower η), due to a wider shower profile and its larger fluctua-
tions in the ECAL transverse plane. For a transverse size d and the distance to the collision
point ZECAL, the momentum reach for π0/γ discrimination scales roughly as ZECAL/d.

The requirements to the hadron endcap strongly favor a calorimeter material with a short
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Figure 11.46: Left: The calculated π0 momentum spectrum for SiDIS at e + p 18× 275 GeV
collisions, using PYTHIA [1371]. Right: The probability of two photons to merge, calcu-
lated [1517] using GEANT4 [1412] for the cell size of 25× 25 mm2 located at 3 m from the
interaction point, for the non-projective geometry. For the projective geometry the results
for η > 3.5 would be close to the non-projective curve at for η=3.5.

radiation length and a small Molière radius, allowing a fine segmentation of ≤ 25 mm.

Using the projective geometry for ECAL in the barrel is standard for solenoid-based spec-
trometers. For the endcaps it is geometrically more complex. The projective geometry
would provide a significantly better coordinate resolution at large radii.

Electron/pion separation

The DIS momentum spectra of the DIS electrons and pions are shown in Fig. 11.43. At
lower momenta the pion flux dominates the flux of scattered electrons by orders of magni-
tudes. ECAL is expected to be the main tool for the electron identification. Pions produce
smaller signals in ECAL than electrons of the same momentum (Fig. 11.47, left). Using
the measured momentum of the charged track p and the energy deposited by this track in
ECAL one can select electrons requiring E/p > 1− ∆. The fluctuations of the E/p value
are characterized by σ(E/p) = E/p(σE/E⊕ σp/p), where σp/p are expected to be signif-
icant at |η| > 2. In this review we use typically ∆ = 1.6σE/E, using only the Gaussian
width of the calorimeter signal. For the Gaussian calorimeter response the efficiency for
electrons would be 95%. However, the response typically has a tail extending to lower en-
ergies, increased by material in front (Fig. 11.45), which reduces the efficiency for electrons.
Larger σE and σp lead to a lower efficiency for electrons and a smaller rejection factor for
pions for a given ∆.

In general, one expects a better electron-PID performance for a better energy resolution of
the calorimeter and the momentum resolution of the spectrometer. Analysis of the shower
profile can provide an additional pion suppression. However, the effect depends on the
impact angles, and therefore, on the geometry of the calorimeter (projective or not).

The pion suppression performance of calorimeters has been measured in test beams and



494 11.3. ELECTROMAGNETIC CALORIMETRY

also evaluated using simulation. One should note that it is challenging to measure or
calculate large rejection factors Rπ > 1000 because of beam contamination, or uncertainties
in simulation of hadronic processes. The pion rejection factor may be limited by charge
exchange processes as π− + p → π0 + n that would produce signals similar to electrons
at the same energy (noted in Ref. [1518] for example). The cross section for such processes
typically falls with energy.

Several examples of the measured pion suppression in various calorimeters are shown in
Table 11.29. For the sampling calorimeters the largest reported rejection factor of Rπ=2000,
at the measured εe = 90%, was obtained at 100 GeV, where the energy resolution was about
2%. A rejection of Rπ = 500 was measured for a PbWO4 calorimeter at 2.5 GeV, where the
energy resolution was 2%. In this test a cut ∆ > 2 · σE was applied (98% “Gaussian”
efficiency), which may translate to a εe ≈ 90% of the real efficiency.

Figures 11.47, 11.48 show the calculated suppression dependence on energy, the calorime-
ter resolution and the track momentum resolution (Fig. 11.47, right). The simulated pion-
produced signals in PbWO4 and in sampling detectors are compared - the former have a
shorter tail to high values. A stronger response to neutrons by the plastic scintillator than
by an inorganic one may contribute to the effect. While the results of calculations for sam-
pling calorimeters are consistent with the measurements, the calculated Rπ for PbWO4 is
more than an order of magnitude higher than a measurement at 2.5 GeV. It may be caused
by systematic uncertainties of both the measurement and simulation. At this time we can
not claim that a rejection power higher than 1000 is achievable at moderate energies even
with the relatively high-resolution PbWO4 detector.

Figure 11.48 (right) demonstrates how the momentum resolution affects the performance
at small angles |η| > 3.

Calculations also show that taking the shower shape into account can improve the pion
rejection by a factor of 2 even in non-projective geometry, or by a factor of 3-4 at small
incident angles and in projective geometry.

In summary, in the energy range 4-20 GeV sampling calorimeters and lead glass calorime-
ters can provide a pion rejection factor from a hundred to a thousand. PbWO4 crystals
may be able to provide factors 3-5 higher, but factors > 1000 need to be confirmed by
measurements.

Figure 11.49 shows the calculated purity of electrons in the DIS sample, in 3 areas of η, each
equipped with ECAL of a different resolution, close to the specifications in Table 11.26.
The levels of the pion background are also different in these areas (Fig. 11.43). In all areas
a >95% purity is reached at p > 4 GeV. The−3.5 < η < −2 area is supposed to be covered
with a high-resolution ECAL (β = 2.5%), and the purity >90% is reached at E > 2 GeV. The
other areas are envisioned to be covered with β = 7% and β = 12%-resolution calorimeters
and at p < 4 GeV the pion contamination remains high.

Pion rejection can be improved by using a “preshower” detector. Also, the calorimeter
itself may be equipped with a second readout from the front part of the modules, which
does not require an extra space for another detector. A factor of 2 improvement in e/π sep-
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Type Experi- σE/E, % E, εe par- Rπ Ref
ment α β γ GeV meas. calc. ticle

PbWO4 - 0.1 3.1 1.0-2.5 98% π− 500 [1519]
PbWO4 - 0.5 4.0 80. 90% π− 6000 [1520]
TF1 PHENIX 0.8 6.0 1.5-4.0 80% 98% π− 250 [1499]

90% 160
95% 100

1.0 80% 98% 80
0.75 80% 98% 45
0.50 80% 98% 7

TF1 Hall C 1.0 6.0 3.2 95% π− ∗200 [1521]
Pb/Sc PHENIX 2.1 8.1 40 77% 84% π+ 430 [1522]

88% 95% 350
92% 98% 300
95% 100% 200

4 95% 100 unpub
3 95% 80 unpub
2 95% 43 unpub
1 95% 12 unpub

0.5 95% 3.4 unpub
Pb/Sc ALICE 1.7 11.1 5.0 100 90% π− 2000 [1518]

100 95% 1100
40 90% 700
40 95% 400

W/ScFi sPHENIX 2.8 15.5 8 50% π− 710 [1523]
84% 330
95% 210
98% 160

99.9% 90
* The longitudinal segmentation not used

Table 11.29: Measured pion suppression factor Rπ and the associated efficiency εe to elec-
trons. The shower shape has not been taken into account, except for Ref. [1520] (PbWO4). In
several studies the εe was measured and from the data reported it was possible to calculate
the “Gaussian” efficiency, that is considerably higher than the measured one, as expected.
For other studies only the calculated “Gaussian” efficiency is available. The measurements
marked “unpub” come from the authors of the paper, but have not been included into the
paper.

aration was achieved equipping a shashlyk detector with scintillator plates with different
emission times [1524].

Since X0/λI is smaller for heavier materials, they should provide a better pion suppres-
sion. One should note that the material passed by the electron track in front of the
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-1.0

Figure 11.47: Ref. [1492, 1493]. Left: The response to 2 GeV pions for: black - measured for
Pb/Sc 8%/

√
E ⊕ 2% (PHENIX); red - simulated (GEANT4 [1412]) for W/ScFi 13%/

√
E ⊕

3%; blue - simulated for PbWO4 2.5%/
√

E⊕ 1%.
Right: Assumed momentum resolution (RMS) for charged particles.

calorimeter will reduce the energy reaching the calorimeter, affecting the E/p ratio and
the e/π PID. For the same pion rejection factor the efficiency to electrons will be reduced.
A lower efficiency typically causes a higher uncertainty of the measurement.

Lowest detectable energy

The lowest detectable energy depends on the amount of light detected versus noise of
various origin and low-energy background. With PbWO4 as low as 20 MeV photons can
be detected, provided low-noise sensors and electronics, although with a 30-50% energy
resolution. For sampling detectors one may expect the lowest detectable energy of 50-
100 MeV.

Readout Considerations

Only detectors with optical readout have been considered. In the current scenarios the
endcap ECAL photosensors will be located in a magnetic field of >0.1 T, which precludes
the usage of regular PMTs. The barrel ECAL is located in a >1 T field. At the moment
the sensor of choice is SiPM, which provides a high gain (about 106) and a medium pho-
todetection efficiency of about 20%. The drawbacks are small surface, noise, susceptibility
to radiation, in particular to neutron/proton radiation [1525, 1526], sensitivity to temper-
ature, a small dynamic range, and the intrinsic nonlinearity [1527]. Radiation leads to a
higher noise. Additionally, the performance degrades with the charge flown through the
SiPM [1528]. For the same amount of light a SiPM can fire a number of pixels comparable
to a PMT photoelectron count [1529]. However, a fraction of the pixels fire due to the cross
talk, not improving the statistical fluctuations. While a SiPM readout is natural for the
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Figure 11.48: Measured and simulated (GEANT4 [1412]) pion suppression [1492,1493], eval-
uated with a ∆ = 1.6 · σE cut (“Gaussian” εe = 95%).
Left: pion suppression, momentum resolution neglected; E/p cut only;
black - measured for Pb/Sc 8.1%/

√
E⊕ 2.1% (PHENIX [1522], see also Table 11.29);

red - simulation for W/ScFi 12%/
√

E ⊕ 3%, calculation compared with a measurement at
8 GeV (Ref. [1523] and Tab. 11.29);
blue - simulation for PbWO4 2.5%/

√
E ⊕ 1%. The calculation, exceeds a measurement at

1-2.5 GeV (Table. 11.29) by a factor of <10.
Right: simulated pion suppression for PbWO4 2.5%/

√
E⊕ 1% , at η = −3.5,−3.0,−2.5, the

momentum resolution taken into account. The dependence on η is caused by the momen-
tum resolution.
blue - E/p cut, εe = 95%;
black -E/p and shape cuts, εe = 92%.

fiber technologies as Shashlyk, it does not look optimal for a large-surface - 16 cm2 - glass
blocks. Such a readout has not been tested yet with 4 cm2 crystals.

The effect of non-linearity for SiPMs depends on the desired dynamic range and the
calorimeter resolution. Let us consider the requirements of a 2% energy resolution at 1 GeV
and the maximum energy of 20 GeV (at the center of the electron endcap), and find the to-
tal number of pixels needed for one calorimeter cell. With the optimal cell size about 80%
of a shower energy on average goes to one cell, but with considerable fluctuations. The
p.e. (or pixel) count at 1 GeV should be &10k (1% statistical fluctuations). Then, at 20 GeV
the pixel count with no saturation would be about 200k. The saturation effects for MPPC
S12572-010P 90k-pixel, 3×3 mm2 device have been shown to be as large [1527] as would
be expected for a 30k-pixel device. The nonlinearity correction has to be calibrated rather
than calculated, and may contain large uncertainties. This may require to limit the number
of fired pixels to <20% of the total. Therefore, per one crystal one would need a device(s)
with about 1M pixels in total. The technology of SiPM is still developing and the linear-
ity might be improved in the future. Another factor to consider is the number of photons
coming from the crystal’s face per mm2 compared with the PDE and the density of pixels.
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Figure 11.49: Calculated purity of the DIS electron sample and the effect of the pion suppres-
sion [1493] for e+p 18×275 GeV. The pion suppression was evaluated using a ∆ = 1.6 · σE
cut (“Gaussian” εe = 95%). The columns present three areas of η with the assigned σE/E for
each area. The bottom panel presents the zoomed in plots of the top panel. Dashed lines -
no cuts, solid lines - E/p cut, dotted lines - E/p and shower shape cuts. A cap of 1000 on the
calculated pion rejection was set in order to address the existing uncertainties.

A shashlyk module made for MPD [1530] has been tested with a Hamamatsu MPPC S13360-
6025 which contains 57k pixels 25× 25 µm2. With the yield of about 5000 pxs/GeV the loss
to non-linearity at 2 GeV was about 10%.

It is expected that for the electronics readout special ASIC chips will be developed (see
Section 11.10.4), which will provide the bias voltage to the SiPM, read out the signals using
fADC, and process the signals producing the timing and the integral and/or maximum
amplitude. Since both the detectors considered and the SiPM sensors are fast, one may
expect a timing resolution of <1 ns. At least 12-bit fADCs are needed. In order to provide
a 0.02-20 GeV dynamic range and the 2%/

√
E energy resolution at η < −2 (with PbWO4

crystals) a 14-bit fADC is needed.

It will be also important to be able to send out not only the processed, but also the raw
signals as waveforms. Without an ASIC chip the power consumption of the on-detector
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electronics will be considerably higher and its functions may be limited.

The full number of readout channels depends on the geometry and the light detection
technology. Assuming the geometry presented in Fig. 9.3 and the average cell size of 25×
25 mm one comes to an approximate number of 60-70k cells. Several photosensors per cell
may be required. It remains to be decided whether a combined or separate readout should
be used in such a case.

ECAL must be equipped with a monitoring system, which distributes light flashes to the
photosensors. The on-board electronics, additionally to the readout, must also operate the
monitoring system.

Discussion

The EIC resolution requirements to the electromagnetic calorimetry system can be met or
nearly met by using developed technologies. For the area η < −2 the PbWO4 crystals
appear to be the only practical choice providing a performance close to the required, and
also being compact enough to meet the expected geometrical constraints. For the other
areas several options exist. The choice strongly depends on the geometrical constraints.
A better performance may be achieved with more space, which is a subject for a global
optimization of the experiment. Other considerations to be mentioned:

• The area η > 1 requires a high granularity of ECAL in order to resolve photons from
π0 decays. It favors a small cell size and high-A materials, which would also allow a
shorter space.

• The projective geometry allows a better coordinate resolution and e/π separation. It
also improves the π0/γ identification at high energy. The barrel part is supposed to
be projective. A decision has to be made about the endcaps.

• The e/π separation provided by the “basic” ECAL with the required resolution will
be sufficient to study the e+p 18×275 GeV DIS at p > 4 GeV. At η < −2 the high-
resolution ECAL will extend the coverage to about 2 GeV. With the electron beam
energy of 10 GeV the signal to background ratio is different and a similar purity can
be reached at momenta of about 1 GeV lower. The ePD can be improved either by
using calorimeters with a much better resolution, or by providing a “preshower”
capability, or by using different detectors as a Cherenkov or TRD.

• At this time a SiPM is the photosensor of choice. However, such a sensor may bring
limitations to the performance of high-resolution detectors, as PbWO4, that have to
cover a relatively large dynamic range. Large-surface sensors with a high pixel den-
sity are needed for this application.

The eRD1 “EIC Calorimeter R&D Consortium” [1506] is expected to continue the develop-
ment of a number of technologies, including PbWO4 crystals, scintillating glass, W/ScFi
and shashlyk detectors.
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11.3.3 ECAL technologies

PbWO4 crystals

The basic requirements on the EIC high-resolution EM calorimeters (see section 11.3) rule
out most of the well-known scintillator materials. Finally, even a compact geometrical de-
sign requires, due to a minimum granularity, a large quantity of crystal modules, which
rely on existing technology for mass production to guarantee the necessary homogeneity of
the whole calorimeter. For hadron physics measurements with electromagnetic reactions,
such as at multiple setups at Jefferson Lab and also at PANDA/GSI, the most common pre-
cision calorimeter of choice has been lead tungstate, PbWO4 (PWO). This is mostly driven
by the requirement of good energy resolution and high granularity to detect and iden-
tify electrons, photons and pions. Good energy resolution aids in electron-pion separation
and to determine the electron scattering kinematics, compactness and high granularity is
driven by the need for position resolution and separation of single-photons from neutral-
pion decays. PWO meets the requirements of an extremely fast, compact, and radiation
hard scintillator material providing sufficient luminescence yield to achieve good energy
resolution.

Crystalline scintillators like NaI(Tl), CsI(Tl), and CsI used in detectors at electron-positron
colliders like Crystal Ball at SPEAR, Crystal Barrel at LEAR, BaBar at PEPII, BELLE at KEK,
or KTeV at FNAL have high light output, but cannot provide the required granularity and
have relatively slow decay time (except CsI). These materials (except CsI) have a relatively
low radiation resistance, which makes them not suitable for the EIC operating at top lu-
minosity. BaF2 used at Crystal Barrel/TAPS experiment at ELSA has similar limitations
for the granularity and scintillation kinetics. Although BaF2 has a very fast component its
separation from the slow component is nontrivial. BGO is a slow scintillator. CeF3 is the
closest candidate crystalline scintillator to PWO.

The original PWO specifications developed for applications in experiments at the LHC at
CERN such as the Electromagnetic CALorimeter (ECAL) of CMS and the PHOton Spec-
trometer (PHOS) of ALICE have been optimimized over the last decades. PWO pro-
duced for the CMS/ECal and used for many other applications until 2008, e.g. for the
Primex/HyCal, have fast scintillation kinetics and, for full size crystals of 23 cm length
(28 X0), a light output of 8-12 phe/MeV (measured with a bi-alkali photocathode at room
temperature (RT)). The light output was significantly improved for application in exper-
iments at PANDA/GSI. The improved material is called PWO-II and features a relative
light output of 0.6 at RT (2.5 at -25◦C), as compared to 0.3 (0.8 at -25◦C) for PWO from
CMS. The steps to achieve PWO-II revealed that radiation hardness becomes a very sensi-
tive parameter, when operating temperatures are below T=0◦C. Much effort has thus been
devoted to understanding the radiation hardness of PWO-II crystals. The general charac-
teristics of rectangular PWO-II crystals produced between 2014 and 2020 for the Neutral
Particle Spectrometer (NPS) at JLab are listed in Table 11.31. The measurement details can
be found in Ref. [1531]. A summary of measurement details on and results of characteri-
zation tests at PANDA/GSI can be found in the PANDA TDR update.
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Material NaI(Tl) CsI(Tl) CsI BaF2 CeF3 BGO PbWO4 LSO(Ce) SciGlass

Density (g/cm3) 3.67 4.51 4.51 4.89 6.16 7.13 8.3 7.4 3.7-5.4

Melting Point (◦C) 651 621 621 1280 1460 1050 1123 2050 1200-1300*

Radiation Length (cm) 2.59 1.86 1.86 2.03 1.70 1.12 0.89 1.14 2.2-2.8

Moliere Radius (cm) 4.13 3.57 3.57 3.10 2.41 2.23 2.00 2.07 2-3

Interaction Length (cm) 42.9 39.3 39.3 30.7 23.2 22.7 20.7 20.9 40

Refractive indexa 1.85 1.79 1.95 1.50 1.62 2.15 2.20 1.82 2

Hygroscopicity Yes Slight Slight No No No No No No

Luminescenceb (nm) 410 560 420 300 340 480 425 420 440
(at Peak) 310 220 300 425 460

Decay Timeb (ns) 245 1220 30 650 30 300 30 40 450 (40)
6 0.9 10 10-20

Light Yield (γ/MeV) 41k 60k 1.3k 16k 2.8k 8k 240 35k (0.5-2)k

d(LY)/dT b,c(%/◦C ) -0.2 0.4 -0.6 -1.9 0 -0.9 -2.5 -0.2 0

Radiation Hardness 1-2 1 10 1 > 50 > 1000 > 1000 > 1000 > 1000
(krad) recovery

Experiment Crystal CLEO KTeV TAPS - L3 CMS SuperB
Ball BaBar BELLE ALICE KLOE

BELLE PrimEx
BESIII PANDA

HPS
NPS

a At the wavelength of the emission maximum.
b Top line: slow (intermediate) component, bottom line: fast component.
c At room temperature.
* Melting temperature for glass

Table 11.30: Properties of Heavy Scintillator materials with Mass production Capability

PWO is available from two commercial vendors with established mass production capabil-
ity, the Shanghai Institure of Ceramics, Chinese Academy of Science (SICCAS) (Shanghai,
China) and the company Crystal Turnov (CRYTUR), Turnov, Czech Republic. SICCAS
uses a modified Bridgeman method to grow the crystals. Full size crystals PWO-II have
been evaluated by JLab and PANDA collaborations with typical failure rates of 20-30% (see
Table 11.31). Aside from limitations of the technology that impact the optical properties,
part of the failure might be attributed to large variations in the quality of the raw material.
Nevertheless, SICCAS crystals can be used in EMCals, in particular if quality parameters
can be relaxed. CRYTUR has gained much experience in the development and production
of different types of inorganic oxide crystals for a long time and has entered the mass pro-
duction of PWO-II based on the Czochralski method in 2018. CRYTUR has been producing
the tapered PANDA geometry type PWO crystals and the rectangular crystals for the NPS.
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Longitudinal Longitudinal Light Radiation Mass prod.
Vendor Sides Length Transmittance Transmittance Yielda hardness quality

Dimension (at λ=360nm) (at λ=420nm) coefficientb issues
(mm) (mm) % % (phe/MeV) (m−1) %

CRYTUR 20.460±0.018 200.0±0.1 45.46±2.71 69.27±1.35 16.05±0.86 ≤1.1 No

SICCAS 20.550±0.028 200.0±0.2 29.23±4.73 63.77±2.43 16.39±2.55 ≤1.5 (20-30)

a Measured at Room Temperature(25◦C).
b Induced radiation absorption coefficient dk at λ = 420 nm for integral dose ≤ 100Gy.

Table 11.31: The properties of PWO crystals vendor with Mass production Capability

In August 2020, the total number of crystals produced for both PANDA and NPS passed
1000 crystals. None of the mass-produced crystals had to be rejected so far.

The parameters of PbWO4 calorimeters used in various experiments and results of beam
tests are summarized in Table 11.32. Those with dates before 2008 use PWO-I and those
with dates after 2008 use PWO-II.

The installation of crystal modules in the ECAL frame will require a frame structure for
supporting the weight and allowing to service detector modules. Several examples of such
support structures exist. It should be noted that unlike PANDA/GSI a PWO-based ECAL
at EIC is not envisioned to be cooled to sub-zero temperatures. The impact of the support
structure on the desired resolution has to be balanced with the mechanical aspects. An
initial study suggests that a carbon fiber structure of thickness of the order of 1mm does
not significantly deteriorate the energy resolution.

Scintillating glass

A bridge between PWO and less stringent resolution requirements could be provided by
SciGlass, a novel scintillating glass developed by Scintilex in collaboration with the Vitre-
ous State Laboratory (VSL) at The Catholic University of America. The VSL is a premier
glass facility with extensive expertise in materials development and glass composition-
property development and optimization.

In the past, production of glass scintillators has been limited to small samples due to dif-
ficulties with scale-up while maintaining the needed quality. Some of the most promising
materials investigated include cerium doped hafnate glasses and doped and undoped sili-
cate glasses and nanocomposite scintillators. All of these have major shortcomings includ-
ing lack of uniformity and macro defects, as well as limitations in sensitivity to electro-
magnetic probes. One of the most promising recent efforts is the development of DSB:Ce,
which is a cerium-doped barium silicate glass nanocomposite. However, lack of unifor-
mity and macro defects persist in this type of glass and need to be resolved before scale up
would be possible.
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Experi- Ref # cell X
X0

Photo- Tempe- Test mat- p.e./MeV σE/E[GeV],%
ment size sensor rature beam rix Emin, α β γ

mm3 mm2 ◦C GeV MeV
GAMS [1532] 35 202 20 XP1911b 14 10 5×5 6 p.e. 0.47 2.8
1995 ×180 176 mm2 ±0.2 70 ±0.06 ±0.2
KEK [1513] 9 202 22.5 R4125b 13 0.2 3×3 0.0 2.5 1.4
2000 ×200 25 mm2 1.0 ±2.7 ±0.1 ±0.1
ALICE [1533] 18kN 222 20 S8148a -25 0.6 3×3 7.5 p.e. 1.1 3.6 1.1
2005 ×180 25 mm2 ±0.1 150 ±0.3 ±0.2 ±0.3
CMS [1534] 76kB 222−272 26 S8148a 18 25 3×3 10 p.e. f 0.4 2.9 12.9
2006 ×230 2×25 mm2 ±0.1 100 ±0.3 ±0.2 ±0.2
PRIMEX [1535] 1kS 20.52 20 R4125Ab 14 25 5×5 0.9 2.5 1.0
2006 ×180 176 mm2 ±0.1 100
PANDA [1536] 11kC 212 − 272 22.5 LAAPDac -25 0.05 3×3 16 p.e. 0.5 2.3 0.27
2011 [1537] 5kB ×200 190 mm2 0.75 10
HPS [1538] 442B 13.32 − 162 18 S8664-1010a -17 0.35 3×3 2.5 2.87 1.62
2017 ×160 100 mm2 ±0.3 2.35
CLAS12 [1539] 332S 152 22.5 S8664-1010a 0.0 2.2 3×3 230 p.e.e 3.3d

FT 2020 ×200 100 mm2 ±0.1
NPS [1531] 670S 20.52 22.5 R4125b 18.0 4.7 3×3 14 p.e. 1.6d

2019 350C ×200 176 mm2

CCAL-NPS [1540] 140S 20.52 22.5 R4125b 17.0 4.7 3×3 14 p.e. 0.4 2.6 1.9
2019 ×200 176 mm2

Manufacturer: B BTCP ; N NCC-RSS ; S SICCAS ; C CRYTUR.

a - APD; b - PMT; c - Signal shaping 1 µs. d - The full resolution at the given energy

e It is unclear why the yield is much higher than the yield from PANDA. f from Ref. [1531].

Table 11.32: List of parameters of PbWO4 EM calorimeters.

Scintilex has developed a new family of glass scintillators (SciGlass) that have compara-
ble or better performance to current nanocrystalline glass ceramic scintillators but have
considerable advantages in terms of simplified manufacturing processes and ease of scale
up. Scintilex has demonstrated a successful scaleup method and can now reliably produce
glass samples of sizes up to ∼10X0 and scale-up to ∼20X0 was demonstrated with pro-
duction of the first 40 cm long block. The scale-up progress of SciGlass over the last year is
shown in Fig. 11.50. After establishing the formulation and fabrication techniques for pro-
ducing small batches (10-20 blocks) of SciGlass, Scintilex has initiated a research program
towards larger scale production, which has started in 2020.

The properties of SciGlass in comparison to PbWO4 are shown in Table 11.30. Initial
measurements with particle energies of 4-5 GeV together with simulation indicate that
SciGlass has an energy resolution comparable to PWO for block sizes of a comparable
number of radiation lengths.

SciGlass blocks of sizes up up to ∼10X0 were characterized on the test bench using the
same methods as used for PWO. Radiation hardness tests were carried out at IJCLab-Orsay
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Figure 11.50: Progress with SciGlass scaleup.

Figure 11.51: Emission spectrum, transmittance before/after EM irradiation, and scintilla-
tion kinetics of SciGlass.

with Co-60 sources (EM probes) and at the U. Birmingham MC40 cyclotron with hadron
probes. SciGlass has excellent radiation resistance - no damage up to 1000 Gy electromag-
netic and 1015n/cm2 hadron irradiation, the highest doses tested to date, response time of
20-50 ns, and good transmittance in the near UV domain (78% at 440 nm). The SciGlass
insensitivity to temperature is another clear advantage over PbWO4, which has a depen-
dence of about 2-3%/◦C and has to be continuously monitored. The present samples have
densities up to 5.4 g/cm3, X0=2.2-2.8 cm, and a Molière radius of 2-3 cm.

Lead glass

The lead-glass electromagnetic calorimeters for EIC can be analogous to VENUS at Tris-
tan [1541], OPAL at LEP [1542], JLab GlueX forward calorimeter [1543], or PHENIX [1499].
Several types of lead glass, of different parameters have been used as radiator. The light
generation mechanism for the lead-glass is dominantly Cherenkov radiation (scintillation
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Figure 11.52: Projected energy resolution for SciGlass of 40 cm (open symbols) and 50 cm
(filled symbols) lengths.

is below 1-2%).

Material X0 RM Ecrit Refrac. ρ

cm cm MeV index g/cm3

TF1 2.74 3.70 15 1.647 3.86
F8-00 3.10 4.20 - 1.620 3.60
SF57 1.55 2.61 12 1.890 5.51

Table 11.33: Parameters of several types of lead glass.

The fraction of PbO2 in chemical composition may vary from 45% to 75% by weight, and
density from 3.6 g/cm3 to 5.5 g/cm3 [1521, 1542–1544] (see Table 11.33). The radiation
length is within 1.5 cm to 3.1 cm. The Molière radius is 2.6 – 3.7 cm, typically. In practice,
homogeneous calorimeters must be 20 radiation length deep to contain electromagnetic
shower. For the lead glass radiator this implies 30 – 50 cm length. For a hodoscopic
construction, the optimal granularity size is ≈ 4 cm, which depends on the Molière ra-
dius. The refractive index ranges from 1.62 to 1.89 (1.65 typically) [1521, 1542, 1543]. The
transparency window starts from 350 nm, except for the Ce doped radiation resistant
lead glass for which it starts from 400 nm [1521]. PMTs with bialcali photcathode (sen-
sitivity range from 300 nm to 600 nm, peak quantum efficiency 20% at 400 nm) are well
suited for Cherenkov light detection from electromagnetic showers in lead glasses. The
lead glass calorimeters have modular construction. The glass blocks are wrapped in thin
reflector (usually aluminized Mylar), then by light tight Tedlar film. It is important to
have a thin layer of air between the block and Mylar, for full internal reflection of light at
oblique incident angles. The PMTs are optically coupled to the blocks by means of opti-
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cal glue or grease of suitable refractive index. In the moderate magnetic field the PMTs
can be shielded by layers of µ-metal. In stronger fields (1 –10 mT) additional shield-
ing of photocathode by soft iron can be implemented. A light guide between the block
and PMT, no shorter than diameter of photocathode shall be placed between the block
and PMT. Such design of modules has been effectively used in many lead glass calorime-
ters [1541–1543, 1545]. Radiation hardness of lead-glass crystals is ∼10 krad integral dose
for TF1, and 50 krad for F101 type radiation hard glass. The glass blocks recover from
damage on their own within 1 to 3 months [1521]. They can be cured in situ by exposing
to UV radiation. A 30% reduction in transparency of 4 cm glass thickness can be recovered
within 8 hours. Alternatively, off-line gradual heating, up to 260 ◦C and cooling may be
implemented. The energy resolution of lead-glass calorimeters strongly depends on the
optical quality, the light yield, the light detection efficiency, and the electronic noise, and
may vary from≈ 5%/

√
E⊕ 1% [1545] to≈ 8%/

√
E⊕ 3% [1521,1545,1546]. A coordinate

resolution of 6.4/
√

E mm for incoming photons was obtained in a hodoscopic construction
of a 4× 4 cm2 granularity [1543].

A large number of lead glass blocks from older experiments may become available for
applications at EIC. For example, PHENIX [1499] has used about 9000 TF1 blocks 40× 40×
400 mm3 (14.4X0). COMPASS [1515] has used about 3000 TF1 blocks 38× 38× 450 mm3

(16X0).

Scintillating fibers embedded in absorber

Scintillating fiber calorimeters (SPACALs) have been built and used in many experiments
in both High Energy and Nuclear Physics and have been used for both electromagnetic
and hadronic calorimeters [1508–1510,1547,1548]. They consist of many scintillating fibers
embedded in an absorber material which are then gathered at the front or the back (or
both) and read out with photosensors. The sampling fraction and sampling frequency
can be adjusted by changing the number of fibers and their spacing to provide a range of
energy resolutions and other properties. In addition, the absorber material can be selected
for a specific application in order to achieve a variety of requirements.

One of the requirements for any ECAL at EIC is that it be compact, i.e., that it has a short
radiation length and small Molière radius so that the total length of the calorimeter can be
minimized and that the lateral extent of the shower can be contained to provide good sep-
aration of neighboring showers. This can best be achieved with a high Z absorber such as
tungsten. The sPHENIX barrel ECAL utilizes a tungsten SPACAL (W/SciFi) design where
an array of scintillating fibers is embedded in a matrix of tungsten powder and epoxy.
Some of the properties of this design are listed in Table 11.27. This design was originally
developed at UCLA [1549] and then later adopted by the sPHENIX Experiment [1523]
which then further developed the technology into an industrialized process to produce
more than 6000 2D projective absorber blocks. These blocks are read out using SiPMs that
are coupled to the blocks using short light guides, which keeps the total radial length of
the calorimeter to 26 cm inside the BaBar solenoid magnet, including the readout and sup-
porting structure. This calorimeter is currently under construction and is expected to be
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completed by the end of 2021.

One of the issues with the W/SciFi design is that the boundaries between the blocks and
the light guides introduce certain non-uniformities in the energy response. These can be
measured using the position information provided by the calorimeter itself and/or the
tracking system and used to correct the energy response. For the sPHENIX design, this
leads to an energy resolution ∼ 13%/

√
E⊕ 2.5%.

For any future W/SciFi calorimeter for EIC, it would be advantageous to minimize the
number of boundaries produced by the blocks and the light guides, which is possible by
greatly reducing the length of the light guides to just a few mm (which is necessary to act
as mixer for the light coming out of the fibers) and then covering nearly all of the readout
area with SiPMs. This is now also possible with the availability of large area (6 × 6 mm2)
SiPMs at an affordable cost.

Shashlyk

Shashlik calorimeters have been used in many High Energy and Nuclear Physics experi-
ments (Table 11.34). The light produced in an alternating stack of absorber plates and scin-
tillating tiles is collected with the help of wavelength shifting (WLS) fibers passed through
the stack and is detected on one or both of the fiber’s ends. The outgoing light is concen-
trated on a surface much smaller than the cell size - an advantage for using the relatively
small semiconductor photosensors.

The plate thickness can be selected in order to obtain the required sampling fraction and
the sampling frequency. It should be noted that, as with other sampling calorimeters, a
larger sampling fraction leads to a larger radiation length and the Molière radius, which
then increases the length of the total stack and allows the shower to spread out more later-
ally.

Most of the shashlyk calorimeters to date have used lead for the absorber plates. Us-
ing tungsten helps to reduce the lateral overlap of showers (Table 11.34: HERA-B inner
calorimeter), and to reduce the total length of the calorimeter.

Figure 11.53 shows several examples of the shashlyk detector. Typically, the WLS fibers
are 1 cm apart. In most shashlyk calorimeters, the WLS fibers are bundled at the back
of the detector and read out with a single photosensor. In a new eRD1 W/Sc prototype
(Fig. 11.53, right) each fiber is readout by a small SiPM. One module is often split into
several readout cells in order to reduce the effect of the edges between cells (Fig. 11.53,
middle). The grid of fibers leads to variations of the response across the cell surface. The
best uniformity has been achieved with a “spiral” geometry of the fibers (Fig. 11.53, left).
An example of a 3×3 module design is shown in Figure 11.54 (left).

The scintillator and WLS fibers are selected in order to match their spectral properties.

Table 11.34 shows the parameters of several large-scale shashlyk detectors as well as two
prototypes. These detectors are built both in rectangular and trapezoidal shapes, the lat-
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Figure 11.53: Left: COMPASS Pb/Sc “spiral” 4 × 4 cm2 modules [1512]; Middle: LHC-B
Pb/Sc 3 module types, with a single 12× 12 cm2 cell, with four 6× 6 cm2 cells, and with
nine 4× 4 cm2 cells [1550]; Right: eRD1 W/Sc prototype 4× 4 cm2 cell, readout: 16 small
SiPM per cell [1505, 1551].
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Figure 11.54: Left: A 3×3 module design [1552] with a SiPM readout.
Right: The measured stochastic term β of the resolution of shashlyk calorimeters (Tab. 11.34)
against a predicted value of β = 0.027

√
d/ fsamp [1507, p. 119], where d is the thickness

of the scintillator tile in mm. The “scaling variable”
√

d/ fsamp at the first order does not
depend on the thickness of the scintillator tile. The plot indicates that the data can be split
in two groups. In each group the dependence on the “scaling variable” is nearly linear:
β ≈ 0.027(

√
d/ fsamp − 0.74) and β ≈ 0.049(

√
d/ fsamp − 0.92). The origin of the difference

between the groups is unclear at this moment. The results of GEANT4 simulation (Fig. 11.55)
match the lower curve well at moderate layer thickness.

ter provides the projective geometry (ALICE [1518] and MPD [1554] for example). Vari-
ous photosensors have been used: conventional PMTs, avalanche photodiods (APD), and
SiPMs.

It has been argued [1507, p. 119] that the stochastic coefficient is approximately propor-
tional to

√
d/ fsamp, where d is the thickness of the active material layer (or the fiber’s

diameter). For a number of sampling calorimeters of various types (LAr, LKr, Pb/Sc shash-

lyk, SPACAL etc) it was found that β ≈ 2.7%
√
(d/1 mm)/ fsamp. The data from Tab. 11.34

is shown in Fig. 11.54 (right). It is not clear what causes the data to split in two groups
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Experi- Ref sampling fsamp ρ X0 RM
X
X0

cell read- Yield/ Beam σE/E[GeV]
ment mm % g

cm3 mm mm mm out MeV GeV α % β %
# ch # layers 2nd line: calculation WLSF mm2 γ %
KOPIO [1553] Pb/Sc 0.275/1.5 2.75 35. 60. 16. 110. APD 50 p.e. 0.2-0.4 2.0 2.74
few ×300 45. 2.60 35. 57. 144 200.
PANDA [1516] Pb/Sc 0.275/1.5 34. 59. 20. 110. PMT 5 p.e. 1-19 1.3 2.8
∼ 2000 ×380 45. 2.60 35. 57. 144 200. 3.5
MPD NICA [1554] Pb/Sc 0.3/1.5 32. 62. 12. 110. SiPM 0.5-3.0 1.0 4.4
38000 ×220 43. 2.70 32. 55. 144 36.
PHENIX [1499] Pb/Sc 1.5/4.0 20. 18. 55. PMT 1.5 p.e. 5-80 2.1 8.1
15500 ×66 29. 3.81 20. 42. 36 200.
LHCb [1550] Pb/Sc 2.0/4.0 37. 24. 40. PMT 3.0 p.e. 5-100 0.8 9.4
6000 ×66 24. 4.44 17. 35. 25. 16 14.
HERA-B [1555] Pb/Sc 3.0/6.0 17. 37. 20. 56. PMT 0.8 p.e. 5-28 1.4 11.9
4000 ×37 24. 4.45 17. 42. 36 490.
COMPASS [1512] Pb/Sc 0.8/1.55 23. 38. PMT 1 - 7 5.5
888 spiral ×156 23. 4.50 16. 37. 16 490.
COMPASS [1556] Pb/Sc 0.8/1.5 16.4 35. 16. 40. SiPM 1 - 7 2.3 7.8
≈2000 [1557] ×109 22. 4.60 16. 36. 16 9.
ALICE [1518] Pb/Sc 1.44/1.76 9.5 5.68 12.3 32. 20. 60. APD 4.4 p.e. 0.5-100 1.7 11.3
12288 ×77 16. 5.63 12.4 30. 36 25. 5.
HERA-B [1555] Wa/Sc 2.2/1.0 5.6 14. 23. 22. PMT 0.13 p.e. 5-28 1.2 20.6
2100 ×37 4.1 12.5 5.7 13.9 9 490.

eRD1 [1551] Wb/Sc 1.58/1.63 31. 38. SiPM
[1505] ×79 9 8.9 8.4 19. 16 1. 7.7 c

a - W/Fe alloy 90/10 % by volume; b - W/Cu alloy 80/20 % by volume
c - Results of GEANT simulation;

Table 11.34: List of parameters of shashlyk EM calorimeters used in experiments. The values
of the average properties of the calorimeter material ( fsamp, ρ, X0, and RM), if published,
are presented in the top lines of the proper cells. The values calculated using the published
sampling structure are presented in the bottom line. The calculation is simplified, but done
in a standard way for all the entries facilitating the comparison between the entries. The
results of the calculations are usually close to the published values, except the only one
published value of fsamp. The resolution is parametrized using Equation 11.6. The resolution
was measured in test beams in the energy range specified. The size of the readout cell is
shown, along with the number of WLS fibers per cell.

with different slopes. The lower group is described by the predicted slope of 0.027, while
the higher group is described by a larger slope of 0.049. The offsets of the linear functions
are not physical (β can not be negative at any layer thickness) but indicate that at a smaller
layer thickness some other processes must dominate the resolution. Results of GEANT4
simulation of shashlyk calorimeters are shown in Fig. 11.55. The stochastic term describes
the data well (Fig. 11.54). The constant term simulated for 0.25 · X0 is well described by
a parabolic function. In summary, the resolution of a shashlyk calorimeter can be approxi-
mated by:

β ≈ 2.7 · (
√

d/ fsamp − 0.74)% (11.8)
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α ≈ (1.31− 0.251(x− 20) + 0.0144(x− 20)2)%,

where d is the thickness of the scintillator tile in mm, fsamp is the sampling ratio; x = X/X0
is the full thickness of the calorimeter. The constant term depends on the layer thickness
as well. In a real experiment it also depends on the calibration quality and other factors.

Simulations of Energy Resolution

C.Woody, EIC Detector R&D Committee, 7-24-20 1

Z.Shi (MIT)

Energy resolution vs total length
0.25 X0 sampling

Energy resolution vs sampling fraction
20 X0 total length

Simulations of Energy Resolution

C.Woody, EIC Detector R&D Committee, 7-24-20 1

Z.Shi (MIT)

Energy resolution vs total length
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20 X0 total length

Figure 11.55: GEANT4 calculation of the shashlyk W/Sc detector resolution [1505]. The scin-
tillator tile is 1.5 mm thick. Left: Dependence on the absorber plate thickness for 20X0 total
thickness. The results are compared with data in Fig. 11.54. Right: Dependence on the total
thickness x = X/X0 for a 0.25X0 thick layer. The constant term is described by a polynomial:
α = (1.31− 0.251(x− 20) + 0.0144(x− 20)2)%.

The expected spacial constraints of the EIC favor the use of tungsten alloys for the absorber.
One can select the sampling structure in order to be able to fit the detector into 40 cm of
space (see Tab. 11.27). Assuming the approximation of Eq. 11.8 one may expect that such
a structure of W/Sc 0.75/1.5 mm would provide a stochastic term of 6.3% GeV0.5.

The eRD1 Consortium is planning to study in a test beam a 3×3 W/Sc detector proto-
type [1505, 1551] (see Fig. 11.53, right and Tab. 11.34). Instrumenting each individual fiber
with its own small SiPM may provide more detailed information about the position of the
shower inside the stack, thus providing better position resolution, and also allowing this
information to be used to correct for any non-uniformity in either the light collection or
energy response. One may also consider adding the signals from several of those SiPMs
electrically, reducing the number of readout channels. Such a design reduces the length of
the module, saving a few cm of space needed for bundling of the fibers.
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11.4 Hadron Calorimetry

11.4.1 General consideration for Hadron Calorimeters

The major point for the design of hadron calorimeters (HCAL) at EIC is the capability of
the whole detector to provide a precise reconstruction of the jet energy (see Section 8.3 and
Ref. [28, 126]). Additionally, the application of the Jaquet-Blondel method (Section 8.1.5,
Ref. [1528, 1558]) requires the detection of all the final state hadrons, including the proton
fragmentation products which are mostly concentrated in the very forward area.

A jet in the final state consists of charged particles, photons, and neutral hadrons
as neutrons and kaons. The energy fractions carried by these components are about
65%/25%/10% [1559, p. 4] on average, with considerable fluctuations. The multiplicity
depends on pjet

T (see Fig. 11.56, left) and is moderate. The jet fragments in the final state
populate the whole range of the central detector −3.5 < η < 3.5 (see Fig. 11.56, middle
and right). A large fraction of these particles have momenta below 10-20 GeV/c .
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Figure 11.56: Jet properties from Ref. [28]. Left: Number of particles inside the jets as a
function of the transverse momentum pjet

T in the lab frame. Middle and Right: Polar plots
of the kinematic distributions of the particles from jets produced in DIS (in gray) and of the
scattered electrons (in blue) for two kinematic ranges.

Jet measurements can be performed using purely calorimetric information, or alternatively
using a combination of tracking and calorimetric info. The former method requires a
high resolution hadronic calorimetry systems as was used at HERA in the ZEUS exper-
iment [1560]. The latter is known as “energy-flow method”, which was first used in the
ALEPH experiment at LEP [1561], and then in several collider experiments including H1
at HERA [1562] and CMS at the LHC [1563], and is planned to be used in sPHENIX. The
modern implementations of this method are using machine-learning techniques [1564].

At EIC the energy-flow approach is envisioned for the jet reconstruction. The tracker and
ECAL will measure about 90% of the jet energy with a precision much higher than any
hadron calorimeters built in the past, except may be for the very forward region in the
hadron endcap, where tracking performance starts to deteriorate (depends on the magnet
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design). Energy-flow methods rely on precision measurements of the charged fragments
of jets using the tracker instead of the calorimeters (ECAL + HCAL). However, calorimeter
information is still needed to account for contributions from neutral hadrons for which
a sufficient high granularity may be important to disentangle the different contributions,
i.e. proper assignment of a signal to the neutral components of the jet. The physics re-
quirements on the EIC detector system are discussed in Chapter 8.6 and are outlined in
Table 10.6. The requirements on HCAL are summarized in Table 11.35. The energy resolu-
tion in the table is referred to a single particle resolution rather than jet.

η EIC Specifications Conservative option
σE/E, % Emin, MeV σE/E, % Emin, MeV

-3.5 to -1.0 45/
√

E + 7 500 50/
√

E + 10 500
-1.0 to +1.0 85/

√
E + 7 500 100/

√
E + 10 500

+1.0 to +3.5 35/
√

E 500 50/
√

E + 10 500

Table 11.35: HCAL parameters from the EIC specifications (Table 10.6) and for a technically
conservative option. Several ways to improve the energy resolution are described in the text.

The requirements and options for technical implementation were discussed in presenta-
tions [1528,1559,1565–1568]. Only light-collecting HCAL options have been considered in
this section. Some alternative approaches are discussed in Section 11.4.5. At EIC all envi-
sioned calorimetry systems are sequential, i.e. ECAL followed by HCAL. This is driven
by the relatively high EM energy resolution requirement which will be difficult to achieve
with a single device serving simultaneously as ECAL and HCAL. A possible exception
may be the very forward hadron endcap where the stochastic term for EM energy res-
olution might be relaxed due to the higher energy of incoming particles. Achieving high
resolution for both EM particles and hadrons is a very difficult task, and there are no prece-
dents from past experiments. For instance, the ZEUS collaboration at HERA operated a
very high resolution hadron calorimeter, but paid a price in the form of a rather mediocre
performance for EM shower detection 18%/

√
E, while the situation was vice versa for the

H1 detector [1569]. An excellent EM resolution typically leads to a poor hadronic shower
detection. As an example pointed out in Ref. [1570], once the choice is made for a crystal
ECAL, it essentially does not matter what one installs behind it. The hadronic energy reso-
lution will be poor. It will be completely determined by fluctuations in the energy sharing
between the EM and hadronic calorimeter sections, which in this case have very different
e/h values. This results in a typical hadronic resolution of approximately 100%/

√
E. Even

the most sophisticated compensating hadronic sections cannot alter this conclusion. The
challenge of balancing EM and hadronic calorimeter performance is a common problem
for any calorimetry system. Other detector/collider specific limitations such as available
space, dead material between the EM and hadronic sections, choice of the readout etc., also
affect the hadronic resolution of any system.

The total hadronic resolution of three high-resolution calorimeters (approximately com-
pensated) and the various factors contributing to it are listed in Table 11.36, where σp, σs,
σi are the fluctuations of the number of signal quanta, the sampling fluctuations and the
intrinsic fluctuations, respectively.
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ZEUS U238 ZEUS Pb SPACAL

σp 6%/
√

E 10%/
√

E 5%/
√

E
σs 31%/

√
E 42%/

√
E 27%/

√
E

σi 19%/
√

E 11%/
√

E 11%/
√

E
σh 37%/

√
E 44%/

√
E 30%/

√
E

Table 11.36: Hadronic energy resolution of various calorimeters. Data taken from [1571–
1574]

In all three detectors, the hadronic resolution is dominated by the sampling fluctuations.
This is a direct consequence of compensation (e/h=1), which requires small sampling frac-
tions, for example, 2.3% for lead/plastic detectors and 5.1% for uranium/plastic devices.

Much effort went into understanding of the mechanism of compensation in the past [1575],
upon which the high-resolution ZEUS calorimetry system was build. However, one aspect
of compensation was not immediately clear at that time, namely, the energy dependence
which affects the precision of jet reconstruction. Data from ZEUS showed that, for particles
below 10 GeV, the e/h ratio of the ZEUS calorimeter gradually decreases by 30% with
decreasing energy [1576]. There is no known solution to this problem. For the EIC central
detector, with exception of the very forward region in the hadron endcap (at η > 2.5),
most hadrons will have energies below 10 GeV, and thus there is little value to pursue
compensation (such as using depleted uranium) for the hadronic calorimeter section in
these regions. In the very forward region of the hadron endcap the hadron energy will be
above 10 GeV and the compensation technique is very relevant.

One should point out that a fine granularity of a non-compensating calorimeter allows to
improve the resolution by assigning weights to the detected signals (“off-line compensa-
tion”). The method was first used [1577] at the CDHS experiment, and later applied and
improved at H1 [1578, 1579]. H1 used a 45k-channel Pb/Fe Liquid Argon calorimeter. At
EIC such a method can be considered where a longitudinal segmentation of the ECAL and
HCAL readout appears practical.

11.4.2 Central detector consideration

Precise measurements of the hadron energy with calorimeters requires sufficient contain-
ment of hadronic showers. Unlike the compact electromagnetic showers hadronic show-
ers are very broad. The longitudinal and radial containment L95% and R95%, the required
length and radius of the calorimeter for a 95% hadronic energy deposition containment
(Ref. [1580]), scales as:

L95% ≈ tmax + 2.5λa, R95% ≈ 1λint, (11.9)

where tmax ≈ 0.2 log[e]E(GeV) + 0.7 is the shower maximum depth, and λa (in units of



514 11.4. HADRON CALORIMETRY

λint ) describes the exponential decay of the cascade beyond tmax and varies with hadron
energy as λa = [E(GeV)]0.13. For the EIC central detector a calorimeter system of approxi-
mately 5 λint depth seems sufficient for most regions, except for the forward region of the
hadron endcap where it should be of order 6-7 λint. Table 11.37 lists absorber materials
typically used in HCALs and the thickness needed for the 95% containment.

Absorber material L95 15 GeV L95 30 GeV
Fe 80 cm 94 cm
Pb 83 cm 99 cm
Cu 72 cm 86 cm
W 47 cm 56 cm
U 52 cm 61 cm

Table 11.37: Absorber materials used in HCALs

The choice of the absorber material is often driven (apart from the energy resolution) by
costs, engineering constraints, the magnet design, desire for a compensated calorimeter
system, and, in case of a SiPM readout, by an acceptable level of the neutron fluence.
Lower-Z absorbers generate fewer neutrons. In this regard steel absorbers are preferable.

11.4.3 HCAL Energy resolution

Precise measurements of hadron energy with sampling calorimeters require sufficiently
high sampling fraction and sampling frequency to keep sampling fluctuations and number
of signal quanta fluctuations below the acceptable threshold (see Table 11.36). Increasing
the sampling fraction leads to a significant reduction of the final calorimeter density. In
addition, calorimeters with large sampling fraction require significant additional space for
mechanical stability, as they are usually not self supporting. For example, λabs for DU is
10.5 cm. However, the effective λabs of the ZEUS calorimeter is 24 cm, about a factor of
two larger. Collider central detectors are generally large-volume detectors, and the cost
is an important factor in the calorimeter, in particular hadron calorimeter, design. As a
consequence, compromises are usually necessary. As an example, the ZEUS and SPACAL
HCAL systems listed in Table 11.36 can give an idea of the space requirement for high
resolution calorimeters. The ZEUS calorimeter system (hadron endcap) extended over
almost 4 meters, of which about half the space was occupied by the high resolution DU/Sc
calorimeter. The remaining space was occupied by the backing calorimeter whose purpose
was to control longitudinal leakages. The SPACAL system required about 2 meters for the
Pb/ScFi structure and additional 0.7 meters for the readout, which is similar for the E864
calorimeter based on the SPACAL design [1548, 1572, 1581].

The space available for all EIC detectors including the calorimeter systems is finite. De-
sired properties for the EIC calorimeters, beyond the requirement on energy resolution,
are the following: compactness and mechanical sturdiness, which allows for building self-
supporting structures and minimizing the space required for passive mechanical support



CHAPTER 11. DETECTOR ASPECTS 515

structures. This for example, makes lead a non-ideal choice for the HCAL absorber as it
would require a significant passive reinforcement in order to keep the mechanical stability
of the detector plus an additional space to support the ECAL section. Ideally, it would be
preferable to use the HCAL structure as a support for the ECAL. This is possible to achieve
with a steel absorber. This choice of material would also eliminate dead material between
ECAL and HCAL sections. Such dead material degrades the overall system performance
as it is located almost at the shower maximum position [1582]. To control longitudinal
leakage one usually employs tail catchers, or backing calorimeters, as in case of ZEUS.
At EIC the tail catcher would have to be integrated with the main calorimeter due to the
lack of space for a separate device. Such an approach is described in Ref. [1582], where
the last few layers of the HCAL section would have additional independent readout. The
information from the tail catcher allows for a clean identification of the showers without a
longitudinal leakage. There is a desire to have a higher resolution (better than ≈ 40%/

√
E

with a constant term of ≈ 5%) calorimeter in the forward hadron endcap (η > 2.5), i.e.
the region where the calorimeter performance is anticipated to exceed that of the tracker.
This interplay of the calorimeter and tracker performance is similar to that in the electron
endcap, where the inner part requires the highest resolution ECAL and the outer part has
more relaxed requirements (see Table 11.35). In the hadron endcap, taking into account the
limited available space, a very dense calorimeter that minimizes leakage and ideally serves
as both ECAL and HCAL with a single readout would be preferable. Such a calorimeter
should have a small sampling fraction and a sufficiently high sampling frequency (to keep
the EM energy resolution at an acceptable level), which is currently only possible with the
fiber calorimeter technology.

The “conservative option” for the endcaps shown in Table 11.35 is based on measure-
ments of prototypes (see Fig. 11.57, left). The barrel HCAL parameters can be modeled
from the sPHENIX barrel HCAL, which has a similar size and geometry. At sPHENIX
the ECAL+HCAL have a resolution for pions of about 13%⊕ 85%/

√
E [1583]. There, the

HCAL consists of a short section inside the bore of the BaBar magnet and the main Fe/Sc
section outside of the cryostat. The outside part also serves as the magnet’s flux-return
yoke. At EIC no HCAL inner section is envisaged. In order to scale the sPHENIX results
to the EIC configuration in a conservative way, let us assume that at sPHENIX there is
no material in the cryostat, while at EIC the cryostat contains material, and the outside
HCAL has the same thickness as both parts of the sPHENIX HCAL. The estimated impact
of material (up to 10 cm or iron) between ECAL and HCAL is shown in Fig. 11.57, right. In
comparison, the BaBar cryostat is about 1.4X0, which is equivalent to 2.5 cm of iron. Such
amount of material should cause only a moderate degradation and one may expect that a
resolution of 10%⊕ 100%/

√
E in Table 11.35 is a conservative estimate and is achievable.

11.4.4 eRD1 EIC R&D and STAR forward developments

To date R&D efforts towards high-resolution hadron calorimetry at the EIC have been lim-
ited since the existing technologies have been considered sufficient. The very first eRD1
calorimetry consortium proposal [1584] aimed at developing a new W-powder/ScFi tech-
nology for both EM and HCAL sections to help to balance the requirements on the EM and
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√
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ECAL (W/ScFi) and HCAL (Fe/Sc) on the energy resolution. The resolution changes from
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E (no material) to 0.19⊕ 0.35/

√
E (10 cm of iron).

hadron energy resolutions. In particular, the technique was aimed at simplifying the con-
struction of EM calorimeters with high sampling frequency and small sampling fraction
(approximately being compensated) providing a ≈ 12%/

√
E energy resolution. With a

support from the STAR Forward upgrade project the eRD1 consortium built a small proto-
type of a compensated calorimeter system with the new W/ScFi technology in the EM sec-
tion and an HCAL section copying the ZEUS Pb/Sc prototype, listed in Table 11.36. This
system was tested at FNAL in 2014 [1585] and was modeled in the BEAST EIC detector
model as the hadron endcap. Such a compensated system can meet the requirements for
the EIC hadron calorimeters listed in Table 11.35. However, the non-compensated variant
was considered as well. This originated from a budgetary constraint for the STAR forward
upgrade that eventually led to the development of a non-compensated calorimetry system
consisting of Pb/Sc shashlyk for the EM section (utilizing the existing EM blocks from the
PHENIX experiment) and Fe/Sc for the hadronic section. A small prototype of this system
was built and tested at FNAL in 2019.

With accounting for the transverse leakages in the test beam prototype, the energy resolu-
tion for STAR FCS system is close to 60%/

√
E + 6% (see Fig. 11.57, left). An earlier tested

compensated prototype had a ≈30% better hadronic energy resolution compared to the
non-compensated version.

Additional R&D efforts have been carried out to demonstrate a similar system with
W/ScFi for the ECAL section that could meet the EIC physics requirements [1586].



CHAPTER 11. DETECTOR ASPECTS 517

11.4.5 Alternative methods for high resolution HCAL

Over the past two decades there were attempts to significantly improve the energy resolu-
tion of hadron calorimeters using the dual readout method. This method uses an observ-
able which correlates with the number of neutrons released in the hadronic shower, which
correlates with the ”invisible” energy (≈ 40% in the hadronic shower [1587]).

By comparing the signals produced by scintillation light and Cherenkov light in the same
detector, and considering the timing and spatial characteristics of the showers, the EM
shower fraction can be determined for individual events. The EM shower fluctuations are
the main culprit for problems encountered with hadronic calorimetry, The validity of this
principle has been demonstrated with the DREAM fiber calorimeter [1588]. A realization
of the dual readout at EIC would have to take into account the relatively low energy of
hadrons and the spacial constraint. eRD1 took an opportunity to look at the timing char-
acteristic of showers using the STAR Forward calorimeter prototype with steel absorber
during the 2019 test run at FNAL. No meaningful correlation of the fast component of the
hadronic shower with the total energy has been observed. Accounting for the EM fraction
of the shower on an event-by-event basis using this method does not look promising (at
least with the steel absorber).

At the end of this section we should also mention alternative concepts of designing the
whole detector in which the role of calorimeters is quite different compared to what has
been traditionally used. These concepts were initially driven by the HEP community for
the future linear collider program, which requires an extremely high energy resolution for
jets. Tungsten-silicon sampling calorimeters allow for very fine granularity required for
detection of dense high-energy jets, and typically combine the electromagnetic and hadron
parts into a uniform structure. Such a calorimeter, which also provides a very strong radi-
ation hardness, is being build for the CMS endcaps upgrade [1589]. Calorimeters in these
concepts are essentially digital devices with hundreds of millions of channels to track ev-
ery single particle in hadronic showers, as required by particle flow algorithms. The TOP-
SiDE [1497,1590] concept of the EIC detector, discussed in more details in Section 11.4.6, is
an example of such an approach.

In summary, the set of parameters for the technically conservative option listed in Ta-
ble 11.35 should be achievable with existing technologies as demonstrated by the eRD1
consortium and the STAR Forward upgrade, with some additional R&D efforts to im-
prove the performance of a STAR-like forward calorimeter system. Higher resolution
hadron calorimetry will require additional R&D efforts, e.g. to develop a high density
fiber calorimeter with SiPM readout or another suitable technology.

11.4.6 TOPSiDE Calorimetry

The TOPSiDE (timing optimized PID silicon detector for the EIC) concept leverages re-
cent developments in ultra-fast silicon sensor technology to simplify tracking and particle
identification for the barrel and endcap regions. At its core, TOPSiDE consists of a high-
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precision silicon vertex detector surrounded by a tracker composed of ultra-fast silicon
detectors (UFSD), such as low-gain avalanche-diode (LGAD) detectors, which is then sur-
rounded by calorimetry. With the excellent time resolution of the tracking detector, particle
identification (π − K− p separation) is done with time-of-flight alone, removing the need
for a dedicated particle-identification system for the majority of the central detector. This
minimizes material thickness, number of detector subsystems, and distinct technologies
required for the central detector.

The TOPSiDE concept does not put any special requirements on the calorimetry system,
and the reference detector calorimetry requirements could be met by a wide variety of
designs and technologies, all capable of integrating within the TOPSiDE concept.

In the spirit of minimizing the distinct detector technologies throughout, a sampling (or
imaging) electromagnetic calorimeter of silicon sensors interleaved by tungsten plates
forms a natural choice — a SiW calorimeter. In an earlier incarnation of the TOPSiDE
concept, the ambitious use of high-resolution LGAD sensors throught the electromagnatic
calorimeter was evaluated, in the spirit of high precision digital calorimetry [1591]. In
this case, it would be possible track every single particle in hadronic showers, as required
by particle-flow algorithms [1592]. The drawbacks to this approach lie in the demand-
ing power and cooling requirements for such a calorimeter, as well as its cost and large
amount of readout channels. In particular as the performance of such a system may very
well surpass what is required for the EIC science program.

A less ambitious, more grounded approach to SiW-based electromagnetic calorimetry is to
use a different type of silicon sensor which better matches the calorimetry requirements
at the EIC. A natural choice in this direction would be to leverage the recent progress in
monolithic silicon sensors, e.g., ATLASPix [1593], a low-power pixel detector that was built
for the CERN experiment ATLAS, and further optimized as AstroPix [1594], developed for
a future space-based gamma-ray telescope. This family of sensors has demonstrated an
excellent energy resolution at low energies (∼7% at 30keV) and does not have stringent
power and cooling requirements (it will be used for space-based detectors). Its timing
resolution of 25ns is sufficient for a medium-granularity electromagnetic calorimeter. This
would result in an imaging calorimeter with potentially great resolution for low energy
photons from π0-decay, while having excellent electron-pion separation. Furthermore, to
optimize the resolution on scattered electron, TOPSiDE uses a PbWO4 crystal calorimeter
at the inside of the backward endcap, similar to the reference detector.

For hadron calorimetry, the TOPSiDE baseline design uses the same approach as the ref-
erence detector. Other options being considered beyond the baseline design are based
around a granular (imaging or semi-digital) approach using interleaved layers of steel
with scintillator pads [1595] or resistive plate chambers (RPC) [1596]. Even a single RPC
layer can provide additional timing measurements and enhance TOPSiDE’s 4D track fit-
ting, leading to better hadron separation. This type of system will have a very competitive
energy resolution with the additional feature of robust muon particle identification.
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11.5 Particle Identification

All multi-purpose detectors, for example as illustrated in Figure 9.2, contain systems that
work symbiotically toward achieving the physics goals. Among these detector systems
is the subset that identifies the species of collision ejectiles commonly known as Particle
Identification Detectors or PID. Typically, the tracking systems provide a momentum mea-
surement (~p = mγ~β) which when combined with information on velocity (~β) is sufficient
to distinguish the various particle species. Most often ”PID” refers to the separation of π,
K, and proton whereas eID refers to the identification of electrons. This section discusses
each of these two topics, the requirements for EIC, and possible technological implemen-
tations necessary to achieve the physics goals.

The two basic approaches to PID are the direct measurement of the particle’s velocity
(known as Time-of-Flight or ”TOF”) and the measurement of velocity dependent inter-
actions of the particle with the detector. Four common velocity-dependent detector inter-
actions are [355]:

• Specific Ionization (aka dE/dx), wherein the rate of energy deposit (typically left in
a gasseous medium) is measured precisely.

• Cherenkov Radiation, wherein the angle of Cherenkov photon production depends
upon velocity as cos(θ) = 1/(nβ̇).

• Bremsstrahlung, wherein the power dissipated to braking radiation goes as P =

q2γ4

6πε0c

(
β̇ +

(
~β·~̇β
)2

1−β2

)

• Transition Radiation (TR), wherein the intensity of transition radiation goes as I =
Z2e2γωp

3c .

Bremsstrahlung is the effect by which eID is accomplished in an electromagnetic calorime-
ter. The calorimetry requirements for EIC are discussed in Section 11.3 and will not be
additionally discussed here. The velocity necessary to produce sufficient transition radia-
tion is high enough that at EIC a Transition Radiation Detector (TRD) should be considered
specifically as an eID device. The velocity dependence of dE

dx and the Cherenkov Effect, as
highlighted in Figure 11.58 [355], are suitable for PID and eID applications.

11.5.1 Physics Requirements

As described in Volume II in this report, simulations of collisions for an extensive list of
physics processes, each spanning the

√
s anticipated at EIC have been performed. As an ex-

ample, Figure 11.59 displays an overview of electron and hadron production as a function
of particle lab momentum and polar production angle. The full suite of such calculations
was considered and used to formulate the so-called ”Requirements Matrix” that specifies
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proton collisions. Yield (color scale) is plotted in polar coordinates with the radial coordinate
indicating momentum and the azimuthal coordinate indicating ejectile polar angle. The top
row is for electrons, the bottom row is for pions. The columns are selected ranges of Q2 as
indicated. The asymmetry of the initial state is reflected as a momentum asymmetry in the
ejectiles.

relevant detector performance parameters as a function of η. A successful detector design
is any that satisfies the detector performance requirements. The PID-relevant subset of the
detector matrix is shown in Table 11.38.

In the following sections we discuss the performance characteristics of multiple suitable



CHAPTER 11. DETECTOR ASPECTS 521

detector technologies for the final EIC detector. Following that we discuss how these tech-
nologies can be arrayed to best address the requirements matrix.

Table 11.38: Detector performance matrix. This truncated form of the matrix selects only
the requirements for Particle Identification.

11.5.2 PID via Energy Loss

Many tracking detector configurations are possible (as described in section11.2). The ”hy-
brid” option includes a Time Projection Chamber (TPC) as its outer layer, which may pro-
vide PID information via dE/dx . It is thus important to understand the limits of such
devices. Available space is at a premium, partly due to the longitudinal limit of ± 4.5 me-
ters in Z. Given available space, tracking is generally limited to a radial extend of roughly
1 meter, which is significantly smaller than common TPCs such as STAR (2m) [1597] and
ALICE (2.5m) [1598]. It is thus, important to work to achieve excellent dE

dx performance in
a small distance.

The primary challenge in any dE
dx measurement comes from the process of energy loss being

two steps. Each locus of ionization is independent of its neighbors and therefore the rate
of primary ionization follows Poisson statistics. This rate is typically captured by the pa-
rameter Np which counts the primary ionization sites per unit length (usually expressed
as primary

cm ). Unfortunately, primary electrons are often released with sufficient energy to
generate several secondaries making a so-called ”cluster” of ionization. The total ioniza-
tion is characterized by Nt

total
cm and follows a probability distribution with a long ”Landau

tail”. Battling the resolution loss due to the Landau tail is the primary challenge for any
PID detector.
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The traditional method of addressing the Landau is to make many independent samples
of the ionization and perform either a fit to the dE

dx probability distribution or via a so-
called ”truncated mean” calculation. An improvement recently suggested and tested by
sPHENIX for EIC applications is to use a gas that has an intrinsically small ratio of total
electrons to primary electrons, Nt

Np
, so that the fundamental ionization statistics are closer

to Poisson. Figure 11.60 shows a comparison of STAR dE
dx resolution (Ar:CH4[90:10], 72

samples, 150 cm, Nt
Np

= 3.9) to a small sPHENIX prototype (Ne:CF4[50:50], 48 samples,

60 cm, Nt
Np

= 2.3) as measured in test beam [1599]. Despite fewer samples and shorter
detector length, similar performance is indeed achieved. Figure 11.61 shows a simulation
of performance assuming that one can count explicitly the individual clusters of ionization
and thereby approach the limit of Poisson statistics [1600]. Such a device might be rather
attractive for EIC, but requires further R&D to demonstrate its efficacy in short length
applications such as required for EIC. A drift chamber option where cluster counting is
implemented is presented in Sec. 11.2.4.
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Figure 11.60: A comparison of STAR dE
dx resolution (round points) with sPHENIX Test Beam

results (squares) is shown. The sPHENIX results are comparable by a suitable gas choice:
using a gas with a limited number of ionization secondary electrons per primary ionization
event, the relevance of the tail in the Landau distribution can be mitigated.
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Figure 11.61: A simulation of π-K separation in a ”cluster-counting” detector, for which the
fluctuations are reduced from Landau to Poisson, thereby extending the effective momen-
tum range.

11.5.3 Cherenkov

The measurement of the emission angle of Cherenkov photons is a powerful PID tech-
nique with a tunable dynamic range. Because the Cherenkov angle depends upon velocity
as cos (θC) =

1
nβ , one is able to accomplish PID at the highest momentum using the lowest

index of refraction, n. There are two penalties for choosing low n. First, with lower index,
the Cherenkov threshold β = 1

n goes up, resulting in non-detection of low momentum par-
ticles. Second, with lower index, the photon yield per unit length dNγ

dL = 2πα sin2 (θc)
∫ dλ

λ2 ,
goes down resulting in the need of long radiators. As a result, Cherenkov detectors must
be carefully tuned to the required physics. Because the momentum range needs at EIC
vary significantly with η it is necessary to tune the radiator index differently in three re-
gions called ”electron endcap”, ”barrel”, and ”hadron endcap”.

A subtle coupling between Cherenkov measurement and tracking resolution is illus-
trated in Figure 11.62. Because a Cherenkov detector rarely measures the trajectory of
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the track, it is reliant upon the tracker to provide a direction vector of the track itself
while the track passes through the radiator. Figure 11.62 shows a toy Monte Carlo simula-
tion of this effect. Here, a track with it’s true direction indicated by the black arrow releases
photons with angle θC. The tracker is presumed to report the particle direction as indicated
by the red arrow; different from truth by the angle α. A mis-measurement by α generates
photon-by-photon errors in the apparent θC in the range (θC − α) to (θC + α). The three
bottom panels show reconstructed θC as a function α under different assumptions for mean
photoelectron yield: 5 photons/ring, 10 photons/ring, and 20 photons/ring. These plots
demonstrate that the impact of finite track direction errors of size α can be mitigated to
some degree by higher Cherenkov photon statistics and that the goals for track pointing
resolution will be tightly coupled to the chosen PID technology and performance.

Figure 11.62: Simulations of the effect of tracking resolution on apparent Cherenkov an-
gle. Reconstructed θC distributions are plotted as a function of tracking error α under three
assumptions for mean Cherenkov photon yield: 5, 10, and 20 photoelectrons per ring.

A variety of effects limit the precision of measurement of Cherenkov angle in any realistic
device. These are listed and discussed here:

• Chromaticity
All materials suffer from an index of refraction that varies with wavelength (n(λ))
thereby creating a photon-by-photon chromatic smearing of the Cherenkov angle.
This effect is particularly acute near the transmission cutoff of the radiating medium.

• Optical Aberration (aka ”Emission Point Error”)
Even at normal particle-to-mirror incidence, a spherical mirror is just an approxi-
mation to a parabolic reflector. Furthermore, as the angle of incidence strays from
the normal, optical aberrations increase. This effectively means that the location at
which a photon is detected picks up a dependence on the place within the radiator
at which the photon was emitted. It is therefore most often termed as an ”Emission
Point” Error.

• Pixelation
Cherenkov photons are detected individually and the finite pixel density of the focal
plane readout detector thereby generates an uncertainty in the initial emission angle.
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• Magnetic Field
Ideally the radiator medium for a Cherenkov radiator is free of magnetic field so that
the particle direction is not changing as it propagates through the radiator medium.
In a compact application like EIC this is often difficult to arrange and is sometimes
approximated by attempting to minimize ~v × ~B through careful adjustment of the
magnetic field orientation. Imperfections necessarily generate uncertainty in the
Cherenkov angle.

• Tracking
Finally, the Cherenkov angle resolution can be limited by the knowledge of the track
direction as it traverses the radiator medium.

In the following sections, we’ll discuss in detail several options for Cherenkov detector
configurations that have been studied in the EIC context.

Hadron Blind Detector (HBD)

An HBD device collects unfocused Cherenkov light and makes no attempt to focus the
light so as to determine the Cherenkov angle. It is instead operated in a ”Threshold Mode”
wherein the fastest particles will radiate, making it suitable only for eID and not for PID.
The PHENIX experiment was the first implementation of such a device [1601, 1602]. That
implementation is shown in Figure 11.63. Pure CF4 gas (n=1.00056) is used as a radiator.
The transparency at low wavelength is leveraged to take advantage of the 1

λ2 photon yield.
As measured by the ”N0” parameter (325), this is the brightest Cherenkov detector ever
built.

A CsI photocathode is evaporated onto Gas Electron Multipliers (GEMs) and provides
sensitivity to λ < 200nm and has a yield of 20 photoelectrons in 50 cm. In PHENIX,
the device was optimized for distinguishing closed Dalitz pairs (40 p.e.) from isolated
electrons (20 p.e.). It was not optimized for e/π separation and suffers from an ionization
signal generated by any charged particle passing through the focal plane.

Simulations have been done on an alternative HBD implementation (HBD++) as is shown
in Figure 11.64 [1603]. Here the later GEM gain stages are replaced by MICROMEGAS de-
tector(s) thereby minimizing the ionization signal from the charged particles. This results
in a near doubling of the pion rejection provided by the device, but has never been proven
in an actual implementation.

CsI RICH

A corollary to the HBD design can be achieved by focusing the Cherenkov light into the
focal plane and thereby enabling a measurement of the Cherenkov angle [1604]. This con-
figuration mostly retains the brightness of the original HBD although there is additional
light loss due to both the increased gas path length (round trip including the mirror). The
concept benefits from the fact that the low material budget of the photon detector (GEMs)



526 11.5. PARTICLE IDENTIFICATION

Figure 11.63: The left upper panel shows the triple-GEM with CsI coating used in PHENIX.
The center and right panels show the response to pions and electrons as well as the rejection.
Rejection of the device is limited by response to ionization in the gap between the first two
GEMs.

Figure 11.64: Simulated performance of an HBD configured with µMEGAS amplification
(left panel) immediately following the photocathode bearing GEM. A roughly 2 times im-
provement of pion rejection might be achieved in this configuration (right panel).

can be placed directly in the path of the particles at the entrance of the device, minimizing
the emission term. The design suffers, in two critical aspects:

• The low refractive index, n=1.00056, results in a rather high threshold for pion and
kaon radiation (4.17 and 14.75 GeV/c respectively). The CsI RICH must therefore
be supplemented by an additional PID device to match the physics requirements at
lower momenta.

• Use of the radiation gas down to the transparency cutoff results in a high distortion
due to chromaticity.

A detector concept called ”EIC-sPHENIX” (Figure 11.65) is what results from maximal
reuse of sPHENIX detectors and accompanying devices placed in both end caps [1605].
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The default configuration of this device uses a Cherenkov radiator with CF4 gas as de-
scribed above. A prototype of this device was tested at Fermilab (Figure 11.66) with excel-
lent π-K separation measured at 32 GeV/c and extrapolated 3-σ performance to 60 GeV/c.

Figure 11.67 shows the result of a simulation in which the measured detector performance
is parameterized and subjected to varying errors in track direction [1606]. Because the
device is severely limited by ”chromaticity” (wavelength-dependent index), this device
has comparatively lax requirements on the tracking and is unaffected by track pointing
errors of roughly 2 mrad or less.

Figure 11.65: EIC-sPHENIX configuration of a gas Cherenkov in the style of the prototype
tested for EIC.

Figure 11.66: The left panel shows the test beam configuration with 1 m CF4 radiator and
quintuple GEMstack. The right panel shows the response of the test beam detector to pro-
tons, kaons, and pions at 32 GeV/c momentum.

In the ePHENIX implementation, the CsI RICH is complemented by mRICH detectors
(see below) that compensate for the high Cherenkov threshold over some of the aperture.
Nonetheless, there is a gap in PID coverage between the maximum achieved by the mRICH
and the minimum achieved by the GEM RICH (gRICH).

An alternative to the GEM-based photon detector, is represented by the hybrid MPGD
photon detector in use since 2016 in COMPASS RICH [1607]: two THick GEM (THGEM)
multiplication layers, the first one coated with a CsI film and acting as photocathode are
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Figure 11.67: Fast simulations show the π-K, K-p, and e-π separation anticipated for a 1
meter CsI RICH assuming various tracking precisions. Because of the large chromatic term,
the tracking does not degrade PID until the pointing resolution becomes worse than 2 mrad.

followed by a resistive MICROMEGAS stage (Fig. 11.68). A reduced pad size is needed
to match the compact configuration at EIC, where the gaseous RICH focal length is of the
order of 1 m. A prototype with pad-size reduced from 8 mm to 3 mm has been designed,
built and successfully tested in a beam (Fig. 11.69). Its operation in a window-less config-
uration such as that in the EIC-sPHENIX one has yet to be confirmed.

(a) (b)

Figure 11.68: (a) Sketch of the hybrid single photon detector: two staggered THGEM layers
are coupled to a resistive bulk MM; image not to scale. (b) Ring images detected with the
hybrid single photon detector of COMPASS RICH; ring centres calculated from the recon-
structed trajectory; no image filtering applied.

So far, CsI is the only photocathode material that has been successfully used in gaseous de-
tectors, although its usage is affected by several difficulties and limitations. In applications
at high luminosity, its quantum efficiency is reduced over time by the bombardment of ions
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(a) (b)

Figure 11.69: (a) Formation of the ring image on the photon detector prototype by
Cherenkov photons generated in a quartz radiator crossed by beam particles (principle).
(b) 2-D histogram of the hits produced by the Cherenkov photons in the small pad-size pro-
totype

produced in the multiplication process when the integrated charge exceeds 1 mC/cm2.
Therefore, these detectors must be used at limited gain, reducing their overall efficiency.
CsI is chemically fragile, in particular if exposed to water in excess of 20ppm. This requires
tedious manipulation techniques to maintain a dry, inert atmosphere. A novel, more ro-
bust option is offered by Hydrogenated Nano Diamond (HND) powder [1608–1611]. It
has a similar quantum efficiency to CsI, spanning the same range of UV wavelengths. Hy-
drogenation requires high temperatures. The powder hydrogenation before forming the
converting coating makes this approach compatible with the components of gaseous de-
tectors. HND exhibits good chemical stability and the coating layer is mechanically robust.

The avalanche performance of THGEMs with HND coating is unchanged, when an appro-
priate post-coating heating protocol is applied (Fig. 11.70, (a) ). The preservation of the
quantum efficiency when the protocol is applied is under study Fig. 11.70, (b) ); presently,
the protocol is being optimized to obtain a complete preservation of QE. The goal of this
R&D is to obtain a valid alternative to CsI suitable for gaseous single photon detection in
high luminosity applications like EIC.

Dual RICH (dRICH)

A so-called ”Dual RICH” utilizes two different radiator indices and thereby is able to cover
the full momentum range without penalty owing to the Cherenkov threshold of the gas
section [1612–1614]. The design optimized for EIC is shown in Figure 11.71 and uses both
an aerogel radiator and a gas radiator (C2F6) to cover the full momentum range in a single



530 11.5. PARTICLE IDENTIFICATION

(a) (b)

Figure 11.70: (a) Effective gain versus applied biasing voltage for a THGEM measured with
the bare device and with HND coating after applying the heating protocol. (b) QE versus
wavelength of a NHD-coated sample measured before and after the heating protocol.

device. In the current design, the photo sensors are located outside the acceptance. This
has multiple effects that drive the device performance:

• The optics is less ideal and therefore the emission term becomes dominant in the
resolution.

• The focal plane is moved to a lower radiation zone. This helps not only in the level
of background hits that can interfere with the photon ring, but also may allow the
use of emerging technology such as SiPM detectors to be used for the readout.

Shifting the focal plane to one side widens and complicates the parameter space for detec-
tor design, making optimization a daunting task. The present design of the detector was
optimized using AI-based optimization techniques to investigate a wide space of detector
configurations. The design shown here is the result of that exhaustive investigation [1615].

Figure 11.72 shows the converged solution for the detector performance optimization in
both the aerogel and the gas sections. Each term in the final resolution is isolated by its
contribution of the Cherenkov angle resolution. The aerogel performance is dominated by
the natural chromaticity of the radiator medium itself. All other contributing factors to the
aerogel performance are negligible as compared to chromaticity which represents a fully
optimal performance.

The angular resolution of the gas section is more complex. As referenced previously, emis-
sion terms (aberration) are dominant and peak at the edges of the segmented RICH mir-
rors. The optimization of this factor is evident by the fact that the Emission resolution term
is of equal height at the two extremes of the polar angle acceptance.

Figure 11.73 indicates the calculated performance of the dRICH detector for e-π, π-K, and
K-p separation. Several features are worth noting. First, the dRICH is not merely limited
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Figure 11.71: Dual RICH detector configuration after AI-driven optimization. Multiple mir-
ror panels (gray) focus rings from both aerogel and C2F6 perfluorocarbon radiators onto the
same focal plane.

Figure 11.72: Resolution contributions for the Dual RICH. As is true for most aerogel imple-
mentations (left panel), the chromatic dispersion of the radiator itself is the limiting factor in
the resolution. Conversely, for the gas detector, the emission term dominates due to off-axis
focusing.

to PID application, but also provides excellent eID out to roughly 20 GeV/c momentum.
Second, the dRICH does not have ”holes” in the performance either at low momentum
(due to aerogel) nor at intermediate momentum due to the index match of the aerogel
and gas radiator performance. Finally, the π-K performance achieves the full goals of the
requirements matrix.
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Figure 11.73: Performance of the Dual RICH for a variety of particle species. In each case,
the combination of aerogel and gas provides uninterrupted PID across the full range. The
device also serves for eID across more than the required momentum range.

As is true for most modern gas Cherenkov detectors, the dRICH design utilizes the supe-
rior performance of perfluorocarbon radiator gas (C2F6). Future environmental concerns
can have two kinds of impact:

• It may be required to recover and purify the radiator gas to avoid release to the
environment, which is a significant cost and complexity.

• Environmental concerns in the worst case could drive the cost and availability of the
gas beyond tolerable levels.

Current calculations demonstrate that these issues could be avoided by running an en-
vironmentally friendly gas at high pressure. Indeed, current calculations indicate that
the dRICH performance would be insignificantly affected by a switch to Ar gas at 3
atm [1616, 1617]. This will nonetheless impose an engineering challenge to maintain a
low material budget.

One final note is that the external requirement on the tracking systems was modeled to
be a limiting resolution of 1 mrad on track inclination while the track passes through the
whole length of the gas radiator. Due to the large lever arm (1.5 meters) and possible
scattering internal to the detector itself (entrance window in the high pressure version), it
is likely wise to supplement the tracking prior to the dRICH with a detector that provides
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an additional space point beyond the radiation volume. This latter point can be rather
low resolution as compared to the rest of the tracking while still providing the necessary 1
mrad uncertainty in track direction.

At the time of this writing, the dRICH is the best known approach to EIC particle at the
highest possible momenta due to its full coverage of the dynamic range in momenta de-
sired for the hadron arm.

Modular RICH (mRICH)

A so-called ”Modular RICH” is an aerogel-based RICH [1618–1621]. A unique feature
of this device is the use of a Fresnel lens to make a focused ring, thereby significantly
improving the performance as compared to a “proximity focused” detector which is more
common in aerogel applications. Figure 11.74 shows the key components of the second
mRICH prototype which was tested at Fermilab in 2018. Also shown in Figure 11.74 is
an event display from a realistic GEANT4-based simulation with proper optical properties
implemented. The mirrors along the sides of the device allow it to collect light which is
not initially directed to the photocathode found at the detector exit. Several aspects of the
design of this device allow it to outperform conventional aerogel-based RICH detectors:

• The Fresnel lens acts to generate a lens-focused rather than a proximity-focused ring.

• The Fresnel lens imposes a wavelength cutoff on the transmitted light limiting the
Rayleigh scattering effect.

• The focusing aspect somewhat relaxes the mechanical tolerances on the exit surface
of the aerogel.

• The modular, compact and projective features of mRICH provide a flexible instru-
mentation and installation of array of mRICH modules with uniform performance.

• The mRICH can possibly be configured with a photodetector that exhibits precision
timing.

This device is useful both in the electron arm performing both eID and PID functions and
also in the hadron arm (under the presumption of a gas RICH instead of a Dual RICH).

The limit to the resolution of the mRICH detector is the chromaticity term (as was true
for the aerogel section of the dRICH), indicating the design is presently optimal. The
simulated performance of the mRICH is shown in Figure 11.75. The saturation yield of
Cherenkov photons is 10 per ring and is shown as a function of momentum for π and K.
The center panel shows that the e-π rejection extends until roughly 2 GeV/c and π-K until
roughly 6-7 GeV/c. These are well, but not perfectly matched to the requirements matrix
in the electron arm. Finally, as with all precision Cherenkov devices, the mRICH has strict
requirements on the tracking resolution provided. The third panel shows the degradation
in separation as the tracking resolution worsens indicating a tolerance of roughly 1 mrad
as supplied by the external system.
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Figure 11.74: Configuration of the second mRICH prototype. An event display from a
GEANT4 simulation with realistic optical properties is shown on left. The mRICH com-
ponents are shown on right from a 3D design model.

Figure 11.75: GEANT4 simulations show the expected photon yield (left panel) and separa-
tion performance (center panel) of the Modular RICH. The right panel shows the degrada-
tion of performance with less than perfect track pointing resolution.

Finally, Fig. 11.76 shows an option for configuring the output detection stage of the mRICH
with a high precision timing detector so that it can additionally serve as a TOF tag, thereby
improving its PID capability.

Detection of Internally Reflected Cherenkov (DIRC)

An interesting aspect of Cherenkov detectors emerges at high refraction index. Since both
the saturation Cherenkov angle (β = 1) and the angle for total internal reflection are solely
dependent upon refractive index, one finds that at normal incidence, Cherenkov light will
be totally internally reflected by any material whose index satisfies the condition n >

√
2.

This technique offers the unique advantage that, so long as the sides and corners of the ra-
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Figure 11.76: Timing Option for the Modular RICH. If LAPPD sensors are used in conjunc-
tion with the mRICH this allows a high resolution TOF determination to extend the mRICH
performance to negligible momentum.

diator are made with high precision, the light can be propagated to the end of the radiator
while preserving the Cherenkov angle. The result is a geometrically thin device that allows
light detection only at the end(s). Furthermore, due to the in-medium light propagation
length depending upon the Cherenkov angle, timing can also be used to aid the refining
the Cherenkov angle determination.

The original application of DIRC was in the BaBar experiment [1622] at SLAC wherein the
barrel section of the detector was surrounded by a series of radiator bars made of syn-
thetic fused silica (colloquially referred to as ”quartz”). Rings were imaged by a so-called
”expansion volume” that effectively made for a ”proximity focus”. In the years that fol-
lowed many advances of DIRC technology have been accomplished to effectively replace
the proximity focus with an actual focus. The result is that it is conservatively anticipated
that an EIC application of DIRC technology can be made that far outperforms the BaBar
application while dramatically reducing the size of the expansion volume [1623–1628]. A
picture of this High Performance or hpDIRC is shown in Figure 11.77. The left panel shows
the quartz bars and the expansion volume isolated from the rest of the EIC detector. The
right panel shows one possible geometry by which the DIRC could be realized in an EIC
detector. Here the expansion volume is terminated with the photon detectors as indicated
in red. Because the photon detectors prefer to be normal to the spectrometer’s magnetic
field, their explicit locations will be tightly coupled to the edge field orientation. It has
been demonstrated that all plausible magnetic field orientations can be accommodated
with little or no degradation in overall performance.
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The DIRC application in many ways represents exquisite precision in all the geometric
aspects of Cherenkov. As a result, the DIRC’s precision must be similarly reflected in
the tracking. The contribution of tracking resolution falls into the category of ”correlated
terms” in the analysis of the DIRC performance.

Figure 11.77: Configuration of the DIRC. Newly developed compact ”expansion boxes” at
one end of the device focus the light into segmented rings. The DIRC is indicated in the
reference detector (Fig. 9.3) as the light blue barrel detector immediately following the TPC.

Figure 11.78 summarizes the anticipated DIRC performance in the so-called ”hpDIRC”
configuration and also compares the performance to the BaBar and PANDA applications
of this technology. The improvement in π-K separation in moving from the Babar to the
hpDIRC design is close to a factor of two and reaches 6 GeV/c. It is important to note that
as with all PID detector technologies, various assumptions about the performance of other
detector systems is vital to estimate the efficacy of the device. These factors can be com-
bined into a single so-called ”correlated term”, the effect of which is indicated by the right
half of Fig. 11.78. In particular, this figure denotes the limit applied to the convolution of
all sources of correlated term as a function of desired 3-σ π-K separation goal. To reach the
required performance for EIC, it is clear that the correlated term must not exceed 0.8 mrad
and this places a restriction on the tracking performance at the level of 0.5 rad.

The nature of using internally reflected Cherenkov light makes the DIRC performance
sensitive to the inclination of the particle and thereby the polar angle of the emission. These
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Figure 11.78: Performance of the DIRC in simulation. The left panel shows the anticipated
performance of the hpDIRC as compared to predecessors. Improved focusing leads to im-
proved momentum reach for π-K separation. The right panel shows the influence of exter-
nal factors (the ”correlated term”) on the resolution of the DIRC setting a stringent limit in
pointing precision.
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Figure 11.79: Dependence of the DIRC performance on η. Photon yield and resolution per
photon are simulated for the hpDIRC as a function of polar angle. Despite variations in
these terms, the separation power is reasonably flat with polar angle (lower right panel).

effects have been simulated in detail and are summarized in Fig. 11.79. Although specific
small features exist (such as the improved resolution at a polar angle of 90o), the overall
performance of the DIRC with polar angle is rather uniform. Fig. 11.80 demonstrates this
for a test beam run with remarkable agreement between measurement and simulation.
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Figure 11.80: Comparison of the DIRC performance to test beam measurements. The agree-
ment is excellent.

11.5.4 Time Of Flight (TOF)

Recent years have seen major advancements in the precision by which detector devices
can measure the time of passage of a particle [1629–1635]. Such time, whether compared
to a reference time for the collision as a whole (aka ”Start time”) or whether measured
at multiple points along the trajectory of a particle as it passes through the spectrometer
allow for a direct measurement of the particle’s velocity and hence are useful forms of
particle identification. An intrinsic advantage of measurements is that they contain no
limiting threshold in performance (e.g. Cherenkov radiation is only produced for β > 1

n )
and thereby produce signals for charged particle of any momentum. These detectors are
most often rather thin measured both by radiation length and by physical dimension.

One can divide modern TOF technologies into two categories depending upon whether the
technology converts light into photo-electrons (which subsequently avalanche) or whether
they produce and detect ionization directly. The former case (as discussed in more detail
in Section 11.5.6) is most often sensitive both to the strength and orientation of the external
magnetic field.

Figure 11.81 displays one possible configuration of TOF detectors as arrayed into the typ-
ical EIC detector geometry. This particular geometry makes the assumption that the ToF
measurements would be achieved with a silicon-based technology such as LGAD that is
intrinsically insensitive to magnetic fields. The technology is layered in each direction so
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that several measurements of time are performed on every track and that these measure-
ments additionally contribute to the tracking system by virtue of providing precise space
points as well as precise timing (”4D” tracking).

Figure 11.81: One possible configuration of Time of Flight for EIC. Differing technologies
may chosen in the barrel and endcap respecting the sensitivity to photon detectors wrt ex-
ternal magnetic fields.

The performance of the all-silicon TOF system shown previously is summarized in the
left two panels of Figure 11.82 [1636–1639]. We note several aspects of this calculation.
First, the calculation assumes that the overall time measurement scales with the number
of measurements as 1√

Nmeas
. This requires that common issues such as clock jitter are small

compared to the intrinsic detector resolution. Appropriate R&D is ongoing to ensure that
this will be the case by the time of EIC. Second, the calculation assumes the absence of
HCAL detectors in the endcaps so that the flight path of the particles can be maximized.
The existence or not of HCAL is thus one of the issues that can addressed in the design of
complementary EIC designs.

At the time of this writing, the best TOF performance is supplied by LAPPD (Large Area
Picosecond Photon Detector) devices providing timing resolution of roughly 5 ps σ. The
performance of that detector is summarized in the right-most panel of Figure 11.82. Be-
cause these devices utilize the avalanche of photo-electrons to generate their signal they
are sensitive to the magnetic field. The current implementations of the technology are
therefore limited to end cap implementations.
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Figure 11.82: Performance of Time of Flight for EIC. The left panels show the separarion
power results for multiple layers of LDAG silicon sensors, here taken to benefit by

√
Nlayer

scaling. The right panel shows the performance of LAPPD for two different flight paths 3m
(red) and 4 m (black).

11.5.5 Transition Radiation Detection

As discussed previously, the transition radiation (TR) photon rate preliminary depends
on the Lorentz-γ and thereby serves as an effective means of performing particle identi-
fication. The momentum range of produced particles at the EIC effectively makes TRD
an electron identification device since heavier particles will not produce enough TR pho-
tons for effective measurement. Most TRD applications are configured to simultaneously
measure particle trajectory and TR radiation. The details of the TRD studies specifically
for the EIC have been discussed previously in the tracking section and specifically in Sec-
tion 11.2.5 and are not repeated here.

11.5.6 Photon Detection Technology Options

Many of the devices discussed previously involve the detection of visible or UV photons,
frequently with an accompanying requirement of being able to discriminate between noise
and the signal resulting from a single photo-electron. Furthermore, the detection must
maintain its quantum efficiency and much of its gain while immersed in the magnetic
field of the spectrometer. Many traditional devices for single photo-electron detector fail
the final criterion of operation when immersed in a magnetic field. Several suitable tech-
nologies exist or under development and have been studied in the context of EIC applica-
bility [1640].

The MCP PMT uses micro channel plate technology to replace the traditional dynode struc-
ture for achieving gain in a photomultiplier tube. These devices are intrinsically more tol-
erant to an external field, but are not entirely immune. Several options have been studied,
one of which is summarized in Fig. 11.83. Here the 10 µm Planacon device’s performance
is summarized in both relative efficiency (dashed lines) and gain (solid lines) as a func-
tion of external magnetic field. The efficiency reported here is the ratio of the number of
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single photoelectrons and the number of triggers for which no photoelectron(s), i.e. de-
tectable avalanche on the anode, was produced. The efficiency quantifies the number of
avalanches measured on the anode and depends on the number of photoelectrons pro-
duced, the number of photoelectrons striking the first MCP, and the gain of the photo-
sensor. For example, one would expect the efficiency to increase as the gain increases,
because the single-photoelectron signals become larger and better separated from the elec-
tronic noise in the measuring setup. Up to 1 Tesla, the device maintains sufficient gain
and efficiency for all angles (particularly at higher bias), to be suitable for use in a RICH
detector. Studies at higher fields show a continuous gain drop. For example at normal
field incidence, the gain decreases to about 1% (of the gain at 0 Tesla) at 2.2 T. It should
be noted that the angle between the field and the MCP PMT is a critical parameter as the
rate of gain drop increases as the angle increases: a gain drop of about 1% at an angle of
20◦ is observed already at 1.5 T. It is imperative to carry out further studies to understand
the extent to which the rate of gain and efficiency decrease can be mitigated using a dif-
ferent voltage distribution across the MCP PMT stages than the nominal established by
the manufacturer, which has not been fully optimized for such high-B field applications.
Such studies are needed since tracking considerations imagine central value of the field as
high as 3 T. At such a field it may be difficult to position photon detectors of the various
Cherenkov devices (dRICH, mRICH, DIRC) in a manner that they experience fields of 1
T or below. Conversely, it has been shown that for a 3 T central field, 1T in the region of
photon detection is plausible, but requires careful design.

Figure 11.83: Magnetic Field Effects on MCP PMT Devices: gain (solid lines) and relative
efficiency (dashed lines) versus magnetic field. Good performance is achieved up to 1 Tesla.
Positive/negative θ-values are according to Fig. 11.84, left panel.

Another developing photon detection technology is that of LAPPD. These devices also use
micro channel plates as their basic of avalanche. These can be used both for Cherenkov



542 11.5. PARTICLE IDENTIFICATION

readout (e.g. in an mRICH configuration to add timing) or directly as a TOF detector. As
shown in Figure 11.84, these devices also suffer a significant loss in signal strength which
is a combination of gain loss (somewhat tolerable) and efficiency loss [1629]. The QE loss
is a second order impact when the LAPPD is used as a TOF detector since the primary
signal already consists of multiple photoelectrons. However, this loss is critical to the use
of LAPPD as a Cherenkov detector readout.

Figure 11.84: Magnetic Field Effects on LAPPD Devices which are quite similar to the MCP-
PMT performance.

Finally, we note the developments in recent years of silicon photo-multipliers or SiPMs.
Initially, these devices (which operate in a Geiger avalanche mode in each pixel) were
highly susceptible to radiation damage. Much work has been done to improve their per-
formance intrinsically and it is now known as well that operation at low temperatures (be-
low -30oC) and post-annealing processes have been effective means to maintain and restore
operation. For this reason, SiPM technology seems a leading choice for readout of light sig-
nals from calorimeter devices at the EIC. That said, more work is required to demonstrate
the efficacy and long term viability of SiPM technology for use in a Cherenkov detector.
The basic distinction is signal size. A well designed and high performance calorimeter
will register many photons into a single pixel, making the presence or absence of ”several”
photo-electrons a mere shift and widening of the pedestal. RICH detectors, on the other
hand, must distinguish zero from one photo-electron and thereby are much more vulner-
able to radiation damage of an SiPM. It is therefore a clear priority to continually develop
and evaluate the performance of SiPM detectors for RICH applications in the coming years.
Dedicated studies to establish SiPMs as single photon detectors adequate for the dRICH
are starting. The goals consists in proving that they can be used up to integrated fluences
of 1011 n-equivalent per cm2, a figure adequate to ensure several years of operation at
maximum EIC luminosity. This possibility is suggested by recent results [1641] indicating
that the goal is reachable when operating SiPMs at low temperature (in the range -30 - -40
oC) and undertaking annealing cycles at high temperature (170 oC). SiPMs from different
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producer will be characterized by laboratory measurements and in test beam. Samples
of SiPMs not exposed to irradiation, irradiated and recovered with an annealing cycle af-
ter irradiation will be tested. The study includes the coupling with the front-end ALCOR
chip [1642], developed for the SiPMs of the DarkSide experiment.

11.5.7 Configuration for EIC

Based upon the characteristics of known detector technologies as described above, it is
possible to assert solutions for the detector performance matrix in each of the pseudo-
rapidity regions. These possibilities are outlined in the table 11.39 and discussed in more
detail in the sections that follow.

region eID-only Technologies eID & PID Technologies
Electron HBD, TRD mRICH, LAPPD, LGAD
Central - dE/dx, DIRC, LGAD
Hadron TRD dRICH, gRICH/LAPPD

Table 11.39: Configurations of the PID detectors capable of meeting the performance re-
quirements.

It is necessary to establish simple criteria for what can be considered as acceptable perfor-
mance and in particular the definition of dynamic range. The PID/eID task can be simpli-
fied to the identification of four particle species which in mass order are the electron, pion,
kaon, and proton. For Cherenkov technologies, both the threshold and ”imaged” mode of
operation can be utilized as part of the ID process. Positive ID is defined as follows:

• Positive eID for a threshold device is valid up to the momentum at which the pion
begins to radiate.

• Positive PID for an imaging device begins at the momentum where the kaon starts
to radiate.

While careful analysis shifts these limits somewhat, they are nonetheless useful in com-
parison across detector technology options. To this end, we list the Cherenkov thresholds
for each radiator considered in any of our detector systems in Table 11.40.

These thresholds, along with the detailed calculations shown in the prior sections, are
summarized for application to each detector arm in the sections that follow.

Forward Region

The PID requirements in the hadron-going direction are naturally the most stringent in the
spectrometer owing to the broad momentum range required for hadron identification. The
various technologies considered have been accumulated into a table distinguishing their
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Threshold (GeV/c)
radiator index e π K p

quartz (DIRC) 1.473 0.00048 0.13 0.47 0.88
aerogel (mRICH) 1.03 0.00207 0.57 2.00 3.80
aerogel (dRICH) 1.02 0.00245 0.69 2.46 4.67

C2F6 (dRICH) 1.0008 0.01277 3.49 12.34 23.45
CF4 (gRICH) 1.00056 0.01527 4.17 14.75 28.03

Table 11.40: Table of Cherenkov thresholds for various media.

range in e-π separation and also in π-K separation. For Cherenkov devices, the highest
momentum for e-π is put at the pion threshold and the lowest momentum for π-K is
placed at the kaon threshold. The results are summarized in Table 11.41.

forward region Range (GeV/c)
Technology e - π π - K
CsI RICH 0.0150 - 20 14.75 - 50

dRICH (aerogel) 0.0025 - 5 2.46 - 16
dRICH (gas) 0.0127 - 18 12.34 - 60

dRICH (overall) 0.0025 - 18 2.46 - 60
TOF (LGAD) 0 - 1 0.00 - 5

TOF (LAPPD 4m 5ps) 0 - 2.5 0.00 - 16
TRD 1.0 – 270.0 –

Table 11.41: Performance ranges for possible forward region detector technologies.

Among the various options it becomes evident that there is a clear need for gas-based
Cherenkov to reach the high end momentum requirements of the EIC. IsT is also imme-
diately clear that owing to the high threshold imposed by a low-index radiator choice
necessary to reach the high momentum range, there must be an additional technology.
The dRICH presents an elegant solution to the issue by incorporating aerogel. The gRICH
option must be augmented by the addition of technology like aerogel-base mRICH or by
high resolution TOF in order to cover the full dynamic range.

Barrel

The principle challenge of the barrel is the lack of space provided therein. As a result the
DIRC technology and TOF technology become leading options in most designs. There
exist, however, two significant issues with a DIRC-only solution. These are:

• The DIRC provides a threshold for kaon radiation at 0.47 GeV/c.
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• There is a need for eID (e-π) that may not be fully met.

barrel Range (GeV/c)
Technology e - π π - K

dE
dx 0 - 2 0 - 3

dE
dx (Cluster Count) 0 - 10 0 - 15

DIRC 0.00048 - 1 0.47 - 6
TOF (LGAD) 0 - 1 0.00 - 5

HBD 0.0150 - 4.17 N/A

Table 11.42: Performance ranges for possible central barrel detector technologies.

It is therefore likely that a complementary technology in addition to the DIRC is required
for the central barrel. The use of dE/dx follows naturally when one assumes that the track-
ing system would contain a hybrid of silicon and TPC. However, one much be cautious.
Because of the so-called ”band crossings” in any dE/dx measurement, it is absolutely nec-
essary to have a ”tag” of low velocity particles to eliminate these from any eID system
(wherein the electron is well into the high beta plateau). TOF provided either by the DIRC
system or by the inclusion of timing layers in the silicon tracker will be a must for such
systems.

In a non-hybrid tracking system (internal silicon layers to 50 cm radius), one can imagine
utilizing the additional space for a new PID device to complement the DIRC and TOF
options. In this case, one can even imagine exceeding the TPC dE/dx performance by a
significant factor utilizing cluster counting rather than merely energy loss measurements.
Cluster counting devices require further R&D in the coming time to demonstrates that this
capability can be reached. RICH systems modeled similar to the Delphi Barrel RICH can
also be imagined, however the viability of SiPM devices as readouts for RICH detectors
long term in the face of a high radiation environment must be demonstrated.

Backward Arm

In the backward direction, several possibilities exist. One of these possibilities is that de-
spite the asymmetry of the collision itself, one could choose to place a device such as
dRICH in the backward region as well. This creates a challenge since the dRICH tech-
nology requires significant space. Nonetheless, dRICH in the backward end-cap would
over-perform all the requirements of the electron ion collider and provide a singular solu-
tion for both endcaps.

More conventional thinking would attempt to fulfill the less stringent needs in the back-
ward region by instead using one or several layers of a more compact PID technology. The
ideal requirement of 4 GeV/c eID capability is well matched to the HBD-style technology.
In the sPHENIX application, a 50 cm radiation of gas with a 4.17 GeV/c pion threshold.
A limitation of this technology is that its original design is optimized for separation of 2e
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from 1e and not for e-π. Calculations exist as shown above for a new avalanche stage that
promises to produce a pion rejection factor of roughly 100. An alternative, is to split the
HBD volume into two halves and square a lesser pion rejection factor. Both these concepts
are unproven at the time of the Yellow Report and would require further R&D to prove
their validity.

Backward Region Range (GeV/c)
Technology e - π π - K

dRICH (aerogel) 0.0025 - 5 2.46 - 16
dRICH (gas) 0.0127 - 18 12.34 - 60

dRICH (overall) 0.0025 - 18 2.46 - 60
HBD 0.0150 - 4.17 -

mRICH 0.0025 - 2 2.00 - 6
TOF (LAPPD 4m, 5ps) 0 - 3 0.00 - 16
TOF (LAPPD 3m, 10ps) 0 - 1.8 0.00 - 10

TRD 1.0 – 270.0 –

Table 11.43: Performance ranges for possible backward end-cap detector technologies.

A more conventional approach is to use one or more compact PID technologies. The
mRICH is reasonably well suited to the task for providing additional eID and also PID.
An option is being considered for augmenting the readout of mRICH with LAPPD which
adds high resolution TOF to the mix. Two improvements occur. First, the TOF tag does
not need to exceed the Cherenkov threshold for aerogel (instead it need to exceed the
threshold in the LAPPD window). This enhances the capability at the lowest momenta.
Second, the TOF information will augment the performance so long as the mRICH would
be placed with a long enough flight path (not a restriction for the ring-based mRICH mode
of operation).

TRD is also a possibility in the backward end-cap. TRD, like HBD, can be thought of
as a threshold technology in that only the electrons radiate while the pions do not. The
threshold is at roughly 1 GeV which makes the TRD technology an excellent complement
to the mRICH in providing the necessary eID in the backward region.

11.6 Far-Forward Detectors

11.6.1 Introduction

The EIC physics program includes a very broad domain for diffractive physics measure-
ments. Experimentally, this means that robust far-forward (η > 4.5) hadron and photon
detection, and far-rear electron detection (η < −4.5) is required. These regions of the
IR require multiple detector concepts to meet the needs of the physics program, includ-
ing calorimetry for electrons, neutrons, and photons, silicon sensors for charged particle
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tracking, timing, and detector concepts such as Roman Pots for detecting protons or nu-
clear remnants that are very close to the beam. The subsequent sections will introduce the
various detectors and technologies, and discuss the results of simulations (including real-
istic acceptance, beam effects, and detector resolutions) and the associated impact on the
physics.

General Layout of Far-Forward IR Region

The far-forward region of the interaction region at the baseline EIC detector is complex and
requires novel ideas for covering a broad acceptance for charged and neutral particles from
a long list of interactions. Fig. 11.85 shows a plan view of the full baseline EIC IR region.
Fig. 11.86 shows the layout of the far-forward region used in the GEANT4 simulations. The
image shows the various magnets for the hadron beam that create a unique engineering
problem for placement of particle detectors and for allowing passage of particles scattered
away from the beam.

Figure 11.85: Image of the full EIC baseline IR layout.

The various subsystems involved in the far-forward region are summarized in Table 11.44
and depict the challenge of building a suite of detectors to cover the full acceptance for the
various interaction channels.

11.6.2 Roman Pots

Roman Pots (RP) are vessels with a thin window in which silicon detectors are placed. The
pot vessel is inserted into the beam pipe vacuum, allowing detection of scattered charged
particles that are very close to the beam, These detectors can measure scattered protons or
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Figure 11.86: Image of the Far-Forward IR and the associated detector components.
Image generated using Geant4+EicRoot.

Detector (x,z) Position [m] Dimensions θ [mrad] Notes
ZDC (0.96, 37.5) (60cm, 60cm, 2m) θ < 5.5 ∼4.0 mrad at φ = π

Roman Pots (2 stations) (0.85, 26.0) (0.94, 28.0) (25cm, 10cm, n/a) 0.0 < θ < 5.5 10 σ cut.
Off-Momentum Detector (0.8, 22.5), (0.85, 24.5) (30cm, 30cm, n/a) 0.0 < θ < 5.0 0.4 < xL < 0.6
B0 Spectrometer (x = 0.19, 5.4 < z< 6.4) (26cm, 27cm, n/a) 5.5 < θ < 13.0 ∼20 mrad at φ=0

Table 11.44: Summary of far-forward detector locations and angular acceptances for charged
hadrons, neutrons, photons, and light nuclei or nuclear fragments. In some cases, the an-
gular acceptance is not uniform in φ, as noted in the table. For the three silicon detectors
(Roman Pots, Off-Momentum Detectors, and B0 spectrometer) a depth is not given, just the
2D size of the silicon plane. For the Roman Pots and Off-Momentum Detectors, the sim-
ulations have two silicon planes spaced 2m apart, while the B0 detectors have four silicon
planes evenly spaced along the 1.2m length of the B0pf dipole magnet bore. The planes have
a ”hole” for the passage of the hadron beam pipe that has a radius of 3.2cm.

light nuclei which are separated from the hadron beam by up to 5 mrad. The windows
on the pots through which protons or light nuclei can enter to be measured by the silicon
detectors are generally placed within 1 mm or so of the beam (depending on the beam
optics and hence the transverse beam size at the RP location), with safe distance being
defined as the “10 σx,y” region, where σx,y is the transverse size of the beam in x and y.
Fig. 11.87 shows a cartoon sketch of the basic concept being considered, but note that
the stainless steel pots themselves are not shown in the cartoon. In this section, basic
requirements for the sensors will be discussed first, and technology appropriate for use in
the EIC diffractive physics program will be discussed at the end.

Basic Requirements for Roman Pots

In general, the Roman Pots need to have both the necessary acceptance and resolution
to carry out the diffractive physics program at the EIC. The acceptance is driven by the
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Figure 11.87: Cartoon sketch of the Roman Pots concept. This Yellow Report study assumes
two Roman Pots stations, separated by 2 meters, for all of the simulations. The right side of
the cartoon shows a potential shape of the sensors and how the pots could be inserted into
the beam line. Given the small amount of space between the hadron and electron beams at
this spot in the IR, horizontal movement of the pots is challenging.

machine optics (i.e. the transverse beam size at RP location) and active sensitive region of
the detector (sensor size). The various tables of optics configurations used in these studies
can be found in the pre-Conceptual Design Report for the EIC [1414]. From studies of
Deeply Virtual Compton Scattering in e+p collisions, the sensitive area of the sensors needs
to be about 25cm x 10cm to capture the majority of the protons within the required 5 mrad
acceptance. Protons at larger scattering angles can be measured with the B0 detector (see
Sec. 11.6.4). At the highest proton beam energy (275 GeV), the protons are within the 5
mrad acceptance, with the lower cutoff on the scattering angle acceptance being driven by
the size of the beam at the location. For protons at the lower beam energies (100 GeV and
41 GeV), the B0 and RP detectors are both required to fully cover the acceptance range.
The details and potential physics impact of the different acceptances across beam energy
configurations are discussed in Sec. 11.6.7.

The pT resolution of the RP is dictated by both beam effects and detector effects. They
are listed below in general order of the size of the effect, with the first being the largest
contribution.

• Beam angular divergence

• Crab cavity rotation

• Silicon pixel pitch

• Transfer matrix uncertainty

The beam angular divergence sets the lower bound of the achievable resolution, so the
goal is to mitigate the other effects such that their impacts are less than the angular di-
vergence contribution. The contribution due to the crab cavity rotation manifests itself as
an effective vertex smearing, since the crab cavity rotates the bunch horizontally such that
the electron and hadron bunches arrive at the IP head-on. The effective vertex smearing is
approximately (0.5 ∗ θcrossing ∗ Lbunch). This contribution can be mitigated with fast timing
(with resolution ∼35ps), allowing for precise measurement of the location of the collision
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within the bunch. Table 11.48 summarizes the smearing contributions with reference to the
study that generated the quantitative assessment of these values and their relative impact.

Silicon Sensors for Roman Pots

The development of high spatial resolution pixel detectors with high per-pixel time reso-
lution has been one of the major technological drivers in collider physics in recent years
in order to meet some of the challenges posed by future collider experiments. Current
particle trackers in collider experiments are based on silicon technology with a spatial
resolution of few tens of microns, while novel silicon technologies have recently allowed
timing resolution of few tens of ps, for instance with the Low Gain Avalanche Diodes
(LGADs) [1643, 1644]. For example, the ATLAS and CMS experiments [1645, 1646] at the
High Luminosity LHC (HL-LHC) [1647,1648] have developed fast-timing detectors based
on LGAD sensors.

The LGAD is based on a simple p–n diode concept, where the diode is fabricated on a
thin high-resistivity p-type silicon substrate. A highly-doped p–layer (the “gain” layer) is
implanted under the n+: application of a reverse bias voltage creates an intense electric
field in this superficial region of the sensor, able to start an avalanche multiplication for
the electrons. The gain is limited to a factor of typically 10-100, such that the noise is
low compared to the case of avalanche photodiodes. The drift of the multiplied carriers
through the thin substrate generates a fast signal with a time resolution of few tens of
ps. However, there is a severe limit on the spatial resolution this detector can achieve.
Importantly, the dead areas exist at the edges of the pixels and in-between the pixels, so
that large-pitch pixel only are possible lest a low fill-factor is introduced. For example, the
LGAD sensors developed for the ATLAS and the CMS timing-detectors have relatively
large pads of about 1.3 x 1.3 mm2 size.

Recent research has studied how to segment LGAD sensors [1649], e.g. with pixels or strips
with pitches in the tens of microns, in order to achieve fine spatial resolution while main-
taining the fine LGAD time resolution. It was demonstrated [1650,1651] that the new tech-
nology of AC-coupled LGADs (AC-LGADs [1649]) is a good candidate for a 4-dimensional
(4-D) silicon detector to provide time resolution in the few tens of ps and segmentation of
few tens of microns. Figure 11.88 shows a schematic section of a segmented AC-LGAD
sensor.

Differently from a standard DC-coupled LGAD, see Ref. [1643], the n+ layer is more resis-
tive than in the standard LGAD. Above the active area, a thin dielectric layer is deposited
and, on top of it, metal pads are placed to define the AC-couple electrodes of the structure.
Signals are induced on these pads, which are connected to the read-out electronics. If the
pads are close enough, there is an important cross-talk between them that can be used for
interpolation. Since the geometry of these pads can be arbitrary, by patterning the pads as
zigzag (Figure 11.88) it is possible to use the cross-talk among strips to enhance the spatial
resolution and, at the same time, to keep the number of the read-out channels low.

Since they are fabricated on thin substrates, the LGAD sensors,intrinsically have a very
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Figure 11.88: Left. sketch of the cross section of a segmented AC-LGAD (not to scale). For
simplicity, only three AC electrodes are shown. Right: microscope image of an AC-LGAD,
fabricated at BNL.

limited dead area external to the active region. One floating guard ring is sufficient to
sustain the high voltage and scribelines at a distance smaller than 100 µm are possible.

Another sensor option for the Roman Pots is the 3D pixel technology that has been used,
for example, in the ATLAS IBL. 3D sensors are intrinsically fast and are lacking the ”Lan-
dau” noise, which constitutes the ultimate limit of the timing resolution of the LGAD. On
the other hand, 3D sensors do not have intrinsic gain and have a capacitance which is 4-5
times higher than that of an LGAD of the same area. Their fast timing properties cannot
therefore be exploited by a power budget-limited readout electronics.

In fact, a critical aspect for the development of a Roman Pot pixel detector with fast-timing
capabilities is the readout. The front-end electronics must have timing and feature size
compatible with those of the sensor. Current ASICs for ATLAS (ALTIROC) and CMS
(ETROC) are designed in the CMOS TSMC 130 nm and CMOS 65 nm technologies re-
spectively, and they use TDCs to measure the Time of Arrival and Time over Threshold, as
well as RAM for data buffering. In the ALTIROC, for example, the maximum jitter is of the
order of 25 ps for 10 fC charge, and the ALTIROC and ETROC total power consumption
per unit area is about 200-300 mW / cm2. As a comparison, the RD53 readout chip for
pixel detectors for tracking (i.e. no timing) at the HL-LHC with 50 x 50 µm2 and 25 x 100
µm2 feature sizes is estimated to have a power density of about 1 W / cm2 or less. Small
pixels complicate the design due to limited space to accommodate TDCs and RAM and
increased preamp and TDC power density. However, it seems reasonable to reach 500 x
500 µm2 feature size by rearranging blocks and removing components that are likely un-
necessary in a Roman Pot detector (e.g. a large RAM), while maintaining the same timing
performance. In addition, by using Time-Over-Threshold (TOT) features in the ASICs, the
charge sensed by pixel can be measured and in turn the charge sharing among pixels esti-
mated. Therefore, using the TOT information the spatial resolution may improve beyond
the fixed pixel pitch.
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Summary of the Current Design Constraints

Based on the requirements listed above, and the results of the studies detailed in Secs.
11.6.7 and 11.6.7, the overall optimized Roman Pots requirements can be summarized in
the following way. In order to fully cover the pt range of scattered protons and ions from
the various physics channels covered by the Roman Pots, a total active sensor area of 25cm
x 10cm will be required. This can be achieved with various different arrangements of the
sensors, but the total area covered must be preserved in order to maximize the kinematic
coverage.

The studies to date, along with the expected improvement of the proposed silicon sensor
technology (AC-LGADs), indicate that a 500 µm x 500 µm pixel size will properly balance
the smearing contribution and R&D efforts. The simulations detailed in Secs. 11.6.7 and
11.6.7 assumed two RP stations with one sensor plane each. However, in actual operation,
anywhere between 2 and 5 sensor planes per station would likely be used for redundancy
and background rejection. With the assumed active area per plane and pixel size, this leads
to 100k channels (pixels) per plane.

Finally, in order to meet the needs of both background rejection and reduction of vertex
smearing from the crab cavity rotation, a timing resolution per plane of ∼35ps will be
required.

11.6.3 Off-Momentum Detectors

Basic Design Considerations

In any e+A collision event, protons and other charged particles can appear in the final
state with very small scattering angles (e.g. proton spectators in nuclear breakup). In
this scenario, the resulting charged particles will be directed toward the far-forward (FF)
detectors, but will have a significantly different magnetic rigidity compared to the nuclear
beam in question. For example, a proton with 100 GeV/c of total momentum arising from
an e+d collision where the deuteron beam has 200 GeV/n of energy would mean that the
proton has an xL ∼0.5, and half the rigidity of the deuteron beam, causing it to experience
more severe magnetic deflections in the lattice. In this case, the protons will not stay in the
beam pipe all the way down to the Roman Pots, and will instead be bent out of the beam
pipe after the B1apf dipole magnet, as shown in Fig. 11.89. Measuring these so-called
“off-momentum” protons (or other charged particles) will require additional sensor planes
outside the beam pipe - the so-called “off-momentum detectors” (OMD). These detectors
will cover 0.25 < xL < 0.6 for protons, with the azimuthal symmetry of the acceptance
degrading at xL < 0.4 due to losses in the quadrupole magnets.

The technology employed in these detectors can be the same used for the Roman Pots since
the reconstruction approach using a transfer matrix will be similar. The main difference
aside from the detection of off-momentum particles is that there will be no need for a 10σ
cut that limits low-pT acceptance since the detectors sit outside of the beam pipe.
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Results of the simulations obtained using the OMD system are presented in Secs. 11.6.7,
11.6.7, and 11.6.7. The spectator proton studies included only detectors on one side of the
beam pipe, with two stations and the reconstruction approach as with the Roman Pots. The
studies of Λ decay indicate the need for detectors on the other side as well for detection
of negative pions, and also a more complicated reconstruction method to account for the
highly displaced Λ decay vertex.

Summary of the Off-Momentum Detector Considerations

The Off-Momentum Detectors will be important for tagging final state charged particles
from nuclear breakup and Λ decay. The reconstruction of charged particles with this sub-
system will be carried out in the same way as for the Roman Pots, using a lattice transfer
matrix to reconstruct the IP coordinates from the hits at the sensor planes. It should be
noted, however, that significant non-linear contributions to this transfer matrix approach
will need to be considered for the Off-Momentum Detectors compared to the Roman Pots
due to the off-momentum particles interactions with the quadrupole fields. More sophis-
ticated reconstruction methods should be considered for future development. In the sim-
ulations, the sensors were assumed to be 30cm x 30cm, covering both sides of the beam
pipe after the B1apf dipole magnet. This assumption will need to be refined when more
up-to-date beam pipe designs are finalized.

Figure 11.89: Cartoon schematic of the operation of the off-momentum detectors. In the
schematic a nuclear beam is being used and the final state particles shown are from various
potential collision events, such as from nuclear breakup or lambda decay.
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11.6.4 B0-spectrometer

Basic requirements for B0

The B0 tracker can help to provide very forward tracking capability for charged tracks.
Such capability is important for forward (η > 3) particle measurements as well as event
characterization and separation. Figure 11.90 shows some conceptual drawings of the B0
bore with the sensors included. There has also been discussion on including electromag-
netic calorimetry into the B0pf magnet bore, but simulations have not been carried out at
this point.

Figure 11.90: Closeup image of the B0pf magnet bore with both hadron and electron
beampipes and warm area for placement of detectors in 2D (left) and 3D (right). The de-
tector area allows for up to∼13 mrad of angular coverage between the two beam pipes, and
up to ∼20 mrad of angular coverage between the hadron beam pipe and the inner wall of
the bore. Both silicon tracking detectors as well as compact electromagnetic calorimetry are
under consideration for integration into the open space in the bore.

Silicon Sensors for B0-tracker

To meet the radiation tolerance, spatial and timing resolutions in this kinematic region,
several silicon sensor candidates are considered.

One candidate is the Low Gain Avalanche Detector (LGAD) which has better than 30
ps timing resolution. Technical details are described in the previous chapter. Another
top candidate is the radiation hard Monolithic Active Pixel Sensor technique: MALTA
[1477, 1478, 1652]. This technique utilizes the Depleted Monolithic Active Pixel Sensor (or
High Voltage Monolithic Active Pixel Sensor) to meet high granularity, low cost and low
material budgets. The existing MALTA sensors based on the Tower Jazz 180 nm design,
contain 36.4µm by 36.4µm pixels with the average silicon thickness of around 300 µm. Re-
cent developments in the Monolithic Active Pixel Sensor (MAPS) technology with updated
charge ionization process from diffusion to full depletion allow for achieving fast readout
speeds. One type of this advanced technology is the MALTA sensor, which has a readout
speed of about 5 ns. High radiation tolerance (> 1015neq/cm2) has been demonstrated at
shaping time of 25 ns [1653]. Table11.45 summarizes the performance of the LGAD and
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Figure 11.91: Comparison of the charge ionization process between a normal Tower Jazz
180 nm Monolithic Active Pixel Sensor (left panel) and a depleted Tower Jazz 180 nm Mono-
lithic Active Pixel Sensor (right panel). the Figure from H. Pernegger presentation in the
HSTD2019 Hiroshima conference.

the MALTA technique. Ongoing R&D for different silicon sensor techniques will improve
their radiation tolerance, achieve better timing and finer spatial resolutions and get low
material budgets.

Parameter LGAD or AC-LGAD MALTA
Technique Low Gain Avalanche Diode 180 nm Tower Jazz HV-MAPS
Pixel size current 1.3 mm×1.3 mm 36.4 µm × 36.4 µm

towards 100 µm × 100 µm
Integration time < 100 ps < 5 ns
Thickness per layer < 1%X0 < 0.5%X0

Radiation tolerance ∼ 1014neq/ cm2 > 1015neq/cm2

Table 11.45: Comparison of the LGAD and MALTA sensor performance

Some things that will need to be considered for the future design of the B0 detector system
are listed below.

• Radiation background ( in particular a synchrotron radiation and a radiation coming
from the primary collisions) in the proposed very forward pseudorapidity region.

• The need for higher resolution sensors for reconstruction compared to the Roman
Pots (pixels size ∼50µm)

• Available space in bore for sensors, support structure, and cabling.
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Pre-shower or EMCAL in the B0 spectrometer

In order to provide a detection of low-energy photons and to provide a coverage in the
transition area between central detector and ZDC calorimeters, a pre-shower detector or
electro-magnetic calorimeter might be considered in this area. Taking into account a lim-
ited amount of free space available along a Z-axis, and difficulties with integration a pre-
shower might be a better option.

Summary of the Current Design Constraints

For the current design, 26x27cm2 planes were used with 50x50µ m2 pitch size. At least
4 layers will be needed, as a combination of high granularity and fast-timing detectors,
to provide proper charged particle detection/tracking, momentum reconstruction, and to
deal with the high-background expected in this area. Currently, the final layout of the
sensors is still under consideration as the design of hadron and electron beam pipes inside
the B0pf magnet bore are still being finalized.

11.6.5 Zero-Degree Calorimeter (ZDC)

Basic requirements for the ZDC

The Zero Degree Calorimeter (ZDC) will serve critical roles for a number of important
physics topics at EIC, such as distinguishing between coherent diffractive scattering in
which the nucleus remains intact, and incoherent scattering in which the nucleus breaks
up; measuring geometry of e + A collisions, spectator tagging in e + d/3He, asymmetries
of leading baryons, and spectroscopy. These physics goals require that the ZDCs have
high efficiency for neutrons and for low-energy photons, excellent energy, pT and position
resolutions, large acceptance and sufficient radiation hardness.

Figure 11.92: Schematic ZDC in Geant4 simulation.

The ZDC schematic representation is shown in Fig. 11.92. A 10 cm lead tungstate absorber
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is placed in front of 20 layers in the ALICE FoCal. Figure 11.93 shows the event display for
a 20 GeV neutron and a 500 MeV photon interacting with the ZDC.

(a) ZDC 20 GeV neutron event display. (b) ZDC 500 MeV photon event display

Figure 11.93: Event displays for (Left) a 20 GeV neutron and (Right) a 500 MeV photon
interacting with the ZDC.

EMCAL technologies for ZDC

There are several possible approaches to achieve high energy and position resolution in an
electromagnetic calorimeter. As an example, the ALICE FoCal [1654], is silicon-tungsten
(Si+W) sampling calorimeter with longitudinal segmentation. Low granularity layers are
used for the energy measurement while higher granularity layers provide accurate posi-
tion information. A schematic of FoCal is shown in Fig. 11.94.

Figure 11.94: Schematic of the FoCal electromagnetic calorimeter. The blue absorber is tung-
sten, the red low granularity silicon layers are used for energy measurement while the green
high granularity layers give precise position information [1654].



558 11.6. FAR-FORWARD DETECTORS

From simulations the photon energy resolution for FoCal is estimated to be σE =
25%/

√
E⊕ 2%. This is comparable to that expected for the sPHENIX W/SciFi calorimeter.

Other technologies that would provide suitable resolution include crystals (PbWO4, LYSO,
GSO, LSO), SciGlass glass, and W/SciFi. PbWO4 crystals and SciGlass glass have been de-
veloped and characterized by the eRD1 Consortium and the Neutral Particle Spectrometer
project at Jefferson Lab. Tests have shown energy resolutions of ∼ 2%/

√
E for photon en-

ergies ∼ 4 GeV [1655]. The orbiting Fermi Gamma Ray Telescope uses a CsI crystal array
and tracker to achieve very high spatial and energy resolution [1656].

HCAL technologies for ZDC

The hadronic part of the ZDC is needed for neutron identification. To tag spectrator neu-
trons from both heavy and light nuclei an energy resolution of σE < 50%/

√
E and an

angular resolution of at least 3 mrad /
√

E are required. Cerenkov calorimeters, which
measure only the high energy component of the showers, give excellent position resolu-
tion and tight containment but are non-compensating and so somewhat non-linear. Sam-
pling all charged particles produces a better energy resolution at the cost of worse lateral
containment. We seek to exploit both techniques to maximize both the energy and posi-
tion resolution of the ZDC. This could be done by using the quartz fibers developed for
the LHC ZDCs, [1657], with traditional scintillators.

Soft photon detection

In order to detect coherent collisions it is necessary to veto events in which soft photons
are emitted from an excited nucleus. In general, the photon decay chain of a heavy nucleus
is dominated by photons of energy of the order of 10 keV. These photons may be indistin-
guishable from background. However, for a doubly magic nucleus such as 208Pb, every
bound-state decay sequence has at least one photon with an energy of at least 2.6 MeV. Af-
ter accounting for the boost of the nucleus with momentum 110 GeV/c per nucleon, 20%
of these decay photons (with minimum energy 455 MeV) are detectable within the ZDC
aperture of ∼ 4.5 mrad. In order to detect such photons from nuclear excitation it is im-
portant that the ZDC have the largest possible aperture. It is possible that a 2nd IR design
would allow a larger ZDC acceptance. Resolving nuclear decay photons from background
will require a full absorption EM calorimeter with excellent energy resolution, e.g. made
with crystal scintillator (LYSO, PWO, ...).

Scintillator Tracker Detector

The meson structure research for the EIC has shown the need of a tracker, in combination
with the ZDC, to be used as a veto detector for π− for an efficient measurement of the
Λ→ n + π0 channel 8.5.2. Besides this main purpose, adding a tracker could improve the
reconstruction of charged particles in the ZDC for other different channels. An inexpensive
and feasible option is the use of scintillating fibers (SciFi) as a tracker detector.
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SciFi trackers combine the fast response of scintillator detectors with the flexibility and
granularity that fibers can provide. A high efficiency fiber is made of a core of polystyrene-
based scintillator surrounded by a cladding of PMMA, and some fibers by another
cladding of fluorinated PMMA. A SciFi tracker can handle high rates and is highly tolerant
to radiation [1658], but on the other hand, the photon yield is quite low due to the small
photon capture fraction, about 5% for the double cladding fibers3. Detection efficiency is
increased adding extra fiber layers (Fig.11.95). Scintillating light can be read-out by sev-
eral pixel devices like Avalanche Photo-diodes, Silicon photo-multipliers or multi-anode
photo-multipliers. A SciFi tracker with a layout as in Figure 11.95 can achieve a spatial
resolution of ≈ 300 µm and a time resolution of ≈ 500− 220 ps [1659] [1660], but different
fiber diameter and overlap between channels results in similar spatial resolutions [1661].

Figure 11.95: (Left) Schematic layout of a 4 layers SciFi bundle showing, in red and blue,
two corresponding read-out channels for particles coming in the vertical direction. (Right)
Picture of an assembled 4 layers, 32 channels SciFi bundle.

Summary of the current design

The number of spectator neutrons is predicted to be correlated with the collision geom-
etry. The required performance of the detector to identify the coherence of the collision
(via tagging of photons with Eγ ∼ 50− 150 MeV) is under development using simulations
with BeAGLE [1267]. Some of the performance parameters are still under study, but rea-
sonable assumptions for the technology and detector performance were used to evaluate
the impact on physics observables.

Acceptance A large acceptance (e.g. 60×60 cm2) to establish good identification effi-
ciency between coherent and incoherent collisions is necessary for vetoing spectator neu-
trons from nuclear breakup. This large acceptance is also required to determine the col-
lision geometry [1366]. Additionally, studying very forward production and asymmetry
of hadrons and photons also requires a high-acceptance detector. The EIC aperture of
±4 mrad gives pT < 1GeV/c coverage for 275 GeV hadrons and photons, which covers

3one end output of the fiber
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the transition from elastic/diffraction to the incoherent regime; for the low-energy hadron
beam the acceptance in terms of pT is more limited (e.g. pT < 0.4GeV/c coverage for a
100 GeV beam).

Energy, position, and pT resolutions Due to the strong β squeeze to < 1 meter to achieve
the required high luminosity, a beam momentum spread of ∼20 MeV and a hadron beam
angular divergence of ∼80-200 µrad is induced. Thus a position resolution below the cen-
timeter range for neutrons will not be useful. A 1 cm position resolution provides 300 µrad
angular resolution, which can be translated to transverse momentum resolution pT ∼ 30
MeV/c for a 100 GeV spectator neutron.

The collision geometry can be deduced from the number of spectator neutrons. Counting
these neutrons implies a minimum energy resolution of ∆E/E ∼ 50%/

√
E(GeV). In order

to accommodate signals ranging from single MIP track to 30 spectator neutrons, a wide
dynamic energy range in the readout electronics is required.

The ZDC at the EIC is anticipated to be a sampling type calorimeter with a sufficient lon-
gitudinal size of ∼10 interaction lengths [1366]. It is also required to have a sufficient
transverse size of ∼2 interaction length to avoid transverse leakage of the hadron shower
and to achieve good hadron energy resolution.

11.6.6 Integration with accelerator

Beam parameters and lattice

The integration of Far-forward detector components with the accelerator plays an impor-
tant role for emerging EIC physic program. It is important to start it at the earliest stage
of the design, since it could have an impact on both parties: it could affect accelerator
impedance, or, on the other hand, inappropriate placement of accelerator elements could
have an impact on the detector acceptance by blocking or obscuring incident particles. The
current studies were done with the accelerator lattices described in the Table 11.46 for an
ion beam and Table 11.47 for an electron beam. Note, that sets of the quadrupoles will be
placed in the common cryostat volume, therefore there will be no possibility to place any
detecting elements there.

Beam Pipe, Vacuum, and Background

At this point we do not have a mature engineering design of the beampipe in the far-
forward area. In this section we just formulate some requirements for it, and discuss im-
plications of the design.

One of the important areas to pay attention to the material budget while designing the
beampipe is the B0-dipole location. First of all we have to minimize the amount of mate-
rial at the exit window - this will be the area where the conical beampipe shared by both
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Name Type L Rin Rout Dipole Quadrupole Xc Yc Zc Thetac

[m] [m] [m] [T] [T/m] [m] [m] [m] [rad]
Rear elements

iYI6 HB2 SBEND 5.69 0.05 0.3 0 / -4.64 0 -1.18 0 -48.96 0.011
iYI6 HQ3 QUAD 1.2 0.05 0.3 0 / 0 47.8 -0.52 0 -20.7 0.025
iYI6 HQ2 QUAD 2.57 0.05 0.3 0 / 0 47.1 -0.323 0 -12.9 0.025
iYI6 HQ1 QUAD 3.42 0.05 0.3 0 / 0 -67.45 -0.2046 0 -8.18 0.025

Forward elements

iB0PF SBEND 1.2 0.2 0.5 0/-1.3 0 0.148 0 5.9 0.0259
iB0APF SBEND 0.6 0.043 0.256 0/-3.47 0 0.2 0 7.7 0.0278
iQ1APF QUAD 1.46 0.056 0.28 0/0 -72.61 0.24 0 9.23 0.0289
iQ1BPF QUAD 1.61 0.078 0.34 0/0 -66.18 0.293 0 11.06 0.0289
iQ2PF QUAD 3.8 0.131 0.58 0/0 39.45 0.383 0 14.16 0.0289
iB1PF SBEND 2.99 0.135 0.5 0/-3.79 0 0.505 0 18.06 0.035

iB1APF SBEND 1.5 0.168 0.4 0 /-2.70 0 0.6113 0 20.81 0.0436
iB2APF SBEND 5.7 0.05 0.3 0 /6.00 0 1.5221 0 41.890 0.02713

Table 11.46: Ion beam lattice for 275 GeV

Name Type L Rin Rout Dipole Quadrupole Xc Yc Zc Thetac

[m] [m] [m] [T] [T/m] [m] [m] [m] [rad]
Rear elements

eQ5ER QUAD 1.2 0.05 0.3 0/0 7.481 0.4131 0 -46.8267 0
eQ4ER QUAD 0.6 0.05 0.3 0/0 8.85796 0.4131 0 -37.99667 0

eDB3ER RBEND 5.199 0.05 0.3 0/0.2115 0 0.39525 0 -34.79671 -0.00916
eQ3ER QUAD 0.6 0.05 0.3 0/0 -22.7971 0.354 0 -31.597 -0.01832

eDB2ER RBEND 5.5 0.05 0.3 0/-0.1999 0 0.01889 0 -12.249 -0.00916
eQ2ER QUAD 1.4 0.05 0.3 0/0 14.1466 0 0 -8.3 0
eQ1ER QUAD 1.8 0.05 0.3 0/0 -14.478 0 0 -6.2 0

Forward elements

eQ0EF QUAD 1.2 0.0031 0.007 0/0 -13.54 0 0 5.9 0
eQ1EF QUAD 1.61 0.05 0.3 0/0 7.4612 0 0 11.065 0
eQ2EF QUAD 3.8 0.05 0.3 0/0 0 0 0 14.17 0
eQ3EF QUAD 1.2 0.05 0.3 0/0 -5.5461 0 0 20.82 0
eQ4EF QUAD 1.2 0.05 0.3 0/0 5.85445 0 0 29.95 0

Table 11.47: Electron beam lattice for 18 GeV

beams transfers to the two separate beampipes for the incoming electrons and outgoing
ions. Vacuum pumps in front of the B0 dipole, shown on Fig. 11.96, will be large sources
of beam+machine background where incident particles could start to develop showers,
increasing the occupancy in the B0-tracker. Also, shower-tails from the central detector
HCAL or cryo-module around the B0- dipole could potentially give an additional source
of background for the B0-tracker. The overall integration, assembly, and maintenance of
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detectors in this area will require a significant engineering effort. Preliminary locations
of the beampipe/vacuum breaking points are shown on Fig. 11.97, which would allow
proper integration of accelerator elements, two separate beampipes, as well as allowing
proper detector assembly and maintenance.

The exit window from the beampipe after the B1apf dipole magnet for the Zero Degree
Calorimeter needs to be properly designed, due to the impact on the detection efficiency
for low-energy photons used to veto incoherent heavy-nuclear breakup in the far-forward
direction. A small section of beryllium beam pipe could also be considered as an option to
minimally impact low-energy photons.

The beampipe material near the off-momentum detectors needs to be minimized in order
to minimize impact on the momentum resolution due to multiple scattering. This same
section of beam pipe is also shared by particles (neutron, photons) exiting to go toward the
ZDC, so the design choices must accommodate both needs.

The scattering chamber and movable Roman Pots which house the silicon detectors need
to be developed and the RP impact on the accelerator impedance needs to be evaluated and
minimized. In order to protect the sensors from incident beam losses, a proper collimation
scheme needs to be designed together with a beam-loss monitor system. The former will
play a crucial role in the machine and the detector protection. The latter, designed as
part of the machine safety system, can successfully be used in the Beam Based Alignment
procedure of the RP detectors.

In the backward direction a proper collimating scheme against synchrotron radiation from
the electron beam needs further development to protect the low-Q2 tagger (see Sec. 11.7.2).
The beampipe material also needs to be optimized to minimize the impact on the multiple
scattering in this area. An exit window for the bremsstrahlung photons is needed for the
luminosity monitor, as discussed in Sec. 11.7.1.

In addition to backgrounds from beam+machine sources, beam+gas background could
also be a potential challenge for the far-forward and backward regions. The synchrotron
radiation from the electron beam causes heating of the beam pipe, which will in-turn cause
out-gassing and reduce the vacuum quality and increase the possibility for particles in the
ion beams to collide with residual gas molecules. This will be a particularly challenging
problem for the increase in neutron flux, which will have impact on especially the B0 de-
tector system. This has been studied for a central silicon vertex tracker at mid-rapidity,
and the annual dose of radiation has been found to be ∼3 orders of magnitude less than
the suggested tolerances. More studies are needed to asses the annual radiation doses
experienced by the B0 detectors, but the impact will be similar.
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Figure 11.96: Beampipe at the B0 location. To give an idea of scale B0 is 1m long. The left
hand panel shows a side view of B0, represented as cylinder, with vacuum pumps visible on
the left and the separate electron and hadron beam pipes on the right. The right hand panel
shows the same elements from a vantage point close to the beams, looking away from the
interaction point.

Figure 11.97: Schematic of the integration of B0-dipole, showing the electron and proton
beam break points.

11.6.7 Physics impact

Simulation Details

The simulations presented for the far-forward region of the IR were carried out using
Geant4 implemented in either EicRoot or ESCalate. The simulations include the most-
recently available layout of the IR magnets and engineering components (e.g. beampipe)
and additionally include beam effects such as the smearing of the vertex due to rotation
of the bunch by the crab cavity and beam angular divergence, unless noted otherwise for
a particular study (e.g. studies of acceptance only). The parameters for the various beam
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effects can be found in the CDR.

Deeply Virtual Compton Scattering (DVCS)

In e+p DVCS, the initial proton is scattered by very small angles (∼ few mrads), and
therefore is within the far-forward acceptance - specifically in the Roman Pots or the B0
spectrometer. Using only the tagged final-state proton, one has access to the momentum
transfer, t, in the interaction. The precise measurement of this t-distribution yields access
to the impact parameter distribution related to the gluon GPD.

This simulation study was carried out using the MILOU MC generator to produce the sim-
ulated DVCS events, which were then passed through EicRoot and GEANT4 to simulate
detector responses. These full simulations were then used to evaluate the DVCS proton
acceptance and detector smearing. The study was conducted using three beam energy
combinations, and included all of the smearing effects noted in the above description of
the Roman Pots, namely, the effects of angular divergences, crab cavity rotation (which
effectively smears the primary vertex), and detector reconstruction smearing. Fig. 11.98
shows the pT-acceptance for three different beam energy configurations.

Figure 11.98: pT (top row) and polar angle (bottom row) acceptance for three different beam
energy configurations: 18x275 GeV (left), 10x100 GeV (middle), and 5x41 GeV (right). The
black data in each figure represent the MC information from MILOU, the red lines are the
accepted particles in the Roman Pots, and the blue lines are particles accepted in the B0
sensors.
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The acceptance is driven by the aperture size (which affects high-pT acceptance) and the
beam optics choice, which determines the transverse beam size at the Roman Pots loca-
tion, and provides the low-pT acceptance cutoff. When using the optics configurations
optimized for Roman Pots acceptance, there is a reduction in the overall luminosity up-to
approximately a factor of 2. Fig. 11.99 shows the impact of the optics choices for the 10σ
safe distance for two different beam energies.
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Figure 11.99: Acceptance images for protons incident on the first Roman Pots sensor plane.
The top row is for the 18x275 GeV beam energy configuration, with the left plot and right
plot being the high acceptance and high divergence optics configurations, respectively. The
bottom row is for the 10x100 GeV beam energy configuration. Note the decrease in the size of
the 10σ region (iris in the center of the plots) when we use the high acceptance optics, with
left and right plots being the high acceptance and high divergence optics configurations,
respectively. As noted previously, the trade off for more acceptance is a drop in luminosity
at the IP.

Another important conclusion to be drawn from these acceptance plots is the need for a
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large active sensor area to maximize the high-pT acceptance. Fig. 11.99 implies the need
for sensors to cover an active area of approximately 25cm × 10cm.

Table 11.48 summarizes the smearing contributions from this study. Based on this study
and discussions ongoing in the EIC R&D effort, a 500 µm x 500 µm pixel size gives the
necessary resolution while still keeping the cost and design constraints reasonable.

∆pT Ang. Div. (HD) Ang. Div. (HA) Crab Cavity 250 um 500 um 1.3 mm
18×275 GeV 40 28 20 6 11 26
10×100 GeV 22 11 9 9 11 16

5×41 GeV 14 - 10 9 10 12

Table 11.48: Summary of smearing contributions from angular divergence, crab cavity rota-
tion, various pixel size choices (for the Roman Pots). HD and HA refer to the “high diver-
gence” and “high acceptance” optics configurations, respectively.

Spectator Tagging in e+D Interactions

In diffractive e+D interactions, either the proton or the neutron acts as a spectator, while
the other nucleon is active. For this study, only the p+n final state for each spectator case
was considered. The major difference here in proton detection is due to the proton having
a different magnetic rigidity compared to the deuteron beam, requiring use of the off-
momentum detector system for tagging these breakup protons.

Figures 11.100 and 11.101 show the kinematic acceptances for the protons and neutrons for
the active neutron case, while Figs. 11.102 and 11.103 show the kinematic acceptances for
the protons in neutrons for the active proton case.
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Figure 11.100: Acceptance images for protons and neutrons in the case where the neutron
acts as a spectator. In this case, the protons have a larger range of scattering angles, and
detection requires both the off-momentum detectors and the B0 detector. The plots show
the protons incident on the off-momentum detectors (left), the B0 detector (middle), and the
neutrons incident on the ZDC (right). All coordinates are local to the sensor plane.

From these figures it is clear that when a particle acts as a spectator, its acceptance is opti-
mized because its distribution of scattering angles is narrower. For the neutrons, this helps
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Figure 11.101: Acceptance images for protons and neutrons in the case where the proton
acts as a spectator. The plots show the protons incident on the off-momentum detectors
(left), and the neutrons incident on the ZDC (right). All coordinates are local to the sensor
plane.

the acceptance because the aperture size limits the neutron acceptance to < 5 mrad. For
the protons, larger scattering angles are acceptable in the case of angles > 5 mrad, since
many of these enter the acceptance of the B0 spectrometer. However, at smaller scattering
angles, the larger spread in transverse momentum imparted to the protons in the neu-
tron spectator cases causes many protons to be lost in the lattice before making it to the
off-momentum detectors.

In addition to the acceptances, the resolutions were studied in detail, and their effect on
various physics observables evaluated. These results can be found in [854].

Spectator Proton and Neutron Tagging in e+3He and e+3H Collisions

Studying short-range correlations (SRC) and the polarized neutron structure can be ac-
complished by studying e+3He (e+3H) collision events in which the neutron (proton) is
the active nucleon in the collision and the protons (neutrons) act as spectators. In order to
do this type of study, the prospects of tagging both spectator protons or neutrons in the
far-forward region needs to be assessed. A full-simulation study was carried out to this
end using e+3He DIS events from BeAGLE, as well as SRC events using a spectral func-
tion approach. These two paradigms allow for the study of the double-tagging of the final
state spectator protons in two very different kinematic regimes. In the DIS case, the two
protons end up with very similar final state kinematics, while in the SRC case, one of the
protons is in an SRC pair with the active neutron and therefore has a very different initial
pT distribution than the other spectator proton. Fig. 11.104 shows the occupancy of pro-
tons incident on the various detector subsystems. These plots show the repeated need for
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Figure 11.102: 3-momentum p, azimuthal angle (φ), and polar angle (θ) acceptance for pro-
tons (top) and neutrons (bottom) for the proton spectator case. For both rows, the black lines
show the BeAGLE MC particles. For the protons, the red and blue lines show the accepted
protons in the off-momentum and B0 detectors, respectively. For the neutrons, the green line
shows the ZDC acceptance.

multiple subsystems to cover the acceptance, as well as the need for a large active area for
the Roman Pots subsystem. Fig. 11.104 only shows the lowest beam energy configuration
since it is the most demanding on the acceptance.

Figs. 11.105 and 11.106 show the results of the study for two different energy configu-
rations. The results indicate that the double-tagging efficiency for the spectator protons
look very promising for the baseline interaction region, with most cases having a double-
tagging efficiency above 85% (above 90% for the higher energy configuration), except for
the lower energy SRC case which has an efficiency above 75%. Most of the losses in the
double-tagging efficiency comes from a single proton being lost between the B0 detector
and Roman Pots, or between the off-momentum detectors and Roman Pots. These accep-
tance gaps are to some point unavoidable due to the finite thickness of the beam pipe,
which is the main driver of that gap between the detectors.

A study of the neutron double-tagging efficiency in e+3H events was also carried out us-
ing fast simulations in eic-smear. The results indicate that the neutron double-tagging ef-
ficiency is also quite good, with most of the acceptance losses being in the SRC case when
one of the neutrons has a larger scattering angle that may cause it to be lost in the 4.5 mrad
aperture.
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Figure 11.103: 3-momentum p, azimuthal angle (φ), and polar angle (θ) acceptance for pro-
tons (top) and neutrons (bottom) for the neutron spectator case. For both rows, the black
lines show the BeAGLE MC particles. For the protons, the red and blue lines show the ac-
cepted protons in the off-momentum and B0 detectors, respectively. For the neutrons, the
green line shows the ZDC acceptance.

Far-forward tagging ions

At the time of writing this document, no MC samples for light-nuclei tagging in the FF
direction were available for validation in our simulation framework. However, based on
the numerous other studies, some basic conclusions can be drawn. Light-ion tagging (e.g.
4He) should have similar constraints as those seen for the tagging of protons in the FF
direction (e.g. proton DVCS). The machine optics can be tuned similarly to maximize the
low-pT acceptance at the Roman Pots. From this, the main limitation will be the shape
of the pT distribution given by the coherent light nuclear scattering process. If the pT
distributions are similar as for the e+p case, than the acceptance of these light nuclei at the
Roman Pots will also be similar. More studies should be carried out in the future to asses
the impact of the various choices of machine optics on the FF light nuclei acceptance.

Meson Structure and FF Λ Decay

The reconstruction of Λs in the target fragmentation regime is one of the most challenging
tasks in the FF region of the IR. It comes from the fact that the decay vertex of such Λs is
spread by tens of meters along the Z-axis (along the beam-line) which makes detection of



570 11.6. FAR-FORWARD DETECTORS

Figure 11.104: Occupancy plots of protons incident on the various FF detectors. The top
row is 5x41 GeV BeAGLE DIS events, while the bottom row is 5x41 GeV SRC events. The
left column is protons incident on the off-momentum detectors, the middle column is the
Roman Pots, and the right column is the sum of the 4 individual planes of the B0 detector
used in this simulation. All plots show the local coordinate system for the particular detector.

the decay products and mass reconstruction very difficult.

Occupancy plots for the beam energy setting of 5×41 GeV for pions and protons from Λ
decays is shown in Figure 11.107. Since this is the lowest beam energy setting, most of
the Λs would decay in the first meter (before the B0 magnet), and the decay products of
Λ are expected to have low momenta and larger angle. Therefore, as expected, protons
coming from the Λ decays will mostly be detected, due to their lower rigidity, in the off-
momentum detectors and partially in a B0 tracker, while the B0 tracker will be the only
detecting element for pions. As one can also see from this Figure, the proton-beam-pipe
aperture inside the B0-dipole plays an important role and sets the detection efficiency for
pions. Also a full azimuthal angle φ-coverage of the detecting elements around the proton
beam-pipe is important: outer radius of electron FFQ needs to be minimized to provide
enough space for tracking detectors.

For another beam energy setting, for example 10 GeV×100 GeV (Fig. 11.108), one could
clearly see, for charged pions, the “dead” area along the beamline, where the beam el-
ements (quadrupoles) are located. This comes from the fact that those pions have sig-
nificantly lower momentum than the beam, and very small xL, causing the pions to be
lost in the lattice before they can be detected. It is also important to point out that nega-
tive charged particles ( pions) will bend into opposite direction, compared to protons, as
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Figure 11.105: Scattering angle plots for spectator protons from e+3He collisions using BeA-
GLE DIS events at 10x110 GeV (top row) and SRC events at 18x110 GeV (bottom row). The
left panel in both rows shows the scattering angle of proton one vs. proton two from the MC
generator, the middle plots shows what is reconstructed in the EicRoot GEANT simulation,
and the right panel shows the absolute value of the difference between the angles, which
tells us how close together they are when they arrive at the detector.

shown on the Fig. 11.89, therefore a proper coverage of off-momentum detectors would be
required to to provide an efficient detection for those particles.

11.6.8 Conclusions

The far-forward region of the EIC baseline IR has been studied extensively throughout this
entire Yellow Report process. The main conclusions from these studies are that several de-
tector subsystems are needed to cover the entire far-forward region including Roman Pots,
a high resolution zero-degree calorimeter, a silicon-based spectrometer in the first dipole
magnet after the IP, and various planes of silicon on either side of the beam pipe after the
B1apf dipole to capture charged particles with xL < 0.6, so-called “off-momentum parti-
cles”. The technology choices detailed in this chapter reflect the R&D efforts of numerous
people and represent our recommendations to meet the needs of the FF physics programs
at the EIC. As can be seen throughout the document, the IR design has undergone some
revisions (especially the B0 magnet) that have led to different considerations for the de-
tector geometry, as seen in the difference in the B0 coverage between the e+D study and
the Λ study. These details are not yet final, and the different assumptions should make
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Figure 11.106: Scattering angle plots for spectator protons from e+3He collisions at 5x41 GeV
using BeAGLE DIS events (top row) and SRC events (bottom row). The left panel in both
rows shows the scattering angle of proton one vs. proton two from the MC generator, the
middle plots shows what is reconstructed in the EicRoot GEANT simulation, and the right
panel shows the absolute value of the difference between the angles, which tells us how
close together they are when they arrive at the detector.

it clear what kinds of design difficulties could be faced in the B0 detector planning. As
the IR design progresses and the community moves toward the formation of an experi-
ment collaboration, more detailed simulations will need to be carried out in addition to
what has been provided by these studies. Nevertheless we hope these studies provide a
strong foundation for validation of the future detector simulation and design efforts. All
details related to IR design, optics parameters, etc. used in these studies can be found in
the pre-Conceptual Design Report for the EIC [1414].

11.7 Far-Backward Detectors

The path of the electron beam downstream of the interaction point is shown in Fig. 11.109.
Beam magnets are shown in full green, drift space in hatched green and detectors and com-
ponents in red and yellow. The horizontal axis is aligned with the direction of the beam at
the collision point, along which photons from e+p and e+A interactions will travel. These
photons come predominantly from the bremsstrahlung process used for luminosity de-
termination. The lower left of the figure shows possible instrumentation for the luminos-
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ity measurement. Bremsstrahlung and low-Q2 processes also produce electrons with mo-
menta slightly below the beam energy. After being bent out of the beam by lattice dipoles
they may be measured by taggers as shown in the top left of the figure. This section will
detail studies of a luminosity monitor as well a tagger for electrons from bremsstrahlung
and low-Q2 events. The technology considerations and machine-driven acceptances are
both addressed as well.

11.7.1 Far-Backward Photons

Luminosity Measurement and Bremsstrahlung Photons

The luminosity measurement provides the required normalization for all physics studies.
At the broadest scale it determines absolute cross sections, such as needed for the structure
function F2 and derived PDFs. On an intermediate scale, it is also required to combine dif-
ferent running periods, such as runs with different beam energies needed to measure FL,
or runs with different beam species to study A dependencies. Asymmetry measurements
are conducted using beams with bunches of both spin states. On the finest scale, the rela-
tive luminosity of the different bunch crossings is needed to normalize the event rates for
the different states; the uncertainty on the relative bunch luminosity is a limiting factor for
asymmetry measurements.

The bremsstrahlung process e + p −→ e + p + γ was used successfully for the measure-
ment of luminosity by the HERA collider experiments [1662–1668]. It has a precisely
known QED cross-section [1669] which is large, minimizing theoretical uncertainty and
providing negligible statistical uncertainty. Thus the scale uncertainty of the luminosity
is determined by the systematic uncertainties of the counting of bremsstrahlung events.
The ZEUS collaboration at HERA-II measured luminosity with a 1.7% scale uncertainty.
Experiences there indicate directions for improvement, such as improved understanding

(a) (b)

Figure 11.107: Occupancy plots for energy setting 5x41 GeV (a) for π− in B0 tracker (b) for
protons in B0 and Off-Momentum detectors.The red circle shows the beampipe position and
the blue circle shows electron FFQ aperture inside B0 dipole.
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Figure 11.108: Beam energy 10x100 GeV. Momentum and Theta distributions for Lambda
decay particles, protons (left) and π−(right), registered in far-forward detectors vs their orig-
ination (decay vertex).

of the photon acceptance. The electron taggers discussed in Section 11.7.2 will provide a
direct measurement of this acceptance. Such improvements at the EIC should be able to
reduce the scale uncertainty to ∼1%.

In contrast to HERA, where only the electron beam was polarized, both the electron and
proton/light ion beams will be polarized in the EIC. In this case the bremsstrahlung rate is
sensitive to the polarization dependent term a in the cross section σbrems = σ0(1 + aPePh).
Thus, the polarizations Pe, Ph and luminosity measurements are coupled, and the precision
of the luminosity measurement is limited by the precision of the polarization measure-
ment. This is especially important for relative luminosities for asymmetry measurements,
where the bremsstrahlung process used for normalization has different cross sections for
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Figure 11.109: The region downstream of the interaction point in the electron direction.

different spin states. The precision needed for the relative luminosity measurement is
driven by the magnitude of the physics asymmetries which can be as low as 10−4; the
uncertainty on relative bunch luminosities must exceed this level of precision.

Figure 11.110: Bremsstrahlung photon energy (left) and angular (right) distributions for EIC
beam energies.

The bremsstrahlung photon energy Eγ distributions for EIC beam energies are shown in
left of Fig. 11.110. They diverge as Eγ → 0 and have sharp cutoffs at the electron beam
energies. As shown in the right of Fig. 11.110, the bremsstrahlung photons are strongly
peaked in the forward direction with typical values of θγ ≈ me/Ee, with values of 20-60
µrad at the EIC. The RMS angular divergence of the electron beam is significantly larger
than these values and will dominate the angular distribution of bremsstrahlung photons
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as shown in Fig. 11.111.
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Figure 11.112: Principle of the luminosity measurement. Bremsstrahlung photons are in-
cident on an aluminum exit window. Converted electron-positron pairs are split in the
spectrometer dipole magnet and detected in the UP and DOWN detectors. Non-converted
photons reach the photon calorimeter PHOT.

Bremsstrahlung Photon Detection Principles and Requirements

Figure 11.112 shows a side view of detector components along the photon zero-degree line
in the backward direction. The straightforward method for measuring bremsstrahlung sit-
uates a calorimeter at zero degrees in the electron direction, PHOT in the figure, and count-
ing the resulting photons. The calorimeter is also exposed to the direct synchrotron radi-
ation fan and must be shielded, thus degrading the energy resolution. This also imposes
a rough low energy cutoff on photons typically ≈ 0.1-1 GeV below which the calorime-
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ter is insensitive. At peak HERA luminosities, the photon calorimeters were sensitive to
1-2 photons per HERA bunch crossing. At an EIC luminosity of 1033 cm−2 s−1, the mean
number of such photons per bunch crossing is over 20 for electron-proton scattering and
increases with Z2 of the target for nuclear beams. The per bunch energy distributions are
broad, with a mean proportional to the number of photons per bunch crossing. The count-
ing of bremsstrahlung photons thus is effectively an energy measurement in the photon
calorimeter with all of the related systematic uncertainties (e.g. gain stability) of such a
measurement.

An alternative method to directly counting bremsstrahlung photons, used effectively by
the ZEUS collaboration at HERA [1664], employs a pair spectrometer. A small fraction
of photons is converted into e+e− pairs in the vacuum chamber exit window. A dipole
magnet splits the pairs vertically and each particle hits a separate calorimeter adjacent to
the unconverted photon path, UP and DOWN in Fig. 11.112. This has several advantages
over a zero-degree photon calorimeter:

• The calorimeters are outside of the primary synchrotron radiation fan.

• The exit window conversion fraction reduces the overall rate.

• The spectrometer geometry imposes a well defined low energy cutoff in the photon
spectrum, which depends on the magnitude of the dipole field and the location of
the calorimeters.

The variable parameters of the last two points (conversion fraction, dipole field and
calorimeter locations) may be chosen to reduce the rate to less than or of order one e+e−

coincidence per bunch crossing even at nominal EIC luminosities. Thus, counting of
bremsstrahlung photons is simply counting of e+e− coincidences in a pair spectrometer
with only small corrections for pileup effects.

The locations of a zero-degree calorimeter and pair spectrometer are shown in the bottom
left of Fig. 11.109. Careful integration into the machine lattice is required, not only to al-
low for enough space for the detectors, but also to accommodate the angular distribution
of the photons. This is dominated by the angular divergence of the electron beam, with
RMS values as high 0.2 mrad. Thus a clear aperture up to a few mrad is required to mea-
sure the angular distribution and minimize the acceptance correction. The spectrometer
rate is directly proportional to the fraction of photons which convert into e+e− pairs, plac-
ing stringent requirements on the photon exit window. It must have a precisely known
material composition, and a precisely measured and uniform thickness along the photon
direction.

Calorimeters are required for both luminosity devices, for triggering and energy mea-
surements. The high rates dictate a radiation hard design, especially for the zero-degree
calorimeter, which must also have shielding against synchrotron radiation. The spectrom-
eter must also have precise position detectors to measure the e±. Combined with the
calorimeter energy measurement this allows reconstruction of the converted photon po-
sitions. The distribution of photon positions is required to correct for the lost photons
falling outside the photon aperture and detector acceptances.
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Bremsstrahlung Photon Detector Implementation

Figure 11.113: Geant4 model of luminosity detectors.

The luminosity system is shown in plan view in the bottom left of Fig. 11.109. A Geant4
model of all essential components for the luminosity measurement is shown in Fig. 11.113.
A photon exit window is placed at z = -20.75 m. It is tilted by 100 mrad relative to the axis
of the electron beam (and of the photons), to achieve an acceptable heat load from syn-
chrotron radiation. A collimator at z = -27 m will prevent synchrotron radiation at larger
angles from entering the luminosity system. A dipole spectrometer magnet at z = -28 m will
split converted electron-positron pairs into the spectrometer detectors. A direct photon de-
tector is placed at z = -37.8 m, after a graphite filter of 5 X0 length. The pair spectrometer
detectors are at z = -36.5 m. The spectrometer detectors are displaced vertically so their
nearest edges are 42 mm above and below y = 0. The detectors are implemented in the
model as boxes which register hits by all incoming particles.

The spectrometer acceptance as a function of bremsstrahlung photon energy depends on
the layout as shown in Fig. 11.112. It depends on the distance length from the dipole mag-
net to the spectrometer detectors, the magnetic field of the dipole and the detector positions
min and max of the UP and DOWN detectors along the vertical y axis.

The acceptance is shown in Fig. 11.114 for 18× 275 GeV beams, as a function of generated
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Figure 11.114: Luminosity spectrometer acceptance as a function of the bremsstrahlung pho-
ton energy Eγ. The acceptance includes a photon to pair conversion probability of ∼8%.

bremsstrahlung photon energy Eγ. The Geant4 distribution is a result of simulation of
1M bremsstrahlung events generated by the eic-lgen event generator [1670] and passed
through the layout of Fig 11.113. The acceptance is constructed as a fraction of events with
at least 1 GeV of energy hitting both the UP and DOWN detectors.

A geometric model for the acceptance, shown in Fig. 11.114 as a solid line, is based on
the formula for deflection of a charged particle in a magnetic field and the coincidence
requirement of both pair electrons hitting the detectors. A unit-charge particle moving
along the z direction through a magnetic field Bx oriented along x axis adds a transverse
momentum pT ∝

∫
Bxdz along the vertical y direction. The position in y on the UP or

DOWN detectors of the arriving electron is given by

y = l
pT

p
, (11.10)

where l is the length from the magnet center to the detector face, and p is the momentum
of the electron.

If the e± of the pair hitting the upper detector has a fraction of photon energy z = p/Eγ,
the other hitting the lower detector has a fraction 1− z. The positions of the pair arriving
at the UP and DOWN detectors yup and ydown, z and Eγ are related by:

zEγ =
lpT

yup
, (1− z)Eγ =

lpT

ydown
. (11.11)
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Both spectrometer detectors cover minimal and maximal positions along y, as indicated in
Fig. 11.112. The coincidence requirement then limits the range in z for which the converted
photon would be detected by the spectrometer. The integral of dN

dz over this range of z then
determines the acceptance at a given Eγ, shown as a solid line in Fig. 11.114. There is
reasonable agreement with the full Geant4 simulation.

The model can be used to determine the magnetic field for the spectrometer dipole magnet
in order to optimize the rate of coincides. A unique magnetic field will be required for each
electron beam energy.

11.7.2 Far-Backward Electrons

Far-Backward Electron Processes and Measurements

Downstream of the interaction point the electron beam is accompanied by a flux of elec-
trons at small angles with respect to the beam direction and at slightly lower energy.
They are predominantly final state electrons from the bremsstrahlung process e + p −→
e + p + γ, with an energy distribution the mirror image of the left of Fig. 11.110 with
E′e = Ee − Eγ. Also, a fraction of the electrons in this region are produced in quasi-real
photoproduction with Q2 ≈ 0.

The final state bremsstrahlung electrons provide a powerful tool for calibrating and ver-
ifying the luminosity measurement with photons. Tagging bremsstrahlung electrons and
counting corresponding photons in the photon detectors provides a direct measure of the
luminosity detector acceptance in the tagged energy range. This is of paramount im-
portance to precisely determine the pair conversion probability for the luminosity spec-
trometer, which depends on the exit window composition and thickness. Such measure-
ments will require special runs with low bunch currents to ensure that there is only one
bremsstrahlung electron/photon pair in the system per bunch crossing.

Tagging of low-Q2 processes provides an extension of the kinematic range of DIS pro-
cesses measured with electrons in the central detector. It crosses the transition from DIS to
hadronic reactions with quasi-real photons. Taggers as depicted in the top left of Fig. 11.109
provide useful acceptance in the range Q2 < 10−2 GeV2. Application of the electron tag-
gers for low-Q2 physics will face a challenge from the high rate of bremsstrahlung elec-
trons, which can be addressed by tagger design and correlation with information from the
central detector.

Far-Backward Electron Detection and Requirements

Possible locations of detectors for far-backward electrons are shown in the top left of
Fig. 11.109. Electrons with energies slightly below the beam are bent out of the beam by
the first lattice dipole after the interaction point. The beam vacuum chamber must include
exit windows for these electrons. The windows should be as thin as possible along the
electron direction to minimize energy loss and multiple scattering before the detectors.
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The taggers should include calorimeters for triggering and energy measurements. They
should be finely segmented to disentangle the multiple electron hits per bunch crossing
from the high rate bremsstrahlung process. The taggers should also have position sensitive
detectors to measure the vertical and horizontal coordinates of electrons. The combined
energy and position measurements allow reconstruction of the kinematic variable Q2 and
xBJ . If the position detectors have multiple layers and are able to reconstruct the electron
direction this will overconstrain the variable reconstruction and improve their measure-
ment; this may also provide some measure of background rejection.

Far-Backward Electron Detector Implementation

The layout of the backward electron detectors is shown in the top left of Fig. 11.109. Beam
magnets are shown in full green, drift space in hatched green and detectors and compo-
nents in red and yellow. Two tagger detectors are proposed, Tagger 1 at z = −24 m and
Tagger 2 at z = −37 m respectively. The backward electromagnetic calorimeter ECAL,
part of the central detector, is located at z = −3.28 m. The rapidity coverage of the ECAL
∼ −4.0 < η < −1.0 is implemented in simulations for electron acceptance studies.

Figure 11.115: Geant4 model of backward interaction region, on the side of the electron
tagger detectors.
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A Geant4 model of the backward side of the interaction region is shown in Fig. 11.115.
The tagger detectors Tagger 1 and 2 and the backward electromagnetic calorimeter ECAL
are implemented as boxes which register hits by all incoming particles. The solenoid field
of the central detector is based in the 3 T BeAST parametrization. Beam magnets eQ1ER,
eQ2ER and eB2ER (Table 11.47 ) are shown as blue cylinders. Drift spaces in gray are
transparent to all particles. The layout ends with a marker at the position of the Q3eR
magnet.
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Figure 11.116: Total cross section as a function of event true Q2 for Pythia 6 and quasi-real
photoproduction.

Two generated samples, Pythia 6 and quasi-real photoproduction, were used to address
acceptance of the taggers at the top energy 18× 275 GeV for the electron and proton beams,
respectively. The model of quasi-real photoproduction is based on an approach used in a
HERA study [1662] and implemented in the eic-lgen event generator [1670]. The total cross
section for both samples as a function of event true Q2 is shown in Fig. 11.116.

The angular and energy coverage for both tagger detectors is shown in Fig. 11.117. The
energy Ee and polar angle θe of scattered electrons is shown for events where the scattered
electron is incident on one of the tagger detectors. The energy coverage is complementary
for both tagger detectors.

The coverage in Q2 is shown in Fig. 11.118 for quasi-real photoproduction. Events with
a hit in one of the taggers or in the ECAL are shown along with all generated quasi-real
events. The taggers cover a similar range in Q2, although as illustrated in Fig. 11.117,
the coverage is achieved by different combinations of electron energies and angles. A
transition of coverage takes place at the lower reach of the ECAL and the upper reach of
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Figure 11.117: Scattered electron energy Ee and polar angle θe for quasi-real photoproduction
events with a hit in Tagger 1 or 2.

the tagger detectors.

The combined acceptance of the tagger detectors and the ECAL is shown in Fig. 11.119
for the Pythia 6 and quasi-real photoproduction samples. The acceptance is obtained as a
fraction of all generated events with a hit in one of the tagger detectors or in the ECAL. A
dip occurs at the transition between the ECAL and tagger acceptances, at Q2 ∼ 0.1 GeV2.
The magnitude and width of the dip depends strongly on the inner radius for the ECAL.
The acceptance is compatible between the two event generators.

Figure 11.120 shows the tagger and ECAL coverage as functions of the kinematic variables
Bjorken-x, inelasticity y and virtuality Q2. All generated events are shown as underlying
red bands; box diagrams show events with a hit in one of the taggers or in the ECAL.

The reconstructed versus generated Q2 is shown in Fig. 11.121. The simulation includes
smearing from beam angular divergence, which introduces significant errors in the vari-
able reconstruction There is reasonable resolution for Q2 as low as 10−3 GeV2; below
10−4 GeV2 meaningful reconstruction of Q2 based on the electron is not possible.

11.8 Considered Technologies and Detector Challenges

The rich panorama of detector technologies illustrated in the previous sections of
the present Chapter are summarized in Table 11.49. The corresponding perfor-
mance according to the present assessment is summarized in the Detector Matrix
(https://physdiv.jlab.org/DetectorMatrix/), an interactive tool resulting from the effort
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for the Yellow Report Initiative. Table 11.50 present a snapshot of the matrix, while the
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interactive feature gives assess to more details and complementary information: it allows
to correlate the listed performance with details about the technology and the simulations
used to obtain the performance, as, in particular, the magnet field provided by the central
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solenoid.

Some points of tension result from the comparison between the requirements posed to the
detector by the EIC physics program, illustrated in Chapter 8 and summarized in Sec. 10.6,
and the performance reported in the Detector Matrix. They are discussed in the following
aiming at raising the community attention to these aspects and urging more dedicated ef-
fort, both to understand the impact on the physics reach of non-ideal detector performance
and to explore further technological options to overcome the present detector limitations.
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11.8.1 Acceptance requirements for the central detector

Large acceptance in η guarantees access to a wide phase-space region in the x—Q2 plane
and, therefore, to an accurate study of the evolution of the relevant structure functions
and distributions (Sec. 8.1.3, 8.1.5, 8.2.1, 8.2.2, 8.2.3, 8.3, 8.4.7 and 8.5.6). In particular,
it is observed that expanding the coverage in η from η = 3.5 on the hadron going side
extends the region where DIS/SIDIS variables can be reconstructed in the highest x region
at low y. For the spectroscopy of XYZ mesons in photoproduction tracking and hadron
identification exceeding η = 3.5 would be preferable due to the boost of the produced states
of interest (Sec. 8.2.6). However, it is important to notice that the geometrical acceptance
is not the only potential limiting parameter, as other constraints come from the minimum
detectable particle momentum and the acceptance in transverse momentum. The reference
detector offers complete acceptance in the range |η| < 3.5, while the calorimeters have
more extended acceptance up to |η| = 4, even if with reduced performance at the detector
edges. These overall features, combined with the further degree of freedom offered by the
variable center of mass energy, were found to be adequate for the majority of the physics
programme (Chapter 8).

Specific requirements are posed by measurements where the detection of very forward par-
ticles is needed, as it is the case for exclusive reactions and diffractive scattering. Adequate
acceptance is ensured by the very far-forward detectors (B0-spectrometer, off-momentum
detectors, Roman pots and ZDC) covering η-values above 4.6 and optimized for the spe-
cific measurements (Sec. 11.6 ).

Globally, the acceptance offered by the reference detector matches the needs of the overall
EIC physics programme.

11.8.2 Particle identification challenges in the barrel

The requirements coming from the physics programme for PID capabilities in the barrel
region (|η| <1) are not presently matched by the performance of the PID equipment in
the reference detector and the alternative options considered by the community. This is
the case both concerning electron/pion separation and hadron identification, discussed
separately in the following.

The more demanding figures concerning pion suppression is recalled. In parity-violating
asymmetry APV measurements in inclusive DIS studies for precision tests of the Standard
Model and searches for new physics (Sec. 7.5.2), a remaining 1‰pion contamination in
the electron sample is needed to preserve the level of the systematic error due to this back-
ground at 10% of the statistical error. According to the relative abundance of electron and
pion production, a pion suppression at the 10−4 level is required. The major player in
electron identification is electromagnetic calorimetry, where maximum pion rejection is
reached for momenta above 2-4 GeV/c and the plateau rejection figure is around 10−2 for
the technologies foreseen in the barrel (Fig. 11.48), a choice imposed by the limited space
available and cost considerations. PID-dedicated detectors are expected to contribute. In
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the reference detector, hpDIRC (Sec. 11.5.3) and dE/dx measurements by TPC (Sec. 11.5.2)
are available. hpDIRC can separate electrons and pions up to approximately 1.3 GeV/c
(3σ level), dE/dx can cover the higher momenta if adequately supported by TOF measure-
ment (Sec. 11.5.4), which should be added. Due to the short lever arm limited to about
1 m, this option becomes effective if the time resolution is O(10 ps) or better. This se-
vere requirement is challenging for the LGAD option; the LAPPD approach is viable, if the
LAPPD development will deliver devices that can operate in the high-value magnetic field
present in the barrel. The addition of a HBD (Sec. 11.5.3) would require more space, as it
can become available if the all silicon tracking concept is adopted (Sec. 11.2.5). Moreover,
the concept of an improved HBD providing the required pion rejection rate is, at present,
at an initial speculative stage.

Hadron PID up to 10 GeV/c in the range -1 < η < 0 and 15 GeV/c for 0 < η < 1 is needed
in order to cover the phase space for the whole jet program, in particular for TMD stud-
ies from jets (Sec. 8.3.4); the impact on physics of reduced performance presently still re-
quires a deeper assessment. Semi-inclusive measurements at mid-x and high Q2 requires,
in the barrel, hadron PID up to 8 GeV/c to have a complete phase space coverage also
at the highest center of mass energies (Sec. 8.2.2); presently, the current TMD extraction
framework studies indicate that the impact of reduced PID range is not particularly se-
vere. hpDIRC (Sec. 11.5.3) provides 3 σ π/K separation up to 6-6.5 GeV/c, while classical
dE/dx (Sec. 11.5.2) cannot contribute at high momenta. An intriguing option, presently
completely speculative, is by performing dE/dx via cluster counting (Sec. 11.5.2), in a
dedicated detector to be added if more space becomes available in the barrel, as already
mentioned. Preliminary considerations indicate 3 σ π/K separation in the range 1.5-15
GeV/c possible.

11.8.3 Hadron calorimetry challenges

Comparing the physics requirements with the forward hadronic calorimeter performance
a discrepancy in the forward region η > 3 can be observed. Specifically, there is a de-
sire to have an insert in this region with an energy resolution better than 40%/

√
E and

a constant term of ∼5% to improve jet energy resolution. For η > 3, a constant term of
∼ 5% is needed as jet energies rapidly increase in this region while tracking resolution
significantly degrades, enhancing the importance of the HCal energy resolution, which is
dominated by the constant term at these energies. As tracking will be absent for η > 3.5,
good HCal resolution will be imperative for good overall jet energy resolution. Differential
TMD measurements with jets, e.g. electron-jet Sivers asymmetry in the valence region mid
to high Q2 (Sec. 8.3). Precision calorimetry in the forward direction is also important for
large-x processes, which require a resolution δx/x < 0.1, where the HCal energy resolu-
tion determines δx/x (Sec. 8.5). As an example, a 50 GeV hadron/jet energy and 35%/

√
E

energy resolution results in a resolution δx=0.05.

The reference detector HCal in the forward direction is expected to provide an energy
resolution of 50%/

√
E + 10%. The reference detector addresses aside from energy resolu-

tion the EIC requirements on compactness and mechanical sturdiness, by minimizing the
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space required for passive mechanical support structures. High resolution calorimetry on
the other hand requires a large amount of space and a high sampling frequency. For exam-
ple, the ZEUS high resolution HCAls required 4 meters, which would be impractical for
EIC. A further drawback of these constructions is the large penalty one pays for dead ma-
terial between ECAL and HCAL. There are possible tradeoffs, e.g., a tail catcher can give
the same results as improved sampling frequencies at low energies. Alternative methods
for high resolution calorimetry include the dual readout concept in which one identifies an
observable that correlates with the number of neutrons and corrects the detected energy
event-by-event using this observable. Another alternative option is digital calorimeters.
This approach requires significant space for the detector, appropriate design of the magnet
and perfect tracking performance at all rapidity.

In summary, EIC requirements up to η ∼ 3 may be achieved with existing technologies
tried by the eRD1 consortium and the STAR forward upgrade with some additional R&D
efforts to improve on performance of STAR-like forward calorimeter system. A high res-
olution HCal insert for η >3 will require additional R&D efforts, e.g. to develop high
density fiber calorimeter with SiPM readout.

11.9 Polarimetry

Rapid, precise beam polarization measurements will be crucial for meeting the goals of
the EIC physics program as the uncertainty in the polarization propagates directly into the
uncertainty for relevant observables (asymmetries, etc.). In addition, polarimetry will play
an important role in facilitating the setup of the accelerator.

The basic requirements for beam polarimetry are:

• Non-destructive with minimal impact on the beam lifetime

• Systematic uncertainty on the order dP
P = 1% or better

• Capable of measuring the beam polarization for each bunch in the ring - in particular,
the statistical uncertainty of the measurement for a given bunch should be compara-
ble to the systematic uncertainty

• Rapid, quasi-online analysis in order to provide timely feedback for accelerator setup

11.9.1 Electron Polarimetry

The most commonly used technique for measuring electron beam polarization in rings
and colliders is Compton polarimetry, in which the polarized electrons scatter from 100%
circularly polarized laser photons. The asymmetry from this reaction is measured via the
scattered electrons or high energy backscattered photons. A brief review and description of
several previous Compton polarimeters can be found in [1671]. A particular advantage of
Compton polarimetry is that it sensitive to both longitudinal and transverse polarization.
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Figure 11.122: Longitudinal (left) and transverse (right) analyzing powers assuming a
532 nm wavelength laser colliding with an electron beam at 5 GeV, 10 GeV, and 18 GeV. The
transverse analyzing power is shown for photons projected 25 m from the collision point
and plotted vs. the vertical position.

The longitudinal analyzing power depends only on the backscattered photon energy and
is given by,

Along =
2πr2

o a
(dσ/dρ)

(1− ρ(1 + a))
[

1− 1
(1− ρ(1− a))2

]
, (11.12)

where ro is the classical electron radius, a = (1 + 4γElaser/me)−1 (with the Lorentz factor
γ = Ee/me ), ρ is the backscattered photon energy divided by its kinematic maximum,
Eγ/Emax

γ , and dσ/dρ is the unpolarized Compton cross section. In contrast, the transverse
analyzing power depends both on the backscattered photon energy and the azimuthal
angle (φ) of the photon (with respect to the transverse polarization direction);

Atran =
2πr2

o a
(dσ/dρ)

cos φ

[
ρ(1− a)

√
4aρ(1− ρ)

(1− ρ(1− a))

]
. (11.13)

This azimuthal dependence of the asymmetry results in an “up-down” asymmetry (as-
suming vertically polarized electrons) and requires a detector with spatial sensitivity. Both
the longitudinal and transverse analyzing powers are shown in Fig. 11.122.

Plans for electron polarimetry at EIC include a Compton polarimeter at IP 12 or near IP
6. A Compton polarimeter could be easily accommodated at IP 12 (where the electron
beam is primarily vertically polarized), however this location is far from IP 6 where the
main physics detector will be located. Although the region near IP 6 is crowded, a Comp-
ton polarimeter can also be placed in this area with careful attention to integration of the
polarimeter with the beamline elements. It is worth noting that a Compton polarimeter
at IP 6, while closer to the main experiment, would measure a mix of longitudinal and
transverse polarization (PL=70% at 18 GeV and PL=98% at 5 GeV), rather than the purely
longitudinal polarization expected at the detector IP. A schematic of the placement of the
Compton polarimeter at IP 12 is shown in Fig. 11.123 and at IP 6 in Fig. 11.124.

As noted above, a key requirement of the Compton polarimeter is the ability to make
polarization measurements for an individual bunch. The measurement time to achieve
a statistical precision dP/P is given by a combination of the luminosity, Compton cross
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Figure 11.123: Layout of the Compton polarimeter at IP 12. In this figure the electron beam
travels from right to left - the laser beam collides with the electrons just downstream of
QD12. The dipole just downstream of the collision (DB12) steers the unscattered electrons
allowing detection of the backscattered photons about 25 m downstream of the collision.
DB12 also momentum-analyzes the scattered electrons, facilitating use of a position sensitive
electron detector downstream of QD10. Also noted in the figure are constraints on required
apertures of the magnets needed to allow transport of the laser beam, backscattered photons,
and scattered electrons.

section, and analyzing power:

tmeth =

(
L σCompton P2

e P2
γ

(
dPe

Pe

)2

A2
eff

)−1

. (11.14)

The effective Compton analyzing power, Aeff, depends on the measurement technique;
in order of increasing effective analyzing power, these are integrated, energy-weighted
integrated, and differential. For measurement time estimates here, we will use the smallest
analyzing power (i.e., integrated) to be conservative.

Nominal electron beam parameters at IP 12 are provided in Table 11.51. Beam proper-
ties are identical at the IP 6 Compton location, with the exception of the beam size, which
is about 40% larger horizontally and about a factor of 2 smaller vertically. Of particular
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be accommodated between the quadrupole coils and by creating a small hole in quadrupole
steel where needed.

note is the relatively short bunch lifetime at 18 GeV. Since measurement of transversely
polarized electron beams is generally more time consuming than for longitudinal polar-
ization, we focus on measurements at IP 12 to set a conservative upper limit on the time
required for polarization measurements. Table 11.52 shows the average transverse ana-
lyzing power, luminosity, and time required to make a 1% (statistics) measurement of the
beam polarization for an individual bunch, assuming a single Compton-scattered event
per crossing. The constraint of having a single event per crossing is related to the need
to make a position sensitive measurement at the photon and electron detectors. Note that
even with this constraint, the measurement times are relatively short and, in particular,
shorter than the bunch lifetime in the ring.

Even for a single electron bunch (circulating through the ring at a frequency of ≈75 kHz),
the luminosities provided in Table 11.52 can be readily achieved using a single-pass, pulsed
laser. Since the electron beam frequency varies with energy, it would be useful to have a
laser with variable pulse frequency. A laser system based on the gain-switched diode lasers



CHAPTER 11. DETECTOR ASPECTS 595

beam property 5 GeV 10 GeV 18 GeV
Bunch frequency 99 MHz 99 MHz 24.75 MHz

Beam size (x) 390 µm 470 µm 434 µm
Beam size (y) 390 µm 250 µm 332 µm

Pulse width (RMS) 63.3 ps 63.3 ps 30 ps
Intensity (avg.) 2.5 A 2.5 A 0.227 A
Bunch lifetime >30 min >30 min 6 min

Table 11.51: Beam parameters at IP12 for the EIC nominal electron beam energies.

beam energy [GeV] σunpol [barn] 〈Aγ〉 tγ[s] 〈Ae〉 te[s] L[1/(barn·s)]
5 0.569 0.031 184 0.029 210 1.37E+05
10 0.503 0.051 68 0.050 72 1.55E+05
18 0.432 0.072 34 0.075 31 1.81E+05

Table 11.52: Asymmetries, measurement times needed for a 1% statistical measurement for
one bunch and needed luminosities for three different beam energies for a 532 nm laser.

used in the injector at Jefferson Lab [1672] would provide both the power and flexible
pulse frequency desired. Such a system would make use of a gain-switched diode laser
at 1064 nm, amplified to high average power (10-20 W) via a fiber amplifier, and then
frequency doubled to 532 nm using a PPLN or LBO crystal. The repetition rate is set by
the applied RF frequency to the gain-switched seed laser.

A laser system based on the gain-switched diode lasers used in the injector at Jefferson
Lab [1672] can provide all of the requirements noted above. The proposed system will
make use of a gain-switched diode laser at 1064 nm, amplified to high average power (10-
20 W) via a fiber amplifier, and then frequency doubled to 532 nm using a PPLN or LBO
crystal. The repetition rate of the laser is dictated by an applied RF signal and can be read-
ily varied. In addition to the laser system itself, a system to set up and measure the laser
polarization at the interaction point is required. Determination of the laser polarization in
the beamline vacuum is non-trivial due to possible birefringence of the beamline window
under mechanical and vacuum stress. We will employ a technique similar to that used at
Jefferson Lab [1423, 1424] that makes use of optical reversibility theorems to determine
the laser polarization inside the vacuum using light reflected backwards through the in-
cident laser transport system. This polarization monitoring and setup system will require
a remotely insertable mirror in the beamline vacuum so will need to be considered in the
beamline design. A schematic of the proposed laser system is shown in Fig. 11.125.

The detector requirements for the EIC Compton polarimeters are dictated by the re-
quirement to be able to measure the transverse and longitudinal polarization simultane-
ously. For longitudinal polarization, this means the detectors will require sensitivity to the
backscattered photon and scattered electron energy. The photon detector can make use of
a fast calorimeter, while the electron detector can take advantage of the dispersion intro-
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Figure 11.125: Layout of the Compton polarimeter laser system, including diagnostics to
accurately determine the laser polarization at the interaction point.

duced by the dipole after the collision point to infer the scattered electron energy from a
detector with position sensitivity in the horizontal direction.

To measure transverse polarization, position sensitive detectors are required to measure
the up-down asymmetry. This is particularly challenging given the very small backscat-
tered photon cone at the highest EIC beam energy. At HERA, the vertical position of the
backscattered photon was inferred via shower-sharing between the optically isolated seg-
ments of a calorimeter [1673]. Calibration of the non-linear transformation between the
true vertical position and the energy-asymmetry in the calorimeter was a significant source
of uncertainty. The detector for the EIC Compton will measure the vertical position directly
via segmented strip detectors, avoiding the calibration issues faced at HERA.

The transverse Compton analyzing power vs. position at the detector for the IP 12 Comp-
ton for the backscattered photons and scattered electrons at 5 and 18 GeV is shown in
Fig. 11.126. The backscattered photon cone will be largest at the lowest energy (5 GeV) -
this will determine the required size of the detector. The distribution at 18 GeV, where the
cone is the smallest, sets the requirements for the detector segmentation. Note that the
scattered electrons are significantly more focused than the photons. Monte Carlo studies
indicate that the transverse polarization can be reliably extracted at 18 GeV with a vertical
detector segmentation of 100 µm for the photon detector and 25 µm for the electron detec-
tor. The detector size should be at least 16×16 mm2 for the photons and 10 cm × 1 mm for
the scattered electrons. The horizontal segmentation for the electron detector can be much
more coarse due to the large horizontal dispersion introduced by the dipole. Note that
for the IP 6 Compton, the same conclusions apply for the photon detector size and strip-
detector segmentation assuming the detector is the same distance from the laser-electron
interaction point. Initial estimates for the IP 6 Compton electron detector suggest that the
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Figure 11.126: Compton (transverse) analyzing power at the nominal photon and electron
detector positions for the IP 12 polarimeter.

needed detector size will be similar to the IP 12 detector, about 8 cm× 1 mm, and the same
general conclusions with respect to the relative vertical and horizontal strip detector pitch
will apply.

Diamond strip detectors are a feasible solution for both the photon and electron detectors.
Diamond detectors are extremely radiation hard and are fast enough to have response
times sufficient to resolve the minimum bunch spacing (10 ns) at EIC. Tests of CVD dia-
mond with specialized electronics have shown pulse widths on the order of 8 ns [1674].
For the photon detector, about 1 radiation length of lead will be placed in front of the
strip detectors to convert the backscattered photons. As an alternative to diamond detec-
tors, HVMAPS detectors are also under consideration. The radiation hardness and time
response of HVMAPS will need to be assessed to determine their suitability for this appli-
cation.

As noted earlier, the photon detector will also require a calorimeter to be sensitive to longi-
tudinal components of the electron polarization. Only modest energy resolution is needed;
radiation hardness and time response are more important requirements for this detector -
a tungsten powder/scintillating fiber calorimeter would meet these requirements.

Backgrounds are an important consideration for Compton polarimetry as well. The pri-
mary processes of interest are Bremsstrahlung and synchrotron radiation. Monte Carlo
studies have shown that the contribution from Bremsstrahlung should be small for a beam-
line vacuum of 10−9 Torr. Synchrotron radiation, on the other hand, will be a significant
concern. Careful design of the exit window for the backscattered photons will be required
to mitigate backgrounds due to synchrotron. In addition, synchrotron radiation will im-
pact the photon calorimeter linearity and this effect will have to included (along with other
effects due to pileup, radiation damage, etc.) when determining the response of the system.
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On the other hand, the electron detector is not in the direct synchrotron fan, but significant
power can be deposited in the detector from one-bounce photons. This can be mitigated
by incorporating tips or a special antechamber in the beampipe between the Compton IP
and the detector [1675]. The electron detector will also be subject to power deposited in the
planned Roman Pot housing due to the beam Wakefield. Preliminary simulations indicate
the Wakefield power should not be large enough to cause problems, but this will need to
be considered in the detailed Roman Pot design.

In addition to measurements in the EIC electron ring, it is important to be able to deter-
mine the electron beam polarization in or just after the Rapid Cycling Synchrotron (RCS) in
order to facilitate machine setup and troubleshoot possible issues with the electron beam
polarization. In the RCS, electron bunches of approximately 10 nC are accelerated from
400 MeV to the nominal beam energy (5, 10, or 18 GeV) in about 100 ms. These bunches
are then injected into the EIC electron ring at 1 Hz. The short amount of time each bunch
spends in the RCS, combined with the large changes in energy (and hence polarimeter
analyzing power and/or acceptance) make non-invasive polarization measurements, in
which the the RCS operates in a mode completely transparent to beam operations, essen-
tially impossible. However, there are at least two options for making intermittent, invasive
polarization measurements.

The first, and perhaps simplest from a polarimetry perspective, would be to operate the
RCS in a so-called “flat-top” mode [1676]. In this case, an electron bunch in the RCS is
accelerated to its full or some intermediate energy, and then stored in the RCS at that
energy while a polarization measurement is made. In this scenario, a Compton polarimeter
similar to that described above could be installed in one of the straight sections of the RCS.
The measurement times would be equivalent to those noted in Table 11.52 (since those are
for a single stored bunch), i.e., on the order of a few minutes.

Another option would be to make polarization measurements in the transfer line from the
RCS to the EIC electron ring. In this case, one could only make polarization measurements
averaged over several bunches. In addition, the measurement would be much more time
consuming due to the low average beam current (≈ 10 nA) since the 10 nC bunches are
extracted at 1 Hz.

The measurement time at 10 nA using a Compton polarimeter similar to the one planned
for IP12 would take on the order many days. The IP12 Compton limits the number of inter-
actions to an average of one per crossing to be able to count and resolve the position of the
backscattered photons. A position sensitive detector that could be operated in integrating
mode, would allow more rapid measurements. However, the required position resolution
(25-100 µm) would be very challenging for a detector operating in integrating mode. An
alternative to Compton polarimetry would be the use of Møller polarimetry. Møller po-
larimeters can be used to measure both longitudinal and transverse polarization and can
make measurements quickly at relatively low currents. The longitudinal and transverse
Møller analyzing powers are shown in Fig. 11.127 and are given by,

AZZ = −sin2 θ∗(7 + cos2 θ∗)
(3 + cos2 θ∗)2 , (11.15)
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Figure 11.127: Analyzing power for longitudinally polarized beam and target electrons (Azz)
and transversely polarized beam and target electrons (Axx) vs. center of mass scattering
angle, θ∗. The magnitude for both is largest at θ∗ = 90◦; AZZ = −7/9 and AXX=-1/9.

AXX = − sin4 θ∗

(3 + cos2 θ∗)2 , (11.16)

where AZZ is the analyzing power for longitudinally polarized beam and target electrons,
AXX for horizontally polarized beam and target electrons, and θ∗ is the center-of-mass
scattering angle. Note that AYY = −AXX. The magnitude of the analyzing power is maxi-
mized in both cases at θ∗ = 90◦, where |AZZ| = 7/9 and |AXX| = 1/9.

Møller polarimeters at Jefferson Lab can make (longitudinal) polarization measurements
with a statistical precision of 1% at average beam currents of 1 µA with a 4 µm iron foil
target in about 15 minutes. Electrons from the RCS will be transversely polarized, and the
analyzing power will be a factor of 7 smaller, which implies a factor of 50 increase in mea-
surement time for the same precision. This smaller analyzing power combined with the
low average beam current results in very long measurement times. These long measure-
ments times can be partially mitigated through the use of thicker target foils. Even then,
the measurements still take a significant amount of time - 1.5 hours for a 10% measure-
ment of the polarization using a 30 µm target. While target foil thicknesses of 10-30 µm
have routinely been employed in Møller polarimeters, it is possible that even thicker tar-
gets (perhaps a factor of 10 thicker) could also be used, reducing the measurement time
further. The maximum useful target thickness would need to be investigated.

A key drawback of Møller polarimetry is that the solid foil targets are destructive to the
beam, so cannot be carried out at the same time as normal beam operations. An additional
complication is the requirement for a magneto-optical system to steer the Møller electrons
to a detector system. In the experimental Hall A at Jefferson Lab, the Møller spectrometer
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Figure 11.128: Layout of the Møller polarimeter in experimental Hall A at Jefferson Lab.

employs several quadrupoles of modest length and aperture, combined with a dipole to
deflect the Møller electrons into the detector system (see Fig. 11.128). The whole system
occupies about 7 m of space along the beamline, but the space used by the quadrupoles
can also be used for beam transport during normal operations (i.e., when Møller measure-
ments are not underway).

The preferred choice for polarimetry at the RCS is a Compton polarimeter in the RCS ring,
with measurements taking place during “flat-top” mode operation. However, if this “flat-
top” mode is not practical, then a Møller polarimeter in the RCS transfer line could serve
as a reasonable fallback, albeit with reduced precision and a larger impact on the beamline
design.

11.9.2 Hadron Polarimetry

Hadron polarimetry has been successfully performed on RHIC polarized proton beams
for nearly two decades. Through continual development a relative systematic uncertainty
< 1.5% was achieved for the most recent RHIC polarized proton run. As the only hadron
polarimeter system at a high energy collider it is the natural starting point for hadron
polarimetry at the EIC.

Proton Polarimetry at RHIC

Hadron polarization is typically measured via a transverse single spin left right asymme-
try: ε = AN P. Unlike for polarized leptons, the proportionality constant is not precisely
known from theory. Instead, RHIC employs an absolute polarimeter with a polarized
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atomic hydrogen jet target (Hjet), illustrated in Fig. 11.129. Target recoil protons from the
elastic process pp→ pp are measured in detectors in the scattering chamber left and right
of the target. The hydrogen polarization vector is alternated between vertically up and
down. The RHIC beam also has bunches with up and down polarization states. By aver-
aging over the beam states the asymmetry with respect to the target polarization may be
measured, and vice versa:

εtarget = AN Ptarget εbeam = AN Pbeam . (11.17)

The equality of AN in these two relations relations is a result of time reversal invariance
for the purely elastic reaction. The target polarization is precisely measured with a Breit-
Rabi polarimeter. Combined with the measured asymmetries the beam polarization is
determined:

Pbeam =
εbeam

εtarget
Ptarget . (11.18)

The absolute polarization measurement is independent of the details of AN .

The recoil protons are detected in silicon detectors which measure kinetic energy and
time of flight (TOF); segmentation of the detectors provides the proton scattering angle.
The energy-TOF relation allows identification of protons, separating backgrounds from
inelastic reactions. The energy-angle measurement of missing mass allows selection of the
purely elastic reaction required for the validity of Eq. 11.17. The resolution is sufficient to
distinguish between the p and pπ masses, ∼140 MeV difference. The analyzing power AN
is energy dependent; selection of protons in a fixed energy range defines an effective AN
for the measurement.

The diffuse nature of the polarized jet target provides only a low rate of interactions, re-
sulting in a measurement limited to a relative statistical precision of 5-8% per RHIC fill;
it is not sensitive to the inevitable decay of beam polarization throughout a fill. Also, the
jet target is wider than the beam and measures only the average polarization across the
beam. The beam polarization is larger at the center than the edges transversely; the po-
larization of colliding beams differs from the average polarization due to this effect [1677].
The polarimeters must measure this transverse polarization profile to provide correct po-
larizations for use by collider experiments.

At RHIC the required finer grained polarization details are provided by the proton-carbon
(pC) relative polarimeter, illustrated in Fig. 11.130. A thin carbon ribbon target is passed
across the beam and scattered carbon nuclei are measured in detectors arrayed around the
beam. The dense target provides a high interaction rate, allowing an asymmetry measure-
ment with a few per cent statistical precision in less than 30 seconds. Such measurements
are made periodically throughout a RHIC fill, providing a measurement of the beam polar-
ization decay. The ribbon target is narrower than the beam; thus it is able to measure asym-
metry as a function of position across the beam and determine the transverse polarization
profile. The absolute polarization scale of the pC polarimeter is set by normalizing an en-
semble of pC measurements to the results from the Hjet polarimeter for the corresponding
RHIC fills. A pC polarimeter is also installed in the AGS for polarization measurements
during injection.
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Figure 11.129: The RHIC polarized hydrogen jet polarimeter. The atomic beam source at
the top passes polarized hydrogen across the beams (blue and read arrows) in the scattering
chamber, with detectors left and right of the beams. The atomic hydrogen polarization is
measured by the Breit-Rabi polarimeter at bottom.

Figure 11.130: Cross section of the RHIC proton-carbon polarimeter. A thin carbon ribbon
target is passed across the beam (into page) and scattered carbon nuclei are measured in the
six detectors.

The recoil carbon nuclei are detected in silicon detectors around the target which measure
kinetic energy and time of flight (TOF). The energy-TOF relation allows identification of
carbon nuclei, reducing backgrounds from other particles. A small background remaining
under the signal is calibrated along with the signal in the pC/Hjet normalization. The
analyzing power is energy dependent; selection of carbon nuclei in a fixed energy range
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defines an effective analyzing power for the measurement.

Several effects limit the precision of the polarimetry measurement, including:

• The atomic hydrogen may have a small amount of molecular H2 contamination not
measured by the Breit-Rabi polarimeter, affecting Ptarget in Eq. 11.17.

• Non-proton and inelastic proton backgrounds in the Hjet signal limit the validity of
Eq. 11.17.

• The silicon detectors in the pC polarimeter have a dead layer resulting in significant
shifts in deposited energies; this results in instability of the measured energy range
and effective analyzing power.

• Scattered carbon nuclei lose a significant fraction of energy exiting the target; me-
chanical instability of the targets causes this energy loss to vary, resulting in instabil-
ity of the measured energy range and effective analyzing power.

Efforts continue to reduce these systematic effects in the RHIC polarimeters.

For longitudinal spin runs, polarization measurements near the interaction point and be-
tween the spin rotators are required to ensure that the transverse component of the spin
direction is zero. At RHIC, the collider experiments use the process pp → Xn, which has
a significant transverse single spin asymmetry for the produced neutrons. The neutrons
are detected in the experiments’ existing zero degree calorimeters. The asymmetry is zero
when the beam spin is fully longitudinal.

Proton Polarimetry at the EIC

Both of the RHIC hadron polarimeters can in principle be used for proton polarimetry at
the EIC. Beyond the existing limitations at RHIC, two significant difficulties are presently
foreseen, both a consequence of the increased proton beam currents at the EIC.

First, backgrounds in both polarimeters are observed and lie partially beneath the sig-
nal events. They are distinguished by energy-TOF distributions different from the signal
allowing separation or estimation of a subtraction from the signal. The backgrounds ex-
hibit a small asymmetry with respect to the beam spin state. At the EIC, with higher
bunch crossing frequency, the backgrounds will lie under the signal events from adjacent
bunches and separation or subtraction based on energy-TOF will not be possible. Also, the
adjacent bunches may have the same or opposite beam spin as the central bunch, further
convoluting the measurement. Simulations indicate that the backgrounds are due to fast
particles (pions and protons) which deposit a fraction of their energy in the silicon and
pass entirely through the detector. A second detector layer may allow vetoing such punch
through events, leaving the signal events which deposit their entire energy in the detector.

Second, materials analysis of the carbon ribbon targets indicates that the higher proton
beam currents at the EIC will induce heating to temperatures causing the targets to break
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after only a few seconds in the beam. A search for alternative target materials has been
initiated.

A possible alternative to the pC relative polarimeter has been proposed which would mit-
igate both of these limitations. It is based on the observation by the PHENIX collaboration
of a large azimuthal asymmetry of forward neutrons in the proton direction in p+Au colli-
sions [1678]. This effect is well described by an Ultra Peripheral Collision (UPC) process, in
which the high Z Au nucleus emits a photon which produces neutrons off of the polarized
proton [1679]. The produced neutrons have a sizable transverse single spin asymmetry. A
polarimeter based on this process would replace the Au beam with a high Z fixed target
as a source of photons. A Xe gas jet may be a suitable target and would not suffer from the
heating limitation of the carbon targets. The neutrons would be detected in a zero degree
calorimeter. The neutrons arrive at the calorimeter promptly and there is no overlap with
adjacent bunches as in the pC polarimeter.

The absolute and relative polarimeters may be situated anywhere in the EIC hadron ring
where the spin vector is transverse. The Hjet and pC polarimeters each require 1-2 m space
along and transverse to the beam.

The forward neutron process pp → Xn used at RHIC to ensure longitudinal spin at the
interaction points is not available at the EIC. Instead, one relative polarimeter (pC or alter-
native) should be placed near the experimental interaction point between the spin rotators;
a possible location of a pC polarimeter is shown in Fig. 11.85, it would be located on the
rear side between B2APR and Q2pR. The hadron polarimeters are only sensitive to trans-
verse spin polarization. During longitudinal spin runs asymmetry measurements near the
interaction point can verify that the transverse component of the spin direction is zero.

3He Polarimetry at the EIC

For 3He absolute polarimetry at the EIC, it may be possible to replace the hydrogen jet
target with polarized 3He. Such targets have been used in numerous experiments [1680–
1687]. The measurement must select purely elastic scattering events. The lowest lying
excitation of 3He is the dissociated deuteron-proton system, with a mass difference of∼5.5
MeV. The missing mass measurement from the energy and angle of the recoil target 3He
may have insufficient resolution to distinguish this state. Detectors downstream of the
target can aid tagging of breakup of target or beam nuclei.

A polarized 3He target may only be available on a limited basis. In this case it may be
used in special runs with an unpolarized proton beam to determine the asymmetry for the
elastic 3He↑p process. During physics operation with polarized 3He beams, the polariza-
tion may be continuously measured with an unpolarized proton target, using the 3He↑p
asymmetry. To conform with time reversal invariance, the asymmetry calibration with po-
larized 3He target and unpolarized proton beam must be performed at the same center of
mass energy as the operational polarized 3He beam with unpolarized proton target. For
both calibration and physics operations, events with breakup of 3He must be excluded to
ensure purely elastic scattering.
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The pC polarimeter, or an alternative, developed for protons at the EIC should also pro-
vide suitable relative polarimetry for light ions. A 3He C polarimeter would require a
sufficiently large analyzing power AN to provide measurable asymmetries. Phenomeno-
logical analysis indicates its magnitude is ∼70% (and opposite sign) of that for pC; this
needs to be tested experimentally.

At some point polarized deuteron beams may be developed for the EIC. The experiences
gained from 3He will directly inform deuteron polarimetry.

R&D Studies at RHIC

Polarized proton runs are anticipated for RHIC in 2022 and 2024 before EIC construction
begins. The polarimeters will be operational for physics measurements during these runs.
They will also be available for studies to guide further development of polarimetry for the
EIC.

Some polarimeter developments may be tested during normal polarized proton physics
running. These include:

• Some polarimeter detectors, in both the Hjet and pC polarimeters, will have a second
layer installed to study tagging of punch through events.

• Any new technologies to replace the carbon targets can be tested in the pC polarime-
ter.

• A polarimeter based on neutrons from the UPC process could be tested during pro-
ton running. It would require addition of a high Z target, such as a Xe gas jet. A zero
degree calorimeter would be needed downstream of the target.

Unpolarized 3He beams have previously been operated in RHIC for He-Au collisions at
103 GeV/nucleon. In the next years polarized 3He beams will become available, first at
injection energy and later accelerated up to ∼58 GeV/nucleon. These beams may be used
for 3He polarimetry studies during regularly scheduled accelerator physics experiments.
Also, the absolute polarimeter may be equipped with a 3He target, possibly polarized.
With various combinations of 3He beams and targets, numerous tests for polarimetry may
be conducted. In increasing order of beam and target development, they include:

• Any 3He beam will allow tests of tagging beam nucleus breakup with downstream
detectors; this will be possible even with the existing hydrogen target. The energy-
TOF relation for carbon nuclei in 3He+C scattering may also be verified in the pC
polarimeter; this has already been shown in the AGS pC polarimeter.

• With any 3He beam and 3He target in the absolute polarimeter, the energy-TOF and
energy-angle relations for 3He+3He scattering can be tested.
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• With any 3He beam and a polarized 3He target in the absolute polarimeter, the target
asymmetry in Eq. 11.17 can be measured, establishing the asymmetry for 3He+3He
scattering

• With a polarized 3He beam, the beam asymmetry in Eq. 11.17 can be measured with
any 3He target in the absolute polarimeter, establishing the asymmetry for 3He+3He
scattering, and with the pC polarimeter, establishing the asymmetry for 3He+C scat-
tering.

• With both the 3He beam and target polarized, the beam polarization may be mea-
sured as in Eq. 11.18.

11.10 Readout Electronics and Data Acquisition

11.10.1 Introduction

The Readout Electronics and Data Acquisition system is an essential component for the fu-
ture EIC detectors. The readout electronics is responsible for processing the electric signals
from the various detector sensors and converting them into a numerical representation that
can be handled by a digital system. The DAQ system, on the other hand, is responsible of
collecting, filtering, and storing these data. The overall system must be designed keeping
into account the constraints dictated both by the physics program and by the operation
environment.

For these reasons, the architecture of the readout system has a very strong impact on the
physics program that can be performed at the future EIC experiments. The front-end elec-
tronics have to be adapted to the characteristics of the sensors to be equipped, and to the
measurements which have to be done with them. In parallel, the DAQ system must offer
performance adapted to the data flow coming from these front-end electronics. Filtering
features of the DAQ system could be required, in order to maintain the data flow at ac-
ceptable level, taken into account the limitation in term of bandwidth of this system. But
such a feature would affect directly the EIC physics outcome, since any data discarded at
the online level will be lost irretrievably - a careful design, construction, and validation of
this system is thus necessary.

This section aims to review the possible solutions on which the readout and DAQ system
for the EIC experiments could be built. Hypothesis in term of detector characteristics and
data flux are considered, leading to a reflection on the possible architecture on which the
DAQ system could be based. Efforts made to validate the proposed architectures are also
described. At last a description of the state of the art of the detector front-end electronics is
proposed, with a few hypothesis on what could be the possible evolution in this domain.
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11.10.2 Glossary

Several terms used in the DAQ and readout electronics domains could be ambiguous or
meant differently from one reader to the other. In order to lift up the ambiguities several
of these terms are defined below. These definitions are the reference for the whole section.

Readout electronics terms

Front-end electronics (FEE): The electronics which amplify and put in shape the signals of
the detector. After this stage the analog signals are generally digitized using analog-
to-digital (ADC), charge-to-digital (QDC), or time-to-digital (TDC) converters 4. FEE
is typically associated to data treatment, data bufferization and logic for data transfer
to the downstream element in the read-out and DAQ chain. Digitization and data
treatment stages are often directly integrated in some of the existing front-end chips.

Amplification stage: Groups the preamplifier + amplifier/shaper of the detector raw ana-
log signals

Embedded amplification stage: Preamplifier + amplifier/shaper directly integrated into
the detector hardware

Digitization stage / Digitizer: Transforms amplified signal into digital values (ampli-
tudes, charges and/or times)

Bufferization / data concentration stage: Setup which concentrates and stores temporar-
ily digital values from several digitizers before to send them to the DAQ, could do
data selection and/or reconstruction

Peaking time: Time between the beginning of the pulse and its maximum after the ampli-
fication/shaping stage

Occupation time: Time between the beginning and the end of the pulse after the ampli-
fication/shaping stage

Analog memory: Temporary storage of samples of analog signals, generally made of ca-
pacitor arrays, before digitization. Allow to select the samples which will be digi-
tized

Amplifier chip: ASIC which groups the preamplifier and the amplifier/shaper

Digitizing amplifier chip: ASIC which groups the amplification and the digitization
stages

4TDC: digitizer which measures times of amplified signals going above a given threshold.
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Data acquisition system terms

Triggered readout: A data acquisition system in which some data from a subset of detec-
tors (“trigger data”) is sent to a dedicated subsystem to produce a trigger decision.
This is usually a hardware system, generally based on programmable devices such
as FPGAs. The trigger decision is based on a partial elaboration of the “trigger data”.
“Trigger primitives” are reconstructed and analyzed to assess whenever all the data
from the detector has to be stored for later analysis. In this case, a proper signal is
sent back to all the readout elements to control the conversion of detector signals into
the digital domain, or to trigger the read-out of a data-window from a continuously
filled buffer. A key aspect of a triggered readout system is the fixed latency between
the physical event time (FE→ Trigger system) and the trigger time (Trigger system
→ FE) - in case of systems with multiple trigger levels, this is true for the first-level
trigger.

Pipelined/buffered readout: A triggered readout system where event data is stored on
the front ends and read out asynchronously by the backend when the trigger signal
is received.

Second-level / high-level filtering: In triggered systems, higher-level triggers are often
used to reduce deadtime (via a fast clear) or data amount (by dropping the so-far
recorded data for that event). Each level in such a system typically has different time
constraints and complexity limits. For example: a certain time frame could not be
forwarded to the tracker if certain conditions are not met. In certain, complex, trig-
gered setups, the later stages can resemble a streaming system, where a stream of
events flows through a network of analysis nodes, and data selection criteria either
accept or drop the event. The main remaining difference for this part is then that the
data is organized and tagged by an event number instead of time stamps.

Streaming readout (SRO): A data acquisition system characterized by a unidirectional
data flow from front-end electronics to the storage system. Each channel, indepen-
dently, records data over a certain threshold and streams them to a CPU farm for
further elaboration. In a streaming readout system there are no dedicated systems to
control the conversion into the digital domain or readout of a buffer. Different imple-
mentations of streaming readout are possible, depending on the manipulations and
filtering applied online to the data.

Unfiltered readout: A streaming data acquisition system without any system dedicated
to event filtering / building. Only minimal zero suppression at the front-end level
is adopted. Data is streamed directly from the front-end electronics to the storage
system. Each detector hit is saved together with its time-stamp.

Zero suppression: Removal of data if close to the no-signal level of the detector. For
example, in ADC data, removal of the signal digital values below a given threshold.

Noise suppression: Removal of data produced by intrinsic or extrinsic detector noise, for
example by correlation with neighboring channels or shape analysis.



CHAPTER 11. DETECTOR ASPECTS 609

Feature extraction: Calculation of higher-level information. E.g. calculation of hit time
and energy from ADC5 samples, or calculation of track information from hits. Often,
but not necessarily, accompanied with the removal of the underlying lower-level
data.

Online Physics analysis: Analysis of the high-level information provided by the feature
extraction steps to produce physics-relevant information (e.g. missing mass).

Data selection: In a SRO system, data can be algorithmically selected for further process-
ing and long-term storage. Data not selected are dropped and are not processed
further. This is equivalent to the function of first and higher-level triggers in trig-
gered systems but can make use of all detector information and results from further
analysis steps including feature extraction and online physics analysis.

11.10.3 Overview on DAQ Structure

Most of the past and currently running particle-physics experiments adopt a DAQ system
based on a triggered setup, usually with a multi-layer architecture. Usually the first data
reduction is achieved by using dedicated boards where a significant filtering is applied
by selection algorithms implemented on FPGAs, while the subsequent trigger layers are
based on software components: a CPU farm reduces the data stream to a manageable size
for storing and off-line processing and applies a second, more sophisticated, level of fil-
tering. The main limitations of a FPGA-based trigger, where FPGAs are actively involved
in the events-selection, reside in: the difficulty of implementing algorithms over a certain
degree of complexity and sophistication; the difficulty of optimizing the selection criteria
that requires reprogramming the boards each time a change is implemented; the partial in-
formation accessible at front-end level both in the term of quality (usually it incorporates
only basic calibration) and quantity (trigger is usually performed using a limited subset of
the full detector).

These limitations may directly affect the ultimate detector performances and the quality
of recorded data since only partial information is available at trigger level, when the de-
cision whether to write or not an event to tape has to be taken. Another drawback of
this approach consists in the difficulty of changing the FPGA-board in case of unexpected
experimental configuration changes or upgrades requiring more trigger resources.

At the same time, complicated hardware or firmware implementations of trigger logic are
hard to characterize, they bias the collected, while the bias assessment can be extremely
difficult.

All these issues are largely solved when moving to a full (CPU) software-based system.
The FPGA-based system may be replaced by a fully triggerless approach that removes
the hardware trigger, performs the full on-line data reconstruction and provides precise
selections of (complicated) final states for further high level physics analysis (a similar
effort is currently faced at LHC in preparation for the high luminosity upgrade).

5ADC: digitizer which measures the amplitude of one or several samples of the amplified signals.
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In a triggerless data acquisition scheme, each channel over a threshold implemented on
the front-end electronics is transferred after being labeled with a time-stamp, disregarding
the status of the other channels. A powerful station of CPUs (usually an on-line farm), con-
nected by a fast network link (usually optical fibers) to the front-end electronics, receives
all data from the detector, reorganizes the information ordering hits by time, includes cali-
bration constants, and, at the end, applies algorithms to find specific correlations between
reconstructed hits (online event reconstruction), eventually keeping and storing only fil-
tered events. Advantages of this scheme rely in: making use of fully reconstructed hits
to define a high-level events selection condition; online algorithms implementation in a
high-level programming language; easy reprogramming to upgrade the system configura-
tion and accommodate new requirement. Furthermore, the system can be scaled to match
different experimental conditions (unexpected or foreseen in a planned upgrade) by sim-
ply adding more computing (CPUs) and/or data transfer (network switches) resources.
We underline that FPGAs are still used in a streaming-readout DAQ system, not to take
decisions concerning events to select, but to make more “low-level” tasks such as adding
the time-stamp to the data or canalize the data.

A triggerless option may result in: on-line implementation of calibration parameters, pro-
viding a more precise reconstruction of the kinematic quantities; implementation of more
sophisticated reconstruction algorithms for a better reconstruction of close-by tracks; im-
provement in EM/hadron discrimination for a more efficient background rejection.

These considerations directly apply to the EIC. The EIC physics program will be carried
out by measuring different reactions with at least one electron in the final state. Electro-
magnetic calorimeters will thus play a key role in the online events selection and filter-
ing. For these sub-detectors, a triggerless option may result in: on-line implementation
of calibration constants to compensate for longitudinal and transverse EM shower leak-
age and gain variation, providing a more precise reconstruction of the energy deposition
(and therefore an improvement in the ultimate energy resolution); implementation of more
sophisticated clustering algorithms for a better reconstruction of close-by tracks allowing
to resolve gammas from π0 in a wider kinematics; improvement in EM/hadron shower
discrimination for a more efficient pion rejection.

A triggerless scheme will facilitate future extensions of the envisaged EIC physics pro-
gram. For instance, hadron spectroscopy requires identification of rare exclusive finals
states difficult to access experimentally (e.g. kaon-rich reactions). This would require im-
plementation at trigger level of multiple and sophisticated algorithms to select the physics
of interest. Same rational is valid for other physics program that will be considered in the
future.

The triggerless scheme is also an opportunity to extend the integrated IR-detector design
to analysis to optimize physics reach as described above and to streamline workflows. A
seamless data processing from DAQ to analysis would allow for a combined software ef-
fort for the triggerless scheme, online and offline analysis and to utilize emerging software
technologies, e.g. AI / ML, at all levels of the data processing. A near real-time analysis
at the EIC with auto-alignment and auto-calibration of the detectors and automated
data-quality monitoring would enable significantly faster access to physics results and
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accelerate science.

For these reasons, we are studying and developing a full streaming-readout DAQ
system for the EIC detector, integrating all the sub-detector components.

11.10.4 Constraints and Environment

The EIC readout and DAQ system should be designed considering the following con-
straints, dictated both by the physics program (measurements to be performed) and by
the experimental environment. The overall goal for the system, as an integrated compo-
nent of the EIC detector, is to make it possible to complete the challenging EIC Science
program, providing a seamless integration from the DAQ to the physics analysis.

The EIC detector will be made by many sub-components, based on different technolo-
gies and with different requirements concerning the values to be measured by them. This
translates into specific constraints on each readout solution, in terms of needs and perfor-
mances. In general, each sub-detectors will introduce its own requirements on the FEE
parameters (shaping time, peaking time, gain, . . .). Specific constraints can be mentioned
for the different kinds of detector foreseen for the EIC experiments.

Calorimeters: It is anticipated that one of the most realistic options to read out EIC
calorimeters will be SiPM (or matrix of SiPM‘s) photosensors. The signals coming
from these sensors would have a maximum amplitude at a level of 2 V, with a peak-
ing time of 4 ns and a total duration around 60 ns. Several observables should be
extracted from the signals: time, amplitude and integral of the pulses, quality of
the pulse reconstruction, presence and correction of pile-up, baseline level. The dy-
namic range of the signals would be also very large, as it is directly correlated to
the energy of the detected particles, which would be from 20 MeV to 20 GeV. A
12-bits dynamic range may be too limited, while 13 or 14 bits would allow to have
a threshold well below 20 MeV level, corresponding to more than 3 ADC counts,
which would let enough dynamic range to take into account the energy resolution
and the non-zero baseline level. A compression feature of the readout electronics
could also be a solution to compensate a limited number of bits of the ADC. The sig-
nal rate would be limited for the electromagnetic calorimeters to 100 kHz/channel
over 50 to 100x103 channels, and for hadronic calorimeters to 500 kHz/channel over
around 10x103 channels.

To realize the electronics readout chain it would be necessary to develop a novel FE
ASIC chip, in which the ADC board would provide the bias voltage to the SiPM
and allow for signal amplification, processing and readout. In order to reconstruct
the observable a high-rate sampling of the waveform would be necessary in the new
chip, with a sampling rate up to 250 MHz during a time gate of 100 to 200 ns. The chip
would integrate a digital treatment of the signals in order to extract the observables,
or would have to transmit the raw sampled signals to the rest of the electronics chain.

Silicon trackers: These pixel detectors will present a very large number of channels as
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described in the section 11.2. They will include a front-end directly integrated in the
silicon layers, and therefore do not require an external readout electronics. But such
a large amount of channels may induce constraints on the DAQ chain in term of data
flow, depending on their noise level which is not well determined for the moment.

Gaseous trackers: Micro-pattern gaseous detectors (MPGD) are planed to be used for the
front tracker and possibly in the barrel tracker. The foreseen number of channels
is around 220 thousand, with a rate around 14 Mhit/s for the front tracker. The
amplitude of MPGD signals is very low, with a maximum charge at the pC level
over a period of a few 10 ns. They require low noise amplifier chips, described in the
subsection 11.10.5, in order to measure the time and the charge of the signals.

Time projection chamber (TPC): The EIC TPC would be using MPGD as ionization elec-
tron detectors. The constraints on their read-out would be similar to the other MPGD
detectors, excepted the duration of their signals which would be much more longer
as they cover the drift time of the ionization electrons over the whole length of the
chamber. The readout electronics should then open a time gate up to 20 µs long in
order to measure electrons from the whole TPC volume.

RICH-GEM: The signals of this detector are similar to the other kinds of MPGD. The only
difference would come to the signal amplitude range which would be lower as they
are coming from unique photoelectrons. A larger gain of the front-end electronics
would be necessary compare to the other MPGD readout.

mRICH, dRICH and DIRC: These detectors are read by photosensors, like SiPM, multi-
anode PMT or MCP-PMT (cf section 11.5.6). Signals given by these sensors have a
quite large, with a maximum of one or a few volts and a pulse length of a few 10 ns.
The main observable to be extracted from the signals is the time of the pulse, recon-
structed from a threshold applied on the shaped signal, or from a fast digitization of
it. A time resolution at the level of 100 ps to 1 ns should be achieved, depending of
the kind of detector. Around 500 thousands of channels are foreseen to be read in
total.

psTOF: These detectors are also read by photosensors like LAPPD or LGAD, with sim-
ilar signal characteristics compared to RICH and DIRC sensors. However the time
resolution required for the readout is an order of magnitude lower than for the other
ones, with values around 10 to 20 ps which is very challenging.

Similarly, each sub-detector will be characterized by different radiation levels, affecting the
choice of the readout technology.

The number of channels anticipated for the EIC detector readout is shown in Fig. 11.131;
this initial estimates includes the large majority of the detectors. It is anticipated that three,
and possibly four, different readout solutions will address the front-end readout needs of
the various types of detectors.

The main constraint on the DAQ system is the total data rate to be processed, including
both the signal (i.e. physics reaction of interest for the EIC physics program) and the back-
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Figure 11.131: Estimate of the number of different EIC Readout Channels.

ground. A preliminary estimate of the total collision signal rate from the EIC detector was
discussed in [1419], assuming e + p collisions at L = 1034 cm−2s−1 and the sPHENIX-
based detector concept [1417, 1419]. The calculation includes, for each component of this
specific EIC detector model, the signal data rate from e + p collisions and also from p− p
(beam-gas) interaction, and also considers a conservative estimate of the MAPS noise mo-
tivated by the recent ALICE ITS2 experience. The result is summarized in Fig. 11.132: a
total collision signal rate from the EIC detector of approximately 100 Gb/s is expected.

Further constrains are introduced by the requirement of having, during EIC operations,
an immediate online feedback concerning detector performance and data quality. Finally,
the engineering requirements related the concrete EIC detector construction and assembly
will introduce further constraints on the readout and DAQ system: available space, rating
and standards to be satisfied, cooling power availability.

11.10.5 Readout Electronics: Present State of the Art

Introduction

The role of the readout electronics for an experiment like EIC is crucial. The quality of
the data delivered by the data acquisition system will be directly dependent on the perfor-
mance of each element of the readout chain. The characteristics of these elements should
be in accordance with the characteristics of the detectors which will be read by the elec-
tronics, as well as with the constraints which are described in the previous section.
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The readout chain for a given detector is formed by electronics cards and chips with dif-
ferent functions: signal pre-amplification, amplification and shaping, digitization, data
treatment like common mode noise reduction or zero suppression, data bufferization con-
centration, and transfer to the DAQ system. Side systems like readout trigger system can
be also necessary to reduce the flux of data to be treated by the chain. At last several
support systems are necessary in order for the readout electronics to work: clock signal
distribution to synchronize all the electronics, slow-control to monitor the electronics be-
havior, power distribution, etc...

In this section a summary of the state of the art for the different elements of the electronics
chain are given, with a few examples. Some of the chips described here regroup several
functionalities listed above, for instance amplification and digitization.

Front-end electronics

The front-end electronics will amplify the signals from the detectors and put them in a
shape compatible with the digitization step. The amplification step is important in particu-
lar for detectors which deliver very low amplitude signals, like silicon detectors or gaseous
detectors. Other detectors like photomultipliers used in some calorimeters deliver larger
signals, so the electronics gain should be lower in order to avoid any saturation. Another
important parameter is the shaping applied to the signal, which can be characterized by
the ”peaking time”, which is the time taken by the shaped signal to reach its maximum. A
short shaping, for instance a few ns of peaking time, enables to get sharp output signals
well adapted for fast detectors and fitted to time measurements, but may also induce a
non-optimal noise figure. On the other hand slower shapes, in the order of a hundred of

Figure 11.132: Collision data rate from each detector subsystem for the EIC sPHENIX de-
tector model, at luminosity L = 1034 cm−2s−1 [1417, 1419]. The total collision signal is
approximately 100 Gbps, including a conservative estimate of the MAPS noise motivated by
the recent ALICE ITS2 experience. We note this rate include collision signal only to record
down all EIC physics events. In case excessive background rate, e.g. synchrotron photon
hits, are observed, further noise and background filtering would be required.
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ns, are more adapted to slow detectors, for instance gaseous detectors, in order to inte-
grate the totality of their signal and thus to get a more accurate amplitude measurement.
A larger peaking time also induce a larger occupancy of the signal in the readout chain,
which may limit the signal rate which can be read by the electronics.

In the current designs proposed for the future EIC experiments which are described in the
chapter 3 of this document, both silicon and gaseous detectors are considered to mea-
sure the trajectory of the secondary particles. However the silicon detectors presently
considered, the Monolithic Active Pixel Sensors (MAPS) [1688], integrate directly in the
silicon die their own front-end electronics, signal processing and zero-suppression with
adjustable threshold. These detectors return addresses of the hit pixels, with typically
around 3 pixels per charged particle track. The thresholds are adjusted to give 99% effi-
ciency and less than 10−9 fake hit rate.

Several existing chips are dedicated to the readout of small signals coming from gaseous
detectors. A few examples of chips used in particle physics experiments are presented
below. They are all based on pre-amplifier and amplifier/shaper stages. However the
treatment of the signals after these stages vary from one chip to the other, depending on
the purpose of these chips. Some of them are more focused on the measurement of the
signal time, combining then a fast shaping with a TDC stage, while others are measur-
ing the amplitudes with flash ADCs. 32 to 64 channels are usually read by these chips
which are 5 to 15 mm large. Peaking times are usually tunable, with values from 25 ns to
1 µs. Maximum charges accepted by these chips, also usually tunable, cover a range from
50 fC to a few pC. The internal capacitance of the detector channels also plays a role in the
behavior of the pre-amplification stage. Depending on the design of this stage, a large ca-
pacitance, larger than 100 pF for instance, may alter the gain of the preamplifier and thus,
of the whole chip. Some pre-amplification designs prevent this effect, allowing the chip to
work with large detector capacitance at the level of several hundreds of pF. It is important
to keep the power consumption as low as possible for highly integrated detectors like the
one foreseen for EIC, in order to limit the need of cooling. Power consumption values are
typically around 10 to 30 mW/channel.

Digitization and data treatment

After amplification and shaping, detector signals are meant to be digitized before to be
transmitted to the data acquisition system. Depending on the DAQ structure, signals may
be continuously digitized, or the digitization can be triggered only when an interesting
event happens. From one kind of chip to the other the digitization strategy can be differ-
ent. Some chips, like the SAMPA chip (cf below) are indeed able to continuously digitize
the signal at a rate of several MHz and to transmit these data to the DAQ. But depending
on the kind of detector to be read and the information to be extracted this may or may not
be an optimal strategy. That strategy is the most demanding in terms of ADC performance
and output data link bandwidth. Present ADC integrated in readout chips are able to read
continuously signals with a sampling rate around 10 to 20 MHz, with a ADC dynamics
of 10 bits. Data links of a few Gbit/s are also common. Data treatment may be neces-
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sary to reduce the data flux to a scale compatible with the DAQ capacity. Several kinds
of algorithms can be applied: common mode reduction which compensate the part of the
electronic noise which is common to all channels of a chip, zero suppression which dis-
cards the sample measurements below a given thresholds, peak finding, correlation with
other detectors which conditions the preservation of the data with data from an other de-
tector, etc. Such data treatments can be performed directly in the chip, for instance in an
integrated DSP, or later by specific DSP electronics in the acquisition chain.

Another strategy which may be more adapted to detectors which do not require to store
the full signal waveform, for instance trackers, would be to digitize only specific values
like signal amplitude, using a sample & hold (S&H) circuit like in the VMM chip, or signal
time. This strategy produces a much lower data flux. A last strategy is to not include any
digitization of the signals in the readout chip, but rather to store them in analog memories
which are arrays of capacitances, and to transmit in case of triggers the analog signals to
commercial ADCs managed by a FPGA. This strategy is adopted by several chips like the
AGET, the DREAM or the AFTER. However this strategy is largely incompatible with the
streaming readout structure foreseen for the DAQ.

Examples of readout chips

Several chips representing the state of the art of the readout electronics are presented here.
They concern mostly gaseous detectors and silicon detector front-end readout but their
usage may be extended to other cases. Table 11.53 summarizes the characteristics of these
chips.

ATLAS VMM: The VMM chip was developed at Brookhaven (BNL) as a 64-channel
mixed signal ASIC for the readout of both the ATLAS Micromegas and sTGC de-
tectors, specifically for the ATLAS Muon Spectrometer’s New Small Wheel up-
grade [1689]. Its first version, VMM1, was a simple architecture chip, but a lot of
functionality and features were added in the second version, known as VMM2. An-
other version, VMM3, and its revision VMM3a were also produced. The new ver-
sions were designed to contain enhanced features such as deep readout buffer logic,
shorter TAC (Time-to-Amplitude Converted) ramps, SEU mitigation circuitry as well
as handling of higher input capacitance of the order of 3 nF. The device was fab-
ricated at IBM’s foundry with a 130 nm IBM 8RF-DM technology (die size 15.3 x
8.3mm), housing approximately 5.2 million transistors (with nearly 160 k MOSFETs
per channel), and packaged in a 1mm pitch 400-BGA (Ball Grid Array) package. It is
indeed a state-of-the-art mixed signal ASIC device which aims to achieve the System
on Chip (SoC) paradigm.

An excellent feature of the chip is having both time and amplitude (peak) detection
circuitry on-board. For each of the 64 channels, a signal obtained from the input pads
is amplified by a charge amplifier (CA) and after a shaping circuit (Shaper) is passed
over to both a peak detector and time detector working in tandem and giving their
respective output to a digitization section. The digitization section is comprised of



CHAPTER 11. DETECTOR ASPECTS 617

a novel three-ADC chain in a so-called ”Domino Architecture” [1690]. Output from
the peak detector is given to both a 6-bit ADC for a dedicated low-delay output (50 ns
delay), to be used for trigger or lower precision measurements, and to a 10-bit ADC
for precision read-out, whereas the time detector has its output passed over to an
8-bit ADC for TDC functionality. Outputs from both 8 bit/10 bit ADCs are read-
out through a FIFO buffer, which is designed to accommodate 4 MHz data in 16 µs
latency window. In addition, a 12-bit coarse code time-stamp is provided to facilitate
time measurements, which increments by an external clock providing a cumulative
20-bit timing information. The chip tests claim peak detection digitization process to
complete in 250 ns driven by the 10 bits ADC.

The chip also features a novel third-order filter and shaper architecture with a DDF
(Delayed Dissipative Feedback) topology. This architecture results into a higher dy-
namic range, enabling the measurement to achieve a relatively high resolution at
very low input capacitance (<200 pF). The architecture offers a variable gain in eight
values (from 0.5, 1, 3, 4.5, 6, 9, 12, to 16 mV/fC) with four possible shaping time in-
tervals, viz. 25, 50, 100, and 200 ns. The VMM chip’s latest versions seem to achieve
the promised sub-fC and sub-ns resolutions at 200 pF and 25 ns capacitance and time
windows, respectively. They can reach a data flow on the order of 1 Gbit/s. They
can be employed for the readout of MPGD detectors requiring time precision at the
order of a few ns.

TIGER: TIGER is an acronym for the Torino Integrated GEM Electronics for Readout,
a mixed signal ASIC chip first developed at INFN Torino. It is a general-purpose
chip for readout from gaseous detectors with up to 64 channels, fabricated with a
110nm CMOS technology (fabricated on a die area of 5×5 mm2). While featuring a
low-noise level of less than 2000 e−, the chip offers a high input dynamic range of
2.0 to 50.0fC and gains of 12.4 mV/fC for time and 11.9 mV/fC for energy measure-
ments, with time intervals of 60ns and 170ns, respectively. There is a provision of an
on-chip calibration circuit which allows injected external pulses to calibrate the am-
plifiers and exploit the full input dynamic range. The signal conditioning circuitry
in the time and energy measurement sections comprise both discriminator and pulse
shaper in addition to a Time to Amplitude Converter which works in association
with the ADC. A ”Channel Controller”, running at a clock speed of 200MHZ, su-
pervises the operation and synchronization of the charge integration, quantization,
and time to amplitude conversion sections. The data are readout from the chip using
Low-Voltage Differential Signaling (LVDS) standard links. TIGER is a fine chip, with
a simple yet elegant state-of-the-art architecture. Its major advantages include high
input dynamic range, two high-resolution (10-bit) Wilkinson ADC’s with very low
non-linearity at each channel for both time and energy, and fast and a high-speed
trigger-less readout, among other features, all offered with a reasonably low-power
operation (less than 12 mW per channel while powered with 1.2 V). The limitations
or drawbacks include a bit higher ENC noise, limited value of input capacitance
range, no digital processing functions, and possible internal analog signal condition-
ing structure supporting negative polarity signals only.

SAMPA: The SAMPA chip has been designed as a 32-channel device with on-board pre-
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amplification (CSA charge sensitive amplifier), pulse shaping, quantization (digitiz-
ing) and DSP sections, including a high-bandwidth digital interface for computer
readout. With the help of its eleven e-links with individual data transfer speed of
320 MB/s, it offers a sufficiently fast bandwidth ( 3.4 Gbit/s) to readout all 32 chan-
nels, at a sampling rate of 10 MSPS.

The chip is fabricated with 130 nm CMOS technology with a chip area of 9.6 x
9.0 mm2 and offered in a 372 Ball Grid Array (BGA) package. A charge-sensitive
amplifier amplifies the measured analog signals, followed by a near-Gaussian pulse
shaper, a novel element of the design. The 10-bit Successive Approximation ADC
digitizes the amplified and shaped signals at a sampling rate of 10 MS/s (which can
be configured to up to 20 MS/s), whereas the on-board DSP circuitry filters and car-
ries out signal processing and compression operations on the digitized data. The
chip offers a sufficiently high gain of 20-30 mV/fC with a low-noise performance
(less than 1000 e2̆07b).

SAMPA is a relatively modern chip suitable for high-performance applications. Its
superior signal conditioning, digitization and on-board digital signal processing ca-
pabilities, as well as fast readout rates, are ideal for applications requiring a high-
bandwidth, precision and versatile mixed signal data acquisition architecture. They
may be well adapted to the readout of MPGD, in particular in the TPC and in the
front trackers

AFTER (ASIC For TPC Electronic Readout): The AFTER chip is manufactured with
AMS CMOS 0.35 µm technology. The die area is of 7.8 x 7.4 mm2 (involving 500,000
transistors). The final chip is produced in a 160-pin LQFP package: (28 x 28 x 1.4 mm).
It offers 72 channels which can be preset for a negative/positive polarity by resistor
arrays, with a counting rate of up to 0.3 Hz/channel. The chip has a power con-
sumption of less than 10 mW/channel while powered at 3.3 V. This chip has a dy-
namic range of 120 fC-600 fC with an integral non-linearity of less than 2% of LSB.
However, it does not have an on-board ADC and requires an external ADC (with 20-
25 MHz sampling rate). The specified peaking time range, as per the chip’s technical
sheet, is 100 ns to 2 µs (in 16 denominations). The sampling frequency range spans
from 1 MHz to 50 MHz. Input signals sampled in circular analog memory buffers
(in the form of a Switched Capacitor Array, SCA, with a depth of 511 time buckets).
However, since the chip does not have an on-board ADC it needs an external one to
digitize the SCA matrix signals. The SCA can be frozen by an external trigger. The
minimum dead-time for the SCA is fixed at 79x40 ns*Number Of Time Buckets (out
of 511).

As AFTER chips do not include digitization stage, they should be associated to exter-
nal ADC ASIC. A suitable commercial or custom low-latency 12-bit ADC ASIC can
be employed to work with the chip. A hybrid ASIC chip built by Pacific Microchip
Corp. PMCC ADC [1691] is generally employed, as it presents interesting features
like 12-bit digitization for up to 32 channels, a 8 ns latency, a 8 Gigabit/s transfer
glue-logic on-chip. The company claims to have a fabrication facility down to 7 ns
with both CMOS and BiCMOS processes, and have worked with DOE in recent past.
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AGET (ASIC for General Electronics for TPC, GET system): The AGET chip is the very
front-end of the GET system that performs the first concentration of the data from
64 input channels to one analog output connected to an external ADC. Each chan-
nel integrates a charge-sensitive pre-amplifier (CSA) with selectable signal polarity,
a configurable shaper, a discriminator for multiplicity building and a 512-cell switch
capacitor array (SCA). The gain and peaking times are tunable by slow control from
120 fC to 10 pC (4 values) and from 70 ns to 1 µs (16 values) respectively. The fil-
tered signal is sent to an analog memory and discriminator inputs. The SCA for the
analog memory is a 512-cell deep circular buffer in which the analog signal from the
shaper is continuously sampled and stored. The sampling frequency is adjustable
from 1 MHz to 100 MHz depending on the particular requirements of each detector.
To process two consecutive events within a time window of 2 ms, such as the im-
plantation of a radioactive ion followed by its decay, the SCA memory can be split
into two halves using an adjustable parameter in slow control. The first signal that
arrives is sampled and stored in the first half of the SCA memory. This is followed
by a switch to the second half of the memory to sample and store the second signal.
The system waits for this second signal to arrive for up to 2 ms. The switching from
one half of the memory to the other corresponds to 2 sampling times. Sampling is
stopped by a trigger decision. In the readout phase, the analog data from the differ-
ent channels is multiplexed towards a single output and sent to the external 12-bit
ADC at a readout frequency of 25 MHz. It is possible to read only a user-defined
fraction of the 512 analog cells (1 to 512) beginning from an index defined with a
constant offset from the cell corresponding to the trigger arrival. In addition to the
64 input signal channels, the AGET chip has 4 channels that are called fixed-pattern
noise (FPN) channels. The inputs of these channels are not connected to the detector
but they are treated by the SCA in exactly the same way. The chip is fabricated with
0.35 µm AMS CMOS technology and is 8.5 x 7.6 mm2 large. It is housed in a LQFP
160-pin package.

DREAM: The DREAM chip is of the same family as the AFTER and AGET chips, and
shares most of its characteristics with the AGET. The most noticeable difference is
the sensitivity to the input capacitance, as the DREAM is able to maintain its perfor-
mance with large input capacitance with values up to 200 pF. Its dynamic range is
slightly lower compared to the AGET one.

SAMPIC: The SAMPIC chip is a 16-channels low depth high-speed digitizer. Each of
its 16 channels associates a DLL-based TDC providing a raw time with an ultra-
fast analog memory (5 GHz sampling frequency) allowing fine timing extraction as
well as other parameters of the pulse. Each channel also integrates a discriminator
that can trigger itself independently or participate to a more complex trigger. After
triggering, each sample is digitized by an on-chip ADC and only that corresponding
to a region of interest is sent serially to the DAQ. The association of the raw and
fine timings permits achieving timing resolutions of a few ps rms. This chip accepts
input signals up to a level of 1 V, wit a input bandwidth of 1.6 GHz. It is fabricated
with the 0.35 µm AMS CMOS technology, and has a power consumption lower than
12 mW/channel.



620 11.10. READOUT ELECTRONICS AND DATA ACQUISITION

ALCOR (A Low power Chip for Optical sensor Readout): The ALCOR chip prototype
is a first test vehicle for a high-rate digitization back-end for SiPM readout in fast tim-
ing applications. It is a 32-channel ASIC that features signal amplification, condition-
ing and digitization. It features low-power TDCs that provide single-photon tagging
with time binning down to 50 ps and able to work down to cryogenic temperatures.
The design of a system-grade ASIC targeting dRICH detector specifications is now
being pursued at INFN. The ALCOR chip is based on a triggerless time-based (time-
of-arrival and time-over-threshold) readout and features a SEU-protected logic. A
dedicated design of the front-end will allow for integrated cooling and customized
decoupling circuits (high pass filter) for possible signal pre-conditioning and count
rates well exceeding 500 kHz per channel. The chip architecture and matrix floor-
plan will allow for a future version to be assembled chip-on-board with bump-
bonding (the first prototype uses wire-bonding padframes), which will be an en-
abling factor for the design of very compact and robust front-end electronic board.

Support system

11.10.6 Possible Readout Chip Evolution and Future Technological Constraints

It seems that a mixed-signal multi-channel (greater than n=64) high-performance ASIC
chip architecture is entailed with at least a 10-bit/12-bit resolution SAR ADC (offering a
minimum sampling rate of 25 MHz, very low non-linearity, INL <2.0%, and a low latency,
<10.0 ns), working in tandem with a high-speed TDC (with excellent time resolution),
preferably with buffer and glue-logic on-board, and a complementary FPGA with intelli-
gent firmware designed, in the form of a total solution for readout. Additional features like
an on-board DSP module (for baseline correction, zero suppression, anti-aliasing digital fil-
tering etc.) would be added advantages. Other approaches such as companding ADC can
also be explored to make a trade-off for low-resolution (6/8-bit ADC), if resources permit
and substantial advantage is expected on the cost of chip component overhead.

There are other ASIC chips available in the HEP community, suitable for GEM and TPC
applications. However, detailed evaluation is needed.

Evaluation of radiation, thermal, and magnetic field effects needs to be carried out for all
chips, although some of the chips discussed earlier have been through radiation damage
tests and seemed to offer satisfactory performance in general, with very little damage.

So far, unfortunately, one single chip suitable for the prospective experiments at the EIC
does not seem to exist. Every chip has some extremely vital feature or necessary bench-
mark missing.

The most promising places for development of future ASIC and mixed signal devices (and
the supporting hardware and firmware/software) seem to be the CEA (France), INFN
Torino (Italy) and Brookhaven National Laboratory (USA), etc., where excellent chips have
been developed in the past. However, more refinements are needed in existing chip ar-
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chitectures. A collaborative effort with these institutions could be a viable direction for
fostering future front-end and readout technologies necessary for endeavors like the EIC.

11.10.7 Existing streaming readout DAQ Systems for particle physics experi-
ments

In the following, we briefly present some existing data acquisition systems for particle
physics experiments adopting, completely or in part, a streaming readout approach for
data readout. Further examples not reported in this section are the ALICE experiment
Online-Offline (O2) system [1692] and the new Compass data acquisition system [1693].

LHCb streaming readout DAQ

The LHCb detector at CERN [1694] is currently ongoing a major upgrade to replace the
current trigger-based DAQ system to a fully streaming DAQ system (see [1695] for a com-
plete description). The new system will allow to acquire and select events at the full 30
MHz rate of proton-proton collisions at the interaction point6. To reach this goal, all front-
end boards in the upgraded LHCb detector will be capable of acquiring signals at the full
bunch-crossing frequency. The custom GBT protocol [1696] will be used to transport data
via optical fibers from the front-end boards to the readout system, with up to 4.5 Gb/s
bandwidth per link. Data are then processed by the upgraded LHCb event builder sys-
tem, capable of aggregating, analyzing, and filtering the events - considering the full 30
MHz collision rate and with a single event size up to 150 kB, the system was scaled to han-
dle a total data rate up to 40 Tb/s. The main components of the event builder system are
the readout units and the builder units. Each readout unit is responsible for collecting data
from part of the readout board, using point-to-point links, and sends this to a builder unit.
For each event, one builder unit receives all the fragments from all the readout units and
aggregates them into the event. Each event is then passed to the online processing farm for
reconstruction and filtering. A first level filter (HLT1) performs a fast reconstruction and
events selection, reducing the input rate from 30 MHz to approximately 1 MHz. A second,
more sophisticated, filtering level (HLT2) performs the final event selection, resulting to
an output event rate of approximately 100 kHz to be written to the disk.

sPHENIX Hybrid DAQ

Construction is ongoing for the sPHENIX triggered-streaming Hybrid DAQ, which simul-
taneously reads out the conventionally triggered calorimeter subsystems and the stream-
ing tracking subsystems [1697]. Both the sPHENIX front-end readout and the back-end

6The nominal bunch-crossing frequency at the LHC is 40 MHz, corresponding to one interaction every 25
ns. At the LHCb interaction point, however, one every four collisions is empty, resulting in a 30 MHz physics
events rate.



CHAPTER 11. DETECTOR ASPECTS 623

DAQ will also serve as an exercise of a large-scale streaming system that is applicable to
future EIC experiments.

The tracking front-ends consist of the on-detector streaming ASICs for the readout of the
MAPS pixel tracker (ALPIDE), a silicon strip tracker (PHFX), and GEM-based TPC read out
with a new version (V5) of the ALICE SAMPA chip [1698]. The streaming data are time-
stamped with beam collision clock, aggregated in the front-end FPGAs, and transported to
the back-end DAQ via O(1000) multi-Gbps fiber links providing O(10) Tbps overall read-
out bandwidth. A global timing system provides a low jitter collision clock, fixed-latency
trigger signal, and time-stamp counter to all front end electronics, which are embedded in
the data stream and serves as the basis for the streaming and hybrid synchronizations.

A fleet of O(50) Front-End Link eXchange (FELIX) [1699] readout cards hosted in commod-
ity Linux PCs is used to read out, buffer, and process these data streams. In the version
used by sPHENIX, each FELIX is a PCI-express card carrying a large FPGA (Xilinx Kintex
UltraScale KU115). It supports 48 bi-directional 10-Gbps optical links to the front-end and
a 100-Gbps PCI-express Gen3 link with the hosting server’s CPU. It is initially designed
for the ATLAS Phase-I upgrade and continues to be developed utilizing recent parts with
a higher speed for future ATLAS upgrade towards the HL-LHC. The strategy of using
PCIe FPGA cards to bridge the custom front-end and commodity computing is also used
by the LHCb, ALICE, ATLAS, and CBM experiments. The overall peak disk data rate is
designed to accommodate the RHIC Au+Au collision at the top luminosity that is orders
of magnitude higher charged particle production rate when compared with the EIC.

While sPHENIX will have a trigger, the overall architecture is streaming-oriented and
highly parallel. Individual substreams coming form the detector are written to different
files directly, and synchronization will be performed via time stamps, not event numbers.
The actual event building is moved to the offline analysis, removing the necessity to build
a distributed, fault tolerant, reliable one-shot online event builder.

The FELIX system also provides the flexibility of throttling the recorded streaming data
corresponding to the calorimeter triggers (i.e. global zero-suppression) or allows for trig-
gerless recording of a fraction of or all of the tracker data. The streaming tracker data are
demonstrated to enable a unique set of heavy flavor measurements that would be other-
wise inaccessible, and this streaming DAQ development is recently commended by the
RHIC Program Advisory Committee.

The RCDAQ Data Acquisition System

sPHENIX uses a powerful but lightweight data acquisition system called “RC-
DAQ” [1700]. It is currently in use for virtually all sPHENIX R&D projects such as test
beams, tests in labs, detector calibrations, and the like. RCDAQ supports all current
sPHENIX front-ends and both triggered and streaming readout modes. It also supports,
by way of plugins, a large variety of commercial or otherwise available readout electron-
ics, such as the DRS4 Evaluation Board [1701], the CERN SRS system [1702], several CAEN
modules such as the V1742 Waveform Digitizer, and many more.
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RCDAQ has long been the de-facto standard data acquisition system for several EIC R&D
groups, such as eRD1 (calorimetry), eRD6 [1703] (tracking), eRD14 (time-of-flight), and
eRD23 (streaming readout technologies). In addition, RCDAQ is used by dozens of ex-
ternal groups not connected to the EIC or RHIC R&D efforts because of the support for
those common readout devices, its built-in support for ROOT-based online monitoring,
comprehensive controls, and small footprint.

The ERSAP system

Development is underway for the Environment for Real-time Streaming, Acquisition and
Processing (ERSAP) Streaming Data Readout System at JLab. ERSAP is a backend software
system that combines components to form a reactive data flow architecture. This combines
software originally developed as part of the CODA data acquisition system and then ad-
vanced as part of the CLARA reactive microsevices framework [1704] used by the CLAS12
experiment. The system encapsulates each component into a microservice with well de-
fined inputs and outputs that allow for local or remote communications. This allows both
horizontal and vertical scaling to make the system highly configurable. It also supports
micro-services written in any language (C,C++, Python, Java, ....). Utilizing such a design
helps ensure a level future-proofing since individual services can be easily replaced with
ones using new syntax, languages, or technology (e.g. heterogeneous hardware compo-
nents). A prototype of the system was tested successfully in summer 2020 using beam at
the CLAS12 Forward Tagger. Also being developed as part of ERSAP is high performance
tiered memory or “Data Lake” system that allows efficient data cooling (i.e. temporary
buffering). The system is scalable enough to be used on a single desktop with other DAQ
components in benchtop system or in a dedicated node with a large memory+disk. The
Data Lake implements automatic fail-over to disk if its allotted memory resource becomes
exhausted.

11.10.8 A Progressive Approach toward the EIC DAQ System

The final goal of the EIC streaming readout system is to reconstruct online all events,
adding to the raw-data banks the high-level information from the reconstruction - ide-
ally, four-vectors and PID assignment for all particles in a given interaction, and store all
of them to the disk. Eventually, filtering algorithms can run online to tag events according
to a certain condition (for example, events belonging to a certain exclusive channel), to
speed-up the offline analysis.

Based on the preliminary estimates discussed before in Sec. 11.10.4, and considering the
technologies that are available already today, the following key arguments concerning the
EIC streaming DAQ system can be assessed (see also Fig. 11.133).

• In principle, it will be possible to write all raw data directly to the disk, without
further online processing. However, unexpected large noise levels could exceed the
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Figure 11.133: The sPHENIX hybrid DAQ system cross-detector zero suppression. The
sPHENIX streaming tracker can use the calorimeter trigger as a data throttle for loss-less
data reduction for triggered events + streaming as much data as possible [1697]

system capacity, and the system must be prepared for such an event. This is particu-
larly true during the initial phase of EIC operations, when unexpected backgrounds
not predicted by simulations and not observed in the preliminary sub-detectors char-
acterization phase could be present, and the machine still needs to be tuned.

• High-quality calibration constants are necessary for the online events reconstruction,
analysis, and filtering. This requires a depth knowledge of the detector behavior, that
may not be available at the beginning of the EIC operations.

The solution that we envisage is to design a modular system that will evolve with the
experiment. During the first part of the EIC run, a hybrid streaming readout strategy
will be adopted, using the so-called “cross-detector zero suppression technique”. In this
scheme, all hits from the detector are streamed to the online computing farm and stored
to a temporary buffer. Only “interesting” portions of the data stream are further pro-
cessed, while the others are discarded. Technically, this can be achieved both with a paral-
lel hardware system, as in the sPHENIX case, or with a dedicated software component (the
sPHENIX hardware-based cross-detector zero suppression system operation is illustrated
in Fig. 11.133). Online filtering and online reconstruction will be then gradually introduced
when the detector will be more under control.

A possible solution for the EIC readout architecture is shown in Fig. 11.134. Some front-end
boards (FEB) containing ASICs and specific to different sub-detectors will likely require an
intermediate stage of processing via FPGAs for data aggregation and reduction by employ-
ing front-end processors (FEP). Data transport to servers or link-exchange cards, such as
FELIX, will be made via extensive use of optical fibers. Power supply and cooling systems
are planned to be commercial-off-the-shelf (COTS) units.

An intense R&D program has already started to study and design the EIC readout system,
covering all the technical aspects involved with it, including the different FE options com-
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Figure 11.134: Possible scheme for the EIC Readout Architecture

patible with a streaming readout system, the data transport system, the synchronization
system, the back-end online processing software (cf sections 14.6 and 14.7).

11.10.9 Experimental Validation of the Approach

Despite the conceptual simplicity of a triggerless DAQ, a realistic implementation with
the specific detector readout is necessary to validate this solution and demonstrate the
expected performances. The sophisticated combination of a suitable front-end electronics,
network facilities and CPU algorithms requires a significant effort to identify, or develop in
case they are not yet available, the best option for each element, set-up and test the whole
scheme and compare results with more traditional approaches.

A dedicated test and validation program, with complementary experimental efforts, has
already started in view of the EIC detector design and construction. In the following, we
briefly present these efforts.

Thomas Jefferson Laboratory efforts

A first experimental characterization and validation campaign for the new DAQ approach
has started at Jefferson Laboratory in 2020, using a streaming readout solution based on
FA250+VTP / Waveboard digitizer boards [1705, 1706] for the front-end readout and on
the TriDAS software [1707] interfaced with the JANA2 data analysis framework for the
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back-end online data reconstruction and filtering [1708].

Due to the comparable luminosity and detector complexity, the CLAS12 detector in Hall B
is an ideal study case to characterize and validate the streaming DAQ approach in view of
its application for the EIC detector [1073]. A first measurement on beam was carried out
using the CLAS12-Forward Tagger Calorimeter and Hodoscope detectors [1539], with the
CEBAF 10.6 GeV electron beam impinging on a lead (early 2020 run) / deuterium (summer
2020 run) target. Some results are reported in Fig. 11.135, showing the distribution of hits
measured with the Forward Tagger Calorimeter, as obtained from the online monitoring,
and the corresponding clustering algorithm efficiency as a function of the cluster energy,
for an online clustering threshold of 3.0 GeV.

This represented the first attempt to acquire some CLAS12 sub-detectors using stream-
ing readout: the growing interest for this approach is demonstrated by the plans of the
CLAS Collaboration to extend it to the full detector in the near future. During the test,
the single π0 quasi-real photoproduction reaction was used as a benchmark to assess the
performances of the streaming DAQ system. The π0 was identified measuring the two
photons from the decay in the Forward Tagger Calorimeter, whereas the scattered elec-
tron was identified by a combination of an electromagnetic cluster in the Forward Tagger
Calorimeter and a geometrically matched signal in the Forward Tagger Hodoscope. Pre-
liminary results show a good agreement between the measured data and the predictions
from a Monte Carlo numerical estimate, in terms of the energy distribution and total yield
of the measured π0. The data analysis is currently in progress, and final results from the
test are expected to be published in early 2021.
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Figure 11.135: Left: measured FT-Cal hits during the early 2020 Hall-B streaming readout
tests. Right: Efficiency of the online clustering algorithm, with a 3.0 GeV cluster threshold
applied.

A pilot beam study was also conducted to test streaming data processing of the CLAS12
Forward Tagger Calorimeter and Hodoscope using ERSAP software package that in-
cludes JLAB data acquisition and data processing frameworks, such as CODA, CLARA
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and JANA. Specifically CODA VTP stream firmware was used to stream raw data to
stream-aggregator, hit-finder, noise-reduction and event-building micro-services, followed
by standard, Forward Tagger reconstruction micro-services from the CLAS12 reconstruc-
tion application. CLAS12 reconstruction application is based on the CLARA, which is
a reactive micro-services orchestration framework for designing, deploying and scaling
data stream processing applications [1709, 1710]. The goal of this study was to optimize
(both performance and resource utilization) newly developed data-stream curation micro-
services, and to estimate existing CLAS12 reconstruction micro-services scaling levels and
resource requirements that will keep up with the VTP data stream. Preliminary results
were reported at the 22nd IEEE Real Time Conference.

Figure 11.136: Left: Hall D PS beam test setup scheme; Right: Calorimeter central response
(in arbitrary units) to 4.5 GeV impinging electrons.

A complementary test was performed in Hall D, at the pair spectrometer (PS) facil-
ity [1711]. The general purpose of the beam tests was to study the light yield and the
energy resolution of glass-ceramic scintillator bars made in VSL/CUA/Scintilex and new
produced PbWO4 crystals made by CRYTUR/SICCAS. A glass-ceramic and a PbWO4 pro-
totype were installed behind the Hall D pair spectrometer and the response to the tagged
electrons from the PS was measured (see also Fig. 11.136, left panel). The prototypes were
also used to test and optimize the entire readout chain: photosensorss (PMT vs SiPM),
preamps, fADC or Waveboard digitizers in combination with streaming DAQ system.
During the spring run 2020 at Jlab HallD a single prototype, assembled from nine scin-
tillators coupled with R4125-01 Hamamatsu PMTs and active HV dividers with integrated
preamplifier, was used. Signals were digitized using a Waveboard device. The SRO tests
was performed parasitically during GlueX High Luminosity runs (350 nA photon beam).
The waveboard read-out nine calorimeter channels plus two scintillator pads mounted in
front of the calorimeter, to tag the impinging electron. The system was operated with a rate
up to 1.5kHz per channel. The full SRO chain (Waveboard+TriDAS+JANA2) was success-
fully tested, with data collected using different combination of software L2 triggers. The
offline data analysis is currently ongoing, and final results from the test are expected to be
published in early 2021. Some preliminary results are reported in Fig. 11.136, right panel,
showing the energy distribution (in arbitrary units) of the center-most calorimeter crystal
when hit by 4.5 GeV electrons.
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BNL efforts

An example of a detector read out in streaming mode is a prototype of the sPHENIX TPC
that was tested at the FermiLab Test Beam Facility (FTBF) in 2019. The TPC prototype,
shown in Fig. 11.137, was moved perpendicular to the beam and rotated with respect to
the beam to get particle tracks at different distances away from the pad plane, resulting in
different drift lengths and angles.

Figure 11.137: Left: The TPC prototype shown in the test beam which is read out with
FELIX and the RCDAQ . The red cross-hair indicates the approximate beam position. Right:
The reconstructed drift distance for 4 different positions of the TPC prototype relative to the
beam.

At the test beam, we found that our event rate capability could be significantly increased
by running the FELIX readout in “streaming mode”. We still triggered the front-end card
with signals from the FTBF beamline, however, the FELIX cards are oblivious to how the
FEE actually arrived at the decision to send up the data. But by allowing the FELIX card to
format the data as streaming data, one does not need to wait for all data from a particular
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beam event to be fully transmitted. In streaming mode, while data from trigger n are
already arriving from one front-end, other parts can still be transmitting data from trigger
n − 1, or even n − 2. In streaming mode, there is no need to wait for the completion of
the data transmission from a given trigger, as the data parts are later re-assembled by their
embedded clock information. That is what led to the increased event rate in streaming
mode.

This also validated a running mode that sPHENIX is committed to in production run-
ning, combining the streaming data from the trcking system with triggered data from the
calorimeters and the Minimum-Bias detector. During the test beam we achieved the si-
multaneous logging of data from the TPC prototype together with several channels worth
of beamline instrumentation channels read out in “classic” triggered mode.

This also served as an early test of our timing system that provides a common clock to
the various front-end cards, and can on demand also provide a standard trigger signal to
legacy electronics.

11.11 Software, Data Analysis and Data Preservation

This section describes the computing needs for the reference detector at the EIC and dis-
cusses the foreseen software developments.

Aside from possible contributions from machine backgrounds, the reconstruction of events
at the EIC will be easier than the same task at present LHC or RHIC hadron machines, and,
in perspective, much easier than for the High-Luminosity LHC (HL-LHC), which will start
operating two years earlier than the EIC, when we may expect a gain in performance for
CPUs of about a factor of 10 with respect to now.

Reconstruction time of DIS events at presently running experiments is around 0.35 s (or
∼ 5 HS06s) both at COMPASS and at CLAS12, with event sizes of 0.03 MB and 0.02 MB
respectively. Filtering out machine background with high efficiency will allow to keep
the reconstruction time at 5 HS06s also in 2030. Processing events at the same speed of
acquisition, or 500 000 events per second, on today nodes will therefore require 200 000
cores or 1500 nodes, a computing farm well in the size of the EIC project. The expected
gain in CPU power in the next 10 years, as well as the possible improvement in the recon-
struction software from the use of artificial intelligence and machine learning techniques
give a considerable margin to cope with higher event complexity that may come by higher
backgrounds rates.

Software design and development will constitute an important ingredient for the future
success of the experimental program at the EIC. Moreover, the cost of the IT related com-
ponents, from software development to storage systems and to distributed complex e-
Infrastructures can be raised considerably if a proper understanding and planning is not
taken into account from the beginning in the design of the experiment itself.

A growing group dedicated to this effort already exists. An important step in the cluster-
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ing of a core group focusing on computational aspects at an EIC has been the approval by
the EIC Generic R&D program of the eRD20 proposal, creating in 2016 the EIC Software
Consortium (ESC). The ESC has been the backbone to form in 2018 the Software Working
Group within the EICUG. The Software Working Group has supported the Yellow Report
initiative and provided the tools for simulations and helped in the creation of the infras-
tructure for storage and documentation.

The Software Working Group is starting in parallel a greenfield development that will
focus on different aspects of future needs:

• Simulations for detector optimization, to cover the more immediate needs of the de-
sign and integration of the various sub detectors

• Help in the development of state of the art Monte Carlo event generators for the full
spectrum of EIC physics. Validation of these generator will be possible by using data
from HERA and running experiments at CERN and JLab.

• Development of a full simulation-reconstruction chain allowing to benchmark the
performances of the reconstruction software.

• Development of modern “event reconstruction” schemes both using standard ap-
proaches but also exploring novel methods based on artificial intelligence and ma-
chine learning.

The reconstruction software will have to cope with the streaming read-out scheme adopted
and will be designed to match the chosen solution.

Software tools: While developing the software for simulation and reconstruction of events
from a detector which will be up and running in 2030, we need to inquire ourselves about
the long term perspective of software used in today HEP experiments and evaluate dif-
ferent options. Leaving aside for the moment both full purpose or dedicated Monte Carlo
Event Generators (MCEGs) discussed in a separate section, this means that we have to
decide on: how to describe the detector; which program to use for particle transporta-
tion/interaction; reconstruction tools and the data model.

The choice of LHC experiments for the Run4 and after may guide us in this task.

DD4hep [1712] is a toolkit for detector description developed within the AIDA2020 EU
program (Advanced European Infrastructures for Detectors at Accelerators). It can be an
interesting option for the EIC as recently the CMS collaboration announced that it plans
to use it for the detector description in all of their data processing applications. Given its
use within CMS, it is expected that DD4hep will be supported over the entire experiment
life-time.

It is worth considering DD4hep for the EIC as it is designed to answer a very common need
of experiments, i.e. the development of a coherent set of software tools for the description
of high-energy physics detectors from a single source of information. Detector description
in general includes not only the geometry and the materials used in the apparatus, but
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all parameters describing, e.g., the detection techniques, constants required by alignment
and calibration, description of the readout structures, conditions data and more. DD4hep
reuses existing software components, combines their functionality, and thus minimizes
the efforts required by users to leverage their benefits and optimizes flexibility. Reused
components include elements of the ROOT geometry package [1713] and the GEANT4
simulation tool kit.

GEANT4 [1412] is the baseline for detector simulations on all LHC experiments as well
as many NP experiments and is a natural choice for the EIC. We have developed strong
connections with the core developer team of GEANT4 and discussed with them improve-
ments in physics lists and non-standard geometries which may be needed for the EIC.
In September of 2019, the Software Working Group organized together with the GEANT4
Collaboration a technical forum on the EIC. In the technical forum, we reviewed recent
updates on GEANT4, including the EIC physics list as maintained by the EIC Software
Consortium. We requested improvements on photo-nuclear and electro-nuclear reactions
that have been included in GEANT4version 10.6, and are currently being tested. We will
follow the activities of the vector transport R&D collaboration [1714] that might provide
interest techniques for improving GEANT4.

ROOT [1713] is by today’s standards a fundamental ingredient of virtually all HEP work-
flows, being used for data persistency, modeling, graphics, and analysis. It is structured to
have excellent, active connections with the experiments including, at least for LHC, direct
contributions from the experiments. The ROOT team is investing in future developments
for HL-LHC, and is also assuming interesting approaches to machine learning techniques.
It advises the HEP community to not develop its own machine learning tools but, maybe
in a more efficient way, to collaborate with other sciences on improving and extending ex-
isting tool kits. For that they offer a Toolkit for Multi Variate Analysis (TMVA) to bridge
between ROOT and external machine learning tool( kit)s such as scikit-learn, XGBoost,
TensorFlow, Keras, mxnet, or PyTorch.

ACTS [1715, 1716] (A Common Tracking Software) is an experiment-independent and
framework-independent toolkit for (charged) particle track reconstruction that is being
developed for the HL-LHC but is also targeting other HEP and NP experiments, including
the EIC. It is designed for modern computing architectures and is agnostic to the details
of the detector technologies and magnetic fields configurations. Another important aspect
with respect to development are its rigorous unit tests, an essential aspect for the future
EIC software. All these characteristics made this software an interesting option worth
evaluation for the reconstruction software for the EIC reference detector.

Many others codes are under evaluation, e.g., GENFIT [1717], a generic track-fitting
toolkit, GAUDI [1718,1719], a software architecture and framework for building HEP data
processing applications, or JANA2 [1708], a multi-threaded event reconstruction.

Finally, following the large worldwide spread, we are moving to the use of tools facilitating
collaborative analysis as presently done at CERN with SWAN [1720], as a Service for Web-
based ANalysis, built upon the widely-used Jupyter notebooks.

Simulations for detector optimization: The tools developed for the Yellow Report ini-
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tiative will be expanded and used for extensive full simulations of the reference detector.
This is a short term goal for software developers in order to support with detailed simula-
tion studies the finalization of the reference detector, thus allowing to move from the CDR
stage toward the full technical design.

Monte Carlo event generators for the EIC: The Software Working Group, and before the
EIC Software Consortium have initiated a project with the Monte Carlo communities in the
US and Europe (MCnet) to work on MCEGs for the EIC, requiring MCEG for polarized e+p,
e+D, and 3He as well as e+A measurements. The MCEG initiative is connecting the MCEG
efforts in NP and HEP and is encouraging a strong interplay between experiment and
theory already at an early stage of the EIC. As an initial step, we have started a workshop
series on ”MCEGs for future e+p and e+A facilities” where the third workshop was held
in November 2019 at the Erwin Schrödinger International Institute for Mathematics and
Physics in Vienna, Austria. During the workshop, we reviewed the theory for physics
with light and heavy ions and discussed the modifications needed on the general-purpose
MCEGs to simulate unpolarized observables also for e+A where a precise treatment of
the nucleus and its breakup is needed. There were presentations about pioneering MCEG
projects for e+A (BeAGLE, spectator tagging in e+D, Sartre), as well as on the ongoing
development of the e+A adaptation of JETSCAPE and the Mueller dipole formalism in
Pythia8. We also summarized the status of MCEG-data comparisons in HZTool/Rivet
that are critical to tune MCEGs to existing DIS and heavy ion data as well on the ongoing
work of verifying MCEGs for TMDs with TMD theory/phenomenology. Our current focus
is on benchmarks and validation. We are working with the EICUG on benchmark MC
productions and the validation of MC results. This will facilitate the adoption of modern
MCEGs that have been so far only used by the LHC community.

As a recent development, the DIRE authors [1721, 1722] introduced radiative effects in the
simulation of DIS. This is an important step, since a full multidimensional analysis will be
needed in the study of TMDs and GPDs, given the dependence of the cross section over
many kinematic variables. From the experimental point of view, and without entering to
much in detail of the analysis, this means that detectors and radiative effects will have to be
accounted together at simulation level in order to derive matrices transforming from raw
counts in the detector to Born cross sections. Using DIRE in the Pythia or Sherpa general-
purpose MCEGs will allow to check the Monte Carlo predictions for radiative effects both
using the data of running DIS experiments (at JLab and COMPASS at CERN) and the
outcome of the simulation of DJANGO [1095, 1723], the reference tool for the study of
radiative effects at HERA.

Data and analysis preservation for the EIC: Already during the design of the reference
detector, data and analysis preservation (DAP) is an important issue. Decisions on detector
design and conclusions on detector performance and physics requirements will be made
on the basis of software and data constructs which must be well defined, preserved and
documented if these important studies are to be reproducible, and available for use as a
well understood basis for progressing to more sophisticated studies. Our DAP activity
will include:
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• Documentation and preservation of simulation and reconstruction tools, analysis
code, data products and workflows.

• Documentation and preservation of data and software required for detector develop-
ment, e.g. test beam experiments. This will include a catalogue of MC data samples
for the design of the reference detector, including the event generator data as well as
full simulations data.

Based on our experience for data and analysis preservation for the design of the reference
detector, we will inform the EICUG on possible strategies for data and analysis preserva-
tion at the EIC.

11.12 Artificial Intelligence for the EIC Detector

In the world of computing there is growing excitement for what is perceived as the revo-
lution of the new millennium: artificial intelligence (AI). In particular the R&D program
of the future EIC could be one of the first programs systematically exploiting AI. AI is be-
coming ubiquitous in nuclear physics [1724]. According to a standard taxonomy [1725],
AI encompasses all the concepts related to the integration of human intelligence into ma-
chines; a subset of AI is machine learning (ML), which is usually grouped into supervised,
unsupervised and reinforcement learning; deep learning (DL) is a particular subset of ML
based on deep (i.e., made by many hidden layers) neural networks, which is often con-
sidered the evolution of ML since it typically outperforms other methods when there is a
large amount of data and features, provided sufficient computing resources. In the most
frequent applications in our field, features are selected and a model is trained for classifi-
cation or regression using signal and background examples.

Experimental particle and nuclear physics is big data [1726]: the gigantic data volumes
produced in modern experiments are typically handled with “triggers”—a combination of
dedicated hardware and software—to decide near-real-time which data to keep for anal-
ysis and which to toss out. In this respect, AI plays already an important role in experi-
ments like LHCb [1694], where machine learning algorithms (see, e.g., topological trigger
and ghost probability requirements) make almost 70% of these decisions, from triggers to
higher level analysis of reconstructed data.

Supported by modern electronics able to continuously convert the analog detector signals,
new approaches like Streaming Readout [1727] could further the convergence of online
and offline analysis: the incorporation of high level AI algorithms in the analysis pipeline
can lead to better data quality control during data taking and shorter analysis cycles. Re-
cently the Fast Machine Learning workshop [1728] highlighted emerging methods and
scientific applications for DL and inference acceleration, with emphasis on ultrafast on-
detector inference and real-time systems, hardware platforms, co-processor technologies,
and distributed learning. In this context, AI (used here in a broader sense to embrace dif-
ferent approaches) could foster in the next years significant advances in areas like anomaly
detection (see, e.g., [1729]) and fast calibration/alignment of detectors.
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For tracking detectors, particle tracking is always a computationally challenging step. Sev-
eral approaches have been developed recently for tracking based on deep learning [1730],
but there are still open questions about the best way to incorporate such techniques. The
problem in Nuclear Physics experiments is typically different, being characterized by most
of the computing cycles spent in propagating the particles through inhomogeneous mag-
netic fields and material maps. Here AI can contribute to determine the optimal initial
track parameters allowing to decrease the number of iterations needed by Kalman-Filter.

As for particle identification and event classification, we have witnessed in the last years
a growth of applications based on machine learning both for global particle identification
(see, e.g., [1731, 1732]) as well as custom novel solutions which combine different architec-
tures for specific detectors (see, e.g., [1733] for imaging Cherenkov detectors).

The search for rare signatures in large acceptance detectors at high intensities necessitates
advanced techniques to filter those events. The GlueX experiment at Jefferson Lab for
example is searching for exotic hadrons and demonstrated the utility of machine learning
techniques based on BDTs [1734] to achieve the required performance in filtering events
with rare reactions [1735].

The utilization of jets at the future EIC can be beneficial for a variety of fundamen-
tal topics [126], including the gluon Wigner distribution, the gluon Sivers function, the
(un)polarized hadronic structure of the photon, the (un)polarized quark and gluon PDFs
at moderate to high momentum fraction (x) as well as studies of hadronization and cold
nuclear matter properties. Machine Learning is having a major impact in jet physics, em-
powering powerful taggers for boosted jets as well as flavor tagging, and various deep
learning applications like recursive neural network which leverage an analogy to natural
language processing [1736] have been developed. ML4Jets [1737] is a series of workshop
dedicated to these topics.

Another area where AI can significantly contribute is that of fast simulations. Simulat-
ing the detector response of large scale experiments like EIC is typically slow and re-
quires immense computing power. One of the most computationally expensive step in
the simulation pipeline of a typical experiment is the detailed modeling of the high multi-
plicity physics processes characterizing the evolution of particle showers inside calorime-
ters. AI, could speed up simulations and potentially complement the traditional ap-
proaches. Recent advances with generative networks (see, e.g., GAN, VAE, Flow-based
models [1738–1740]) look as a compelling alternative to standard methods with orders of
magnitude increase in simulation speed [1741] but so far usually at the cost of reduced
accuracy.

Detector design is another fundamental area of research for EIC. Advanced detector de-
sign often implies performing computationally intensive simulations as part of the design
optimization process. One of the conclusions from the DOE Town Halls on AI for Science
on 2019 [1742] was that “AI techniques that can optimize the design of complex, large-scale exper-
iments have the potential to revolutionize the way experimental nuclear physics is currently done”.
There are at present various AI-based optimization strategies based on, e.g., reinforcement
learning or evolutionary algorithm [1743, 1744]. Among these, Bayesian Optimization
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(BO) [1745, 1746] has gained popularity for its ability of performing global optimization
of black-box functions that are expensive to evaluate and that can be in addition noisy and
non-differentiable. It consists of a surrogate modelling technique where the regression is
typically done through Gaussian processes or decision trees depending on the dimensions
of the problem, and a cheap acquisition function is used to suggest which design points to
query next, overall minimizing the number of evaluations.

Recently, an automated, highly-parallelized, and self-consistent procedure has been de-
veloped [1615] and tested for the dual-radiator Ring Imaging Cherenkov (dRICH) design,
which has been considered as a case study. These studies not only showed a statistically
significant improvement in performance compared to the existing baseline design but they
also provided hints on the relevance of different features of the detector for the overall
performance. This procedure can be applied to any detector R&D, provided that realistic
simulations are available. One example is the optimization of detector materials, e.g. the
optimization of large size aerogel composites for aerogel-based detectors in [1747].

Beyond individual subdetectors AI can be also used to efficiently optimize the design of
different sub-detectors combined together, taking into account mechanical and geometrical
constraints. An interesting approach consists in a multi-objective optimization (see, e.g.,
[1748–1750]), which allows to encode the performance of the detectors as well as other
aspects like costs in the design process, to determine the Pareto front [1751]. Currently
ongoing activities within the EIC R&D program which are leveraging AI for optimization
include the EM/Hadronic Calorimetry, e.g., optimizing the glass/crystal material selection
in “shared rapidity regions” for best performance of the EM calorimeter.

Even more, AI has the ability to optimize the collection of all subdetectors of a large detec-
tor system, using more efficiently the figures of merit we use to evaluate the performance
that drive the detector design. Remarkably, the design optimization of multiple subdetec-
tors operating together has not been explored yet. This is a high dimensional combinatorial
problem that can be solved with AI.

This is undoubtedly a strategic moment to discuss how to fully take advantage of the new
opportunities offered by AI to advance research, design and operation of the future EIC.
The interest of the community has been evidenced by the number of contributions and at-
tendance of workshops dedicated to AI in Nuclear Physics, e.g. at the [1724,1752], and the
2021 AI4EIC-exp workshop [1753], which bring together the communities directly using
AI technologies and provide a venue for discussion and identifying the specific needs and
priorities for EIC.



Chapter 12

The Case for Two Detectors

As documented abundantly elsewhere in this report, the concept of an EIC encapsulates
a very broad potential physics program with experimental signatures ranging from exclu-
sive production of single particles in ep scattering to very high multiplicity final states in
e+Acollisions and potentially spanning a wide range of centre of mass energies. Rarely,
if ever, has such a diversity of scientific output been condensed into a single project. The
very high target luminosities of the facility imply high statistical precision for some ob-
servables, which must be matched with a similar or better level of systematic precision in
order to realise the full physics potential, correspondingly placing emphasis on carefully
optimized instrumentation. Each aspect of the physics program can in principle be applied
to define its own idealised detector design and configuration. Whilst many aspects align
towards the same basic needs, it is impossible to optimize for the full breadth of physics
ambitions with a single detector.

All previous high energy colliders have housed more than one interaction point and as-
sociated detectors.1 In some cases (e.g. LEP, Tevatron), the physics goals of the different
experiments have been similar, or even identical. In others (e.g. RHIC), the focus has
been complementary, or completely different. Elsewhere, there has been a mixture of the
two approaches. For example, at the LHC, ATLAS and CMS aim for the widest survey of
physics at the high luminosity energy frontier, whereas ALICE and LHCb have more spe-
cialised focus on heavy ion collisions and precision heavy flavour physics, respectively.
Similarly at HERA, the H1 and ZEUS collider experiments were designed for a general
study of energy frontier lepton-hadron physics, whereas the polarised fixed target HER-
MES experiment had an almost completely orthogonal program.

Prior to the Yellow Report meeting series and report, a second interaction point was al-
ready very much part of the EIC machine design. However, the nature of the experiment
that would surround it remained something of a blank page. Following extensive dis-

1Although not at the highest energies, the lepton-based B factories, Babar and Belle, are an exception to
this. In those cases, the basic design precluded having two detectors on the same ring. It is interesting to
note that in the absence of multiple detectors at a single site, complementary facilities were built more-or-less
concurrently at SLAC and KEK.

637
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cussion among the physics and detector working group communities during the Yellow
Report exercise, this chapter assesses complementarities and conflicts among the detector
requirements to fulfill the EIC physics aims and explores the opportunities to expand the
physics program and mitigate risks through a two detector solution. After introducing the
boundary conditions imposed by the basic EIC machine design (section 12.1), motivations
for having two detectors are given in sections 12.3.1 - 12.4, before a brief discussion of the
intrinsic complementarity offered by fixed target mode operation in section 12.5.

12.1 Boundary Conditions and Important Relations

There are several global and IR-specific boundary conditions, which need to be obeyed
at both interaction regions and must be kept in mind when designing a two-detector EIC
program:

• Both detectors should be able to have optimal performance over the entire EIC
center-of-mass energy and luminosity range.

• The design of the interaction regions need to be compatible with the current design
of the EIC machine.

• The Luminosity of a collider like EIC is given by L = Ne Nh
4πσxσy

H frep with Ne and Nh

being the electron and hadron bunch intensities, respectively, and σx and σy the hor-
izontal and vertical RMS beam sizes at the interaction point (IP), which are assumed
to be identical for the two beams. H is a factor reflecting the impact of the hourglass
effect and the crossing angle; frep = Nb frev denotes the bunch repetition rate, with
Nb the number of bunches per ring and frev the revolution frequency of the collider
rings. If one wants to increase luminosity one can increase the number of bunches
and as such the bunch repetition rate, the intensity per bunch is reduced. One could
decrease the beam emittances by a factor n, which immediately leads to increased
requirements on the cooling of the beams, like reducing the cooling time by the same
factor n. There is another issue one needs to deal with, the increased chromaticity. To
bring it back to its original value one needs to move the focusing quadrupoles closer
to the IP and to do so one needs to increase the crossing angle to have space for the
magnets.

• The size of the crossing angle directly impacts the acceptance of the detector; a cross-
ing angle of 25 mrad limits the acceptance to a rapidity of ∼ 4.2

• The size of the synchrotron radiation fan limits how small one can make the radius
of the beam pipe around the IP. To limit the emission of synchrotron radiation the
axis of the experimental solenoid is aligned along the electron beam.

• The luminosity and the length of the detector are directly coupled. The length
of the detector dictates the minimum possible distance between the first focusing
quadrupole and the IP, named L∗. The luminosity is directly proportional to 1/L∗,
such that larger L∗ leads to reduced luminosity.
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• operating two detectors simultaneously will result in splitting the luminosity be-
tween the two interaction regions.

• The need for crab cavities to obtain high luminosity despite a crossing angle limits
the longitudinal space a long the beam line for forward detectors. One can not place
for example Roman Pots after the crab cavities as the correlation to the scattering at
the IR would be completely washed out. Therefore all detectors along the beamline
for charged particle detection need to be placed between the crab cavities.

12.2 Dedicated Detector Designs versus General Purpose Detec-
tors

In some previous contexts (e.g. LHCb at the LHC), the scientific reach of a collider facil-
ity has been enhanced by the addition of a detector dedicated to a particular area of the
physics program. The idea that the EIC might be instrumented with one General Purpose
Detector and one detector strongly optimized towards a particular physics area, for exam-
ple exclusive production modes with intact protons, has therefore been explored as part of
the Yellow Report exercise. Whilst it would be possible to enhance the output in particu-
lar areas with this sort of model, no proposal with a broad enough scope or a compelling
enough physics capability to justify the substantial cost of a standalone detector has been
identified within the limitations described in section 12.1.

Here, the realization that the EIC science and detector design are unique in that there has
never been a collider detector with both the central and forward (or backward) accep-
tances maximized in tandem (see section 10.2) is equally important. The integration of
the detector and Interaction Region allows for choices of two interaction points that place
different emphasis on the acceptance of the beam line instrumentation, precision and gaps
in various detector regions, and variations of the beam line to emphasize different science
processes, possibly exploiting the idea to have the beam line elements act as magnetic
spectrometer to provide a secondary focus.

At present the working assumption is therefore that we will aim to produce a pair of Gen-
eral Purpose Detectors that have differences in the details of their physics and technology
foci, such that they are designed from the outset to optimize the overall output of the
collider as a whole. This decision is important in time scheduling for the EIC, since de-
tectors with a dedicated physics focus often operate for a limited period, whereas General
Purpose Detectors usually require the maximum possible integrated luminosity and thus
ideally operate for the full lifetime of the machine.
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12.3 Motivation for Two Detectors: Technology Considerations

12.3.1 Cross Checking

Blind alleys and wrong turns are intrinsically part of the nature of science, whether caused
by honest analysis mistakes, instrumental malfunctions or the inevitable statistical fluctua-
tions that appear when searching for new effects beyond our current understanding. How-
ever, by continuously testing and probing current theories, the scientific method by nature
corrects such diversions when sufficient experimental input becomes available, such that
our understanding tends asymptotically towards an ever-improving description of nature.
There are many famous historical examples of apparently convincing, but wrong, signals
for new science, from Pons and Fleischmann’s cold fusion to 17 keV neutrinos in tritium
decays to superluninal neutrinos travelling between CERN and Gran Sasso [1754, 1755].
Collider physics is by no means exempt, with many examples of premature discoveries
that disappeared. Examples from lepton-hadron scattering include the HERA signals for
leptoquarks [1756, 1757] and for at least two different types of pentaquark [1758, 1759].
These examples illustrate that when embarking on a science program with as much dis-
covery potential as the EIC offers, it is of fundamental importance to be able to cross-check
important new results. This is possible to some extent within a single experiment, for ex-
ample by collecting larger data sets when we are misled by statistical fluctuations. How-
ever, this can be a time-consuming process and immense resource can be wasted chasing
erroneous signals. Furthermore, there are cases where additional data may even add to the
confusion, for example where a false signal is created by a subtle experimental or analytical
effect that is never revealed.

Perhaps the most compelling reason for including two detectors in the EIC design, oper-
ated independently by different teams of scientists, is thus to ensure a capability to cross
check the important, possibly ground-breaking, new results that we expect to obtain. To
avoid the possibility of correlated misleading signals in the two detectors, the best ap-
proach is to use different instrumentation technologies in the two detectors, as discussed
further in section 12.3.2.

12.3.2 Technology Redundancy

It is natural that any new detector component at a new world-leading facility, particularly
one that has a design and construction lead-time of several years, will seek to optimize
its performance by employing novel, state-of-the-art technologies. Whilst this in principle
ensures the maximum possible return in terms of physics exploitation, it also carries some
intrinsic risk. No detector design can be 100% guaranteed to succeed and, particularly
close to the beam, environmental conditions cannot be perfectly known before operation
begins. There is thus always at least a small risk of failure of any detector sub-component.
One means of mitigating this risk when viewing the EIC facility as a whole is to employ
different technologies to fulfill similar roles in two complementary detectors. The General
Purpose Detectors at the LHC, ATLAS and CMS, are a good example. Whereas CMS is
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compact and pushes the boundaries of design for example in its all-silicon tracking region,
ATLAS has an ambitious outer detector design comprising the one of the world’s largest
systems of magnets with an unconventional superconducting barrel toroid layout.

12.3.3 Cross Calibration

Embedding complementarity in the designs of pairs of detectors fulfilling similar pur-
poses as discussed in section 12.3.2 can offer the opportunity of minimising systematic
uncertainties through cross-calibration. A good example is offered by the H1 and ZEUS
detectors at HERA, where the final combination of inclusive DIS data-sets between the two
experiments, which created a final combined legacy measurement [1760], had a largely
unexpected positive impact on the combined systematic uncertainties, as illustrated in
figure 12.1. This arises as a result of the redundancy in the reconstruction of the event
kinematics whereby x and Q2 can be obtained either from the scattered electron, the
hadronic final state, or a combination of the two. Since, crudely speaking, H1 had the
better-performing electromagnetic calorimeter and ZEUS had superior hadronic calorime-
try, there was effectively a cross-calibration between the experiments, whereby it became
possible to benefit simultaneously from the H1 response to electrons and the ZEUS re-
sponse to hadrons.
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Figure 12.1: Comparison between input data from H1 and ZEUS and output data from
the final combination of HERA data, for selected x values in the e+p neutral current cross
section. The inner error bars are statistical, whilst the outer error bars show the statistical
and systematic uncertainties combined in quadrature. Taken from [1760].
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This example from H1 and ZEUS could be carried forward directly into an EIC context,
where x and Q2 reconstruction precision will be of very high importance. There may be
other such cases, for example in possible trade-offs between particle identification and
tracking performance, where space restrictions in the inner detector region may preclude
the simultaneous optimization of both. Similarly, it may be possible to vary the interaction
region design slightly between the two interaction points in a way that places different
limitations on the acceptance of the beamline instrumentation, or exploits the idea of a
secondary focus. Whilst it may not be possible to optimize the design of all possible com-
ponents in a single detector, it may yet be possible to do so in a carefully pre-prepared
combination of two detectors.

12.3.4 Technology Redundancy and Cross Calibration at EIC

The general requirements for an EIC detector as identified stem from the central goal to
cover the entire EIC physics program, the expected event geometries and the constrains
coming from the overall collider design. Nevertheless, the detector design and the selected
technologies may differ.

The following general characteristics are assumed, the central detector instruments the
pseudo-rapidity region −4 < η < 4. This acceptance range matches the needs of the in-
clusive, semi-inclusive, jet physics and spectroscopy studies. It is complemented by the
very forward and backward detectors (Sec. 11.6) ensuring the hermeticity and the forward
tagging required by specific items of the physics program; in particular: exclusive reac-
tions and diffractive channels. The main requirements of the central detector dictated by
the physics program and the event geometry are related to (1) tracking and momentum
measurements, (2) electron identification, (3) hadron identification and (4) jet energy mea-
surements, while the overall detector size is imposed by collider design considerations (see
section 12.1):

1. very fine vertex resolution, at the 20 µm level for the three coordinates, is needed,
while a moderate momentum resolution around 2% matches the physics require-
ments;

2. the purity requirements for electron/hadron separation are at the 10−4 level in the
backward and barrel regions and, for this purpose, the figures for the electron energy
resolution are very demanding, in particular in the backward region where an r.m.s.
of 2%

√
(E) is needed; in the same direction, the request is for a light detector, where

the material budget should not exceed 5% X0;

3. the identification of the different hadron species in the whole central detector cover-
age, namely for hadrons with momenta up to 50 GeV/c, is requested with 3σ π/K
separation over the whole range as reference figure;

4. the measurement of jet energy in the forward direction is a necessity, while moderate
resolution of the order of 50%

√
(E) can match the needs;
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Table 11.49 summarizes the different technologies, which have been identified throughout
the Yellow Report initiative to fulfill the science requirements. As can be seen sometimes
technologies combine several functions, i.e TRD e-h separation and tracking information,
or a AC-LGAD based pre-shower combining tracking, ToF and e-h separation, in one de-
tector versus single function detectors. In addition all of the different technologies will
come with different amount of dead material impacting performance and the capability
to study systematic detector effects, these are two of the most critical characteristics if one
wants to quantify the performance or bias of a measurement. Such basing the design of the
two General Purpose Detectors on different technologies from the beginning will naturally
design technological redundancy and the ability for cross calibration into the two General
Purpose Detectors and even more importantly both aspects guarantee maximal capability
for best cross checking results. To guarantee optimal integration of complementarity in the
two General Purpose Detectors excellent communication between both collaborations and
as complete as possible testbeam information and GEANT MC tools are needed.

12.4 Motivation for Two Detectors: Complementarity of Physics
Focus

The wide-ranging physics program of the EIC, combined with the physical limitations of
the beam and IR design, leads to diverse, sometimes mutually exclusive, demands on the
detector design. This section explores some of the examples that have already come to
light. Others are expected to emerge as more detailed simulations of the overall detector
design become available and the subtleties involved in combining input from multiple
detector components become apparent.

12.4.1 Experimental Solenoid Design

One area where there is a clear potential conflict between the needs of different physics
processes is in the strength of the solenoid magnetic field in the central region of the detec-
tor. For a single detector, a compromise is required between low field values to avoid loss
of acceptance where low transverse momentum charged particles are bent to the extent
that they are not reconstructed in the tracking region versus high field values to allow pre-
cision tracking measurements of charged particles with large transverse momenta. In the
case of the scattered electron in neutral current DIS, the tracking measurement is supple-
mented by a calorimeter energy measurement that improves in precision with increasing
pT. However, for other cases where hadrons (or perhaps muons) are involved, the tracking
measurement is the limiting factor.

As an example, the distribution of kinematics for SIDIS hadron production is illustrated
in figure 12.2. Pions are shown here, but other hadrons (K, p and n) follow similar dis-
tributions. The distribution is dominated by particles with pT substantially below 1 GeV,
which are important for example for precision measurements of semi-inclusive DIS, lead-
ing to studies of TMDs and fragmentation functions, and for spectroscopy. On the other
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Figure 12.2: Simulated distribution of momentum versus pseudorapidity for hadron pro-
duction for different c.o.m energies from left to right of 18 GeV electrons on 275 GeV pro-
tons, 10 GeV on 100 GeV and 5 GeV on 41 GeV. The following cuts have been applied: in-
elasticity 0.01 < y < 0.9, momentum transfer Q2 > 1 GeV, and W2 > 10 GeV2, as well as
0.05 < z < 0.95 for the pions. The normalisation is arbitrary.

hand, the distribution extends to the regime of several tens of GeV, where the precision
measurements of the highest pT particles is crucial for methods of reconstructing the event
kinematics that rely on hadrons, such as the Jaquet-Blondel method for charged current
DIS and mixed hadron-electron methods for neutral current DIS at low y.

In the discussion during the Yellow Report the following more quantitative considerations
and requirements for the solenoidal magnet have been identified;

• The main advantage of, for example, a 3 Tesla versus a 1.5 T central solenoid field is
for the momentum resolution of charged particles as a function of pseudo-rapidity,
for detailed studies see section 11.1. Doubling the magnetic field can lead to a re-
duction of the momentum resolution by a factor of ∼ 2 from a leading order 1/B
dependence. This is relevant in the central region, but even more so in the forward
pseudo-rapidity regions, η > 2, where the momentum resolutions rapidly worsen.
For example, for η ∼ 3, a momentum resolution of ∼2-3% is achievable for pions
with momenta up to about 30 GeV/c with a 3 T central field.

• The main advantage of accessibility of low central solenoid fields (down to 0.5 T)
is towards the low-PT acceptance of charged-particle tracks. A central field of 0.5
T roughly equates to a detection capability of charged particles down to transverse
momenta of below ∼ 0.05 GeV/c. This is for example important in mapping the
decay products of heavy-flavor mesons and in measuring inclusive charged particle
spectra.

• The required low pT detection threshold strongly depends on one requires particle
identification or not. The following table summarizes the achievable lower cut offs
for charged pions requiring to reach a PID detector at 1m or only reconstructing the
track pT and its charge with the microvertex tracker.
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lowest pT 0.5 Tesla 1 Tesla 3 Tesla

with PID @1m 75 MeV 225 MeV 450 MeV
no PID 25 MeV 50 MeV 100 MeV

• One other critical aspect of the magnet is its bore radius (see also subsection 12.4.2).

– To guarantee sufficient flexibility for detector choices to satisfy EIC science re-
quirements of good tracking and particle identification, and hermetic electro-
magnetic calorimetry, assuming hadronic calorimetry will be located outside
the magnet coil. Note: the barrel region is “defined” as between pseudo-
rapidity of -1 and 1. This means that for a certain bore size x (typical assumed
bore diameters are of the order of 3.2 m), the coil space will be ∼ 1.2 ∗ x, addi-
tional space is needed for the cryostat bringing the total length of the magnet to
∼ 3.9m. The cryostat length defines the separation between the central barrel
region and the forward and/or backward end cap regions.

– The coil/cryostat length is a delicate balance.
Space in the barrel region for subdetectors is at a much higher premium than
in forward and backward regions, which can pose limits on reaching the EIC
detector requirements. The transition of the barrel to the endcaps is likely one
of the regions where detector infrastructure (support, cabling, etc.) will reside,
and detectors such as a RICH will “flare out”, or trade-offs between hermeticity
of an electromagnetic calorimeter and a DIRC will occur.

It is clearly challenging to simultaneously optimize the magnetic field strength and other
features of the magnet to all aspects of the EIC physics program. For a single detector
solution, either one physics area has to be prioritised over others, or else a compromise is
required, whereby one operates the experiment at different B-fields to optimize for differ-
ent physics scenarios, but this would be extremely time consuming. On the other hand, in
a scenario involving two detectors, the field strengths could be rather different, such that
two General Purpose Detector experiments specialize in different physics areas, whilst re-
taining the ability to cross-check one another.

12.4.2 Tracking versus Particle Identification

In addition to magnetic field strength considerations, there is also a possible trade-off in
the central region of the detector between charged particle tracking precision and high
performance particle identification. Again, optimization for different physics topics leads
to different solutions. For example, inclusive DIS requires high quality tracking as dis-
cussed in section 12.4.1 together with efficient separation between electrons and pions,
whereas semi-inclusive DIS measurements lead to add additional hadron identification
requirements. Other topics such as exclusive vector meson production processes, parti-
cle spectroscopy and heavy flavour studies all require a mixture of the two with differing
emphasis in each case.
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Radial space needs
Function Minimum Maximum Minimum Maximum

Tracking All Silicon Silicon + TPC

(includes 5 cm support)
50 cm 60 cm 85 cm

Hadron RICH DIRC
PID 50 cm 10 cm
EM Calorimetry 30 cm 50 cm High-Resolution to achieve P < 2 GeV

50 cm
PID & EMCal 10 cm 15 cm 10 cm 15 cm
Support Structure
Total 140 cm 175 cm 155 cm 160 cm

Table 12.1: A high level description of the spatial needs of different subdetector combina-
tions in the barrel.

Much of the space in the central region in the nominal detector design is taken up with a
large Time Projection Chamber, which brings the advantages of low material budget and
high performance particle identification through specific energy loss dE/dx, with addi-
tional particle identification capability through RICH and Transition radiation detectors
and only a relatively small silicon vertex detector. It is therefore well matched to a physics
program that requires particle ID for a range of particle species and momenta.

An alternative concept that has been put forward during the Yellow Report discussions
is to instrument the central region with an all-silicon tracker, based on CMOS Monalithic
Active Pixel Sensors (MAPS). The corresponding device would be significantly more com-
pact (outer radius of 45 cm as compared with 80 cm) and would slightly improve trans-
verse momentum measurements and vertexing at the expense of particle identification
performance. The space saved might be used for example to implement other solutions to
particle identification. These different technological solutions have a direct interplay with
the design of the detector solenoid. Table 12.1 shows the interplay between subdetector
technologies and the requirement for the detector solenoid bore size. Of course this opti-
mization needs to go hand-in-hand with the optimization of the magnitude of the B-field.

Once again, a thorough investigation of the merits of the different designs will become
possible when fully integrated simulations of multiple sub-detectors become available.

12.4.3 Hermiticity and Acceptance Gaps

Whilst the intention of a general purpose detector is to cover the full solid angle for par-
ticle production as hermetically as possible, gaps in acceptance and directional peaks in
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dead material are inevitable in any single design. An example for the case of the scat-
tered electron in inclusive neutral current DIS is shown for the nominal EIC detector de-
sign in figure 12.3. There is inevitably a gap in acceptance between the lowest scattering
angles where the electron is reconstructed using beam-line tagging and larger scattering
angles where the electromagnetic calorimeter in the central detector is used. The strong
correlation between the scattered electron angle and Q2 leads to a corresponding gap in
acceptance as shown in the figure. Although the interaction region design is strongly con-
strained by machine considerations, it may yet be possible to design the beam pipe and
associated instrumentation such that the gap in acceptance arises at a slightly different
angle in a second detector compared with that in the first, such that there is complete
coverage at all Q2 from the point of view of the overall EIC program. Other similar exam-
ples will inevitably appear throughout the detector design. One example is the outgoing
hadron beamline instrumentation, with the potential to vary the positions of Roman pots
and a B0-like detector if a second interaction region design allows suitable variation in
gaps between beam elements. In the central detector region, cracks between modules of
any sub-detector are unavoidable, as well as at the interface between barrel and end-cap
components. Once again, forward planning exploiting the redundancy offered by having
two detectors may avoid such issues for the combination.

Figure 12.3: Assessment of the overall acceptance for the reference detector and combined
with the low-Q2 taggers placed along the IR for the scattered electron as a function of Q2

when considering both beam-line instrumentation and the central electromagnetic calorime-
ters. Results are shown from two different physics models.

12.4.4 Optimization to different centre of mass energies

The EIC program involves running at least two different centre of mass energies as sum-
marised in figure 12.4.
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Figure 12.4: A schematic representation of the luminosity and center-of-mass energy need
of the different EIC physics topics.

This gives an other very important opportunity to optimize the two general purpose detec-
tors by also optimizing the two interaction regions for complementarity, i.e. to maximise
the instantaneous luminosity at either high or low

√
s. If the design of the second interac-

tion region would for example focus on the lower
√

s value, then the quadrupole magnets
might be moved closer to the interaction point, eventually in the acceptance of the detec-
tor, the crossing angle and details of the secondary focus may change, which require a
correspondingly different detector solution, particularly in terms of the beamline instru-
mentation. Table 12.2 gives an idea how the two different IRs could be optimized taking a
complementarity approach.

The slightly different physics focus at large and small
√

s also leads to different optimiza-
tions for the central detector components and magnetic fields via the considerations dis-
cussed in the previous sections. It may therefore be possible to have two general purpose
detectors operating throughout the EIC lifetime, with their performances optimized to dif-
ferent

√
s such that all measurements can be cross-checked, but the specialisms of the two

detectors differ.
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12.5 Opportunities from Fixed Target Mode Operation

One final consideration is that a considerable range of complementary physics scope can
be accessed by running experiments in fixed target mode, either simultaneously with col-
lider mode operation or in dedicated EIC runs. This mode of operation has been achieved
previously for example at RHIC by the STAR [1761] experiment and at the LHC by the
LHCb [1762] and ALICE experiments [1763]. It is most easily realizable through the intro-
duction of a gas target which can be spatially separated from the colliding mode interaction
point in order to remove ambiguities between beam-beam and beam-target collisions. Al-
though the center of mass energy is drastically reduced, the very forward kinematics give
access to regions of phase space that are hard to access in colliding beam mode and allow
kinematic overlap and hence comparisons with previous fixed target experiments.

In the EIC context either the electron or the proton / ion beam or both could be used in
combination with the fixed target. The e+pand e+Aoperation mode naturally accesses high
x physics and, depending on target, adds to previous data from HERMES, Compass and
JLab. The p+pand p+Amodes similarly address novel kinematic regions and interface to
previous experiments. This additional physics scope is in principle achievable ’for free’,
but requires some prior thinking in the detector design.

12.6 Summary

The clear conclusion from the Yellow Report exercise is that the best way to optimize the
science output of the EIC is to construct two General Purpose Detectors with associated
communities of experimental physicists that operate in friendly competition, as has been
the case at most previous collider facilities. The strongest motivation for this lies in the
need for independent cross-checking of important results; the scientific community usu-
ally only becomes convinced of exciting new discoveries when two different experiments
with different systematics arrive at the same conclusion. Studies performed to date al-
ready suggest that there is an opportunity to optimize the overall physics output of the
EIC in terms of precision and kinematic range through careful complementary choices of
basic features of the two general purpose detectors such as bore radius and B-field of the
Solenoid, as well as sub-detector technologies, leading to different acceptances, technology
redundancy and cross calibration.

The strong diversity of EIC science imposes the essential feature that the interaction region
and the detector at the EIC are designed so all particles are identified and measured at as
close to 100% acceptance as possible and with the necessary resolutions. Slight variations
of the interaction region design between the two interaction points, for example to exploit
the idea of a secondary focus, can allow further optimization and enhancement of EIC
science reach. More detailed and precise statements will become possible when a simula-
tion of the full detectors become available, such that the expected performance of different
combined sub-detector configurations, or ways to integrate the detector in the interaction
region with possible complementary beam line optics, to maximize EIC science reach can
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be studied in detail and quantitatively.

Perhaps in contrast to previous colliders, the aim is thus to build complementarity into the
design of the two general purpose detectors for the EIC from the outset, even before the
collaboration formation stage begins.



Chapter 13

Integrated EIC Detector Concepts

The baseline EIC configuration currently includes one fully instrumented Interaction Re-
gion (IR) and one general purpose physics detector. It is assumed that the detector will be
located in IP-6 (the STAR Hall), and that the available infrastructure will either be re-used
or will serve as a reference for the future EIC installation. Complementary information
about IP-8 (the PHENIX Hall), that can house the second detector, is given where appro-
priate.

13.1 Hall infrastructure

In addition to the beam line area (the Wide Angle Hall), RHIC IP-6 has an Assembly Build-
ing with adequate floor space for detector maintenance work, as well as a control room,
counting house, office space, electronic/mechanical workshops, gas shed, online comput-
ing room and other service areas, as shown in Fig. 13.1.

The general specifications for the IP-6 and IP-8 experimental halls are provided in Tab. 13.1.

Table 13.1: IP-6 and IP-8 experimental hall dimensions and related data. Hall width goes
parallel to the beam line in this table, see also the Wide Angle Hall boundaries in Fig. 13.1.

IP-6 IP-8

Hall length and width 3200 cm x 1615 cm 1737 cm x 1859 cm
Distance from floor to beam line 432 cm 523 cm
Door dimensions (W x H) 823 cm x 823 cm 927 cm x 1017 cm
Floor load capacity 5000 psi 4000 psi
Crane capacity 20 ton 12 ton

The coordinate system of the EIC experiment is oriented as follows. The z-axis is along the
beamline toward the outgoing hadron direction, the y-axis points upward, and the x-axis

652
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Figure 13.1: RHIC IP-6 experimental area layout. STAR detector shown schematically in the
beam position in the Wide Angle Hall.

points toward the EIC-accelerator center.

Detector subsystem infrastructure requirements include various types of cooling, power
(clean, utility, generator-backed), cryogenics, cabling, service lines, and gas system speci-
fications for gaseous detectors. These requirements cannot be specifically identified at this
stage of planning, but will be developed by the Detector Working Groups for a subset of
the EIC detector technologies in the future. The following is a list of items which needs to
be considered during integration:

• Electronics racks and data cables

The bulk of the electronics cables and service lines for the sub-detectors will be routed
through gaps which exist between the barrel and endcap regions. As a result, the
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installation design for these cables must accommodate the removal/repositioning of
the endcaps.

• Power distribution and grounding

Electrical requirements for all sub-systems must be defined as part of their functional
specification. For power, this includes the voltage and amperage required for each
system, as well as any necessary power transformations. Power quality will also
need to be identified for each system, e.g. clean power, utility power, generator-
backed power, etc.

• Cooling and gas installation

Heat rejection for each system will be identified and quantified. As a best practice,
every watt of power that is consumed within or introduced into the experimental
hall, must be offset by an equivalent amount of cooling. A cooling assessment will
identify which components are cooled by environmental HVAC (Heating, Ventila-
tion, and Air Conditioning), which are cooled by LCW (Low-Conductivity Water),
and which are cooled by auxiliary cooling systems. The cumulative load this places
on external heat removal systems, such as chilled water plants and cooling towers,
will also be assessed.

The type and volume of gases will be evaluated to determine the best locations for
gas storage, the potential risks involved with the various gases, and how gases will
be delivered to the sub-systems.

• Cryogenic capacity

The cryogenic demand for each sub-system will be calculated as a collaborative effort
between the design engineers and the cryogenic support group. System design will
seek to develop a delivery pathway that minimizes losses, and reduces the number
of connections and disconnections that are required during normal operations and
maintenance.

• Shielding against penetrating particles from the machine

The size and configuration of radiation shielding will be calculated as a collaborative
effort between the physicists, design engineers, and the radiation control group.

13.2 Safety and Environmental Protection

It is assumed that the experimental hall’s safety systems (sprinklers, oxygen deficiency
hazard monitors, smoke alarm) are provided as part of the RHIC infrastructure. The de-
sign and operation of the EIC sub-detector components will follow BNL safety regulations
governing radiation controls, interlock systems, and hazardous materials or systems such
as flammable gases, lasers, cryogenics, etc.
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Additionally, the installation area will be equipped with a fast beam dump system which
is integrated with the accelerator controls. This system will prevent radiation damage to
the detector in the event that unstable beam conditions occur.

Finally, during the collider commissioning phase, an instrumented beam pipe will be in-
stalled in place of the actual detector. This device will be equipped with a robust set of
apparatus that allows the machine performance to be assessed without exposing the ac-
tual EIC detector to potentially damaging beam conditions.

13.3 Installation

At this time, the composition of the EIC central detector is not defined to a level of detail
that is sufficient to provide a step-by-step installation procedure. However, the overall de-
tector layout, as well as several boundary conditions, are sufficiently understood to make
the following assertions:

• In order to maximize luminosity, the beam line final focusing quads must be posi-
tioned as close to the IP as possible. The current Interaction Region design provides
approximately 9 meters of space for the main physics detector, with accelerator beam
line elements installed in the adjacent areas. It is assumed that these elements (quads
on the incoming hadron side and B0 magnet on the incoming electron side) WILL
NOT be moved for installation or maintenance of the central detector.

• Having 4π coverage in tracking, calorimetry and PID, the general purpose EIC de-
tector is likely to consume 100% of the available space.

• The door connecting the assembly area and the installation area is 823 cm wide. Ac-
cordingly, the fully assembled, ∼9 meter long detector cannot be moved intact be-
tween the two areas without making structural modifications. To accommodate this,
it is assumed that one or more of the calorimetry endcaps will be placed on inde-
pendent carriages that allow them to be separated from the main detector before
moving.

• The space in the installation area is not sufficient to perform any significant assembly
or maintenance on the central detector (see Fig. 13.1). Consequently, the bulk of
assembly and maintenance must be performed in the assembly hall.

Although the following considerations do not represent hard constraints, they will impact
system design and operation:

• The solenoid cryostat chimney must be designed such that it does not need to be
disconnected whenever the detector is relocated from the installation area to the as-
sembly area, and vice versa. The current expectation is that the cryo-can will be
mounted to the interior wall of the assembly area and will be connected to solenoid
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using a flexible cryogenic line. This line will be sufficiently long to remain connected
to the solenoid when the central detector is in either room.

• In order to minimize the amount of silicon detector cabling in the electron endcap
acceptance, the pre-assembled silicon tracker modules must be inserted into their
nominal position from the hadron endcap side, with all cabling attached and routed
through the ”service gap” between the barrel and the hadron endcaps. This opera-
tion cannot be performed with the high-momentum gaseous RICH detector already
installed in the hadron endcap, since it will block access to the central area. Addition-
ally, due to space constraints along the beamline, the∼1.5 meter long RICH modules
cannot easily be installed into the central detector in the beam position. A possible
solution is to pre-assemble the entire central part of the main detector (the barrel, the
silicon forward / vertex / backward tracker, and all of the endcap acceptance equip-
ment except for the calorimetry), together with the central piece of the beam pipe, in
the assembly area.

This set of constraints and supporting considerations provides the foundation for the de-
tector “building block” composition and the installation sequence, described below. A
general purpose EIC detector, schematically shown in Fig. 9.3, will be used as a reference.
Fig. 9.2 shows a perspective view of the EIC detector.

As illustrated in these figures, the detector can be naturally subdivided into three parts:
the central barrel, which is built around the solenoid magnet yoke, and the two endcaps.

The endcap hadronic calorimeters are expected to be of an Fe/Sc sandwich type, with
the magnetic structural steel used as an absorber. By design, they will be self-supporting,
serve as a solenoid flux return, and will be able to provide mechanical support to other
subsystems. To optimize construction, as well as the access strategy, it may be beneficial
to locate not only the hadronic, but also the electromagnetic calorimetry in the endcap as-
semblies, as shown in Fig. 13.2 for the hadronic calorimetry. This will certainly be true
for the hadron endcap should a spaghetti W/SciFi e/m calorimeter technology be used
in a configuration with the photo-sensor electronics installed on the upstream end of the
towers. In that case, the hadronic and e/m calorimeter assemblies will likely be physi-
cally connected to one another face-to-face, with the barrel hadronic calorimeter to hadron
endcap split then also needing to be aligned with the front of the e/m calorimeter. Once
the endcap halves are rolled out, one will have access to both the e/m calorimetry front
end electronics, and to the electronics and services of a substantial fraction of the central
(barrel) part of the detector.

In order to meet space constraints, it is expected that the endcap assemblies can be moved
laterally relative to the central part of the main detector. This should be achievable with a
few cm of clearance, making it unnecessary to move them a substantial distance outward
along the beam line. To accommodate this, it will be required that no part of the central
detector is installed in the recess of either of the endcaps, and vice versa.

In this approach the support frame and the carriage system consist of five independent
parts (one for the central piece and two more for each of the endcaps (see Fig. 13.2), each on
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their own sets of the heavy duty Hilman rollers. Given the size of the endcap calorimeters,
and the expected density of the absorber material, the total weight of each of the four of
the endcap halves is estimated to be between 80-100 tons. The weight of the central part
of the detector is estimated to be on the order of 500 tons, similar to the fully assembled
sPHENIX detector without endcaps.

Figure 13.2: Barrel part of the main detector shown in the beam position. The endcaps
shown rolled out to provide the space to access the inner parts of the barrel detectors.

The beam pipe configuration (as shown in Fig. 13.3), is expected to roughly follow the 1.5
m + 6.0 m + 1.5 m breakdown scheme, matching the main physics detector and consists
of a ∼6.0 m long central part and two ∼1.5 m long endcaps. The central piece may be
composed of more than one part. However, the installation procedure described here may
be impacted if bulky, permanent flanges are used to interconnect the parts.

As shown in Fig. 9.3, it is assumed that a clear ∼40 cm diameter ”bore” is allocated for the
forward / vertex / backward silicon detector assembly installation, and it is not obstructed
by any other endcap equipment.

The pre-assembly sequence of the endcaps is straightforward, and does not require a de-
tailed description at this stage.

Starting from the outer parts (the hadronic calorimeter, integrated into the solenoid flux
return) the central part of the detector will be assembled on its own support structure. The
inner barrel components (the solenoid cryostat, e/m calorimeter modules, PID detectors
and the central volume tracker) will be added to the assembly one by one, in sequence, as
is typically done for this type of detectors (e.g. BaBar and sPHENIX). Next the central piece
of the beam pipe, as well as the two pre-assembled halves of the vertex silicon tracker are
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installed, with the latter ones connected to provide minimal clearance to the beam pipe.
The endcap tracker and PID detector modules will be installed afterwards, starting from
the inner modules.

Figure 13.3: Interaction Region vacuum chamber layout.

The installation sequence of the B0 magnet equipment and the pre-assembled main detec-
tor blocks can look like this:

• The silicon tracker and the e/m calorimeter of the B0 magnet spectrometer are in-
stalled in its warm bore.

• The approximately 6 m long central part of the main detector, built around the
solenoid magnet yoke, is rolled into the beam position, together with the electronics
trailer and the pre-installed central piece of the beam pipe. The endcaps are pre-
assembled in the experimental hall. When necessary, they can be split in half and
moved away from the beamline, allowing access to the beam pipe for installation or
removal.

• ∼1.5 m long pieces of the beam pipe are installed, together with the respective pump
stands. This operation closes the accelerator Ultra-high vacuum (UHV) volume.

• The endcap halves are rolled towards the beam line and bolted together, as well as
connected to the solenoid flux return yoke.

These actions are performed in the reverse sequence to move the detector from the experi-
mental hall to the assembly area for maintenance.

Fig. 13.4 shows the final installation of the EIC detector in the IP-6 hall.

13.4 Detector Alignment

The internal alignment of the high-precision silicon tracker modules will be done on the
bench, prior to installation in the experimental apparatus. It is assumed that the relative
alignment of the detector components with respect to one other, to the solenoid magnet
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Figure 13.4: A model of the current detector system design in the experimental hall with
magnets, cryocan, and rear carriage for the electronics.

and to the beam line elements should be performed to accuracy on the order of ∼100 µm.
This level of accuracy can be achieved using modern laser tracker survey apparatus, and
by providing a redundant set of alignment marks on the detector frames, which are sur-
veyed together with the network of the permanently mounted 3D points (survey mark
nests) in the experimental hall. Maintaining visibility of the detector survey marks within
the dense EIC installation environment will be a concern though, particularly for the inner
tracker modules. Still, it should be noted that the ultimate alignment on the micron level
of accuracy will be performed by software using the real particle tracks.
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13.5 Access and Maintenance

Three different access and / or maintenance scenarios are expected. A short-term (con-
trolled) access to the detector installation area where there will be no (dis)assembly of
the equipment. This scenario would allow access to the electronics trailer, as well as the
outer part of the sub-detector components, like front-end electronics (FEE) of the hadronic
calorimeters.

A short shutdown (typically an emergency event) would allow the detector endcaps to be
rolled out as indicated in Fig. 13.2, providing an access to the endcap e/m calorimeters,
outer part of the endcap trackers, beam pipe, as well as to a portion of the barrel part of
the detector and the B0 silicon tracker for short maintenance. This procedure will be easier
in IP-6 (STAR Hall) than in IP-8 (PHENIX Hall) due to the tighter space constraints in IP-8,
see Tab. 13.1, leaving less space to walk or move equipment (Fig. 13.5).

During a long shutdown, the barrel part of the EIC detector could be moved out of the
hall completely and sub-components could be disassembled safely. Fig. 13.6 shows how
the barrel part of the detector together with the rear carriage could be rolled into the main-
tenance area outside of the hall. It is important to keep the readout electronics at the rear
carriage next to the detector, to provide an easy way to test sub-components during the
shutdown. Such a shutdown involves disassembly of the IP beam pipe section, as well as
the beam pipes of the Rapid Cycling Synchrotron (RCS), dismantling of the shielding wall
between the installation and assembly halls, and would require several weeks of down-
time.
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Figure 13.5: IP-8 (PHENIX Hall) installation.
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Figure 13.6: The barrel part of the detector and the rear carriage rolled into the maintenance
area.



Chapter 14

Detector R&D Goals and
Accomplishments

In this report, the EIC community motivates the need for two general-purpose detectors.
With this in mind, different specific detector concepts with complementary designs have
been developed and studied as described in previous chapters. While significant progress
has been reached in developing these concepts, work is still needed to ensure that the
respective detector technologies reach a viable state of maturity for construction readiness
and EIC science.

The need for R&D was realized early by the community and laboratories and in January
2011 Brookhaven National Laboratory, in association with Jefferson Lab and the DOE Of-
fice of Nuclear Physics, created a generic detector R&D program to address the scientific
requirements for measurements at an EIC. The primary goals of this program were to de-
velop detector concepts and technologies that have particular importance to experiments
in an EIC environment and to help ensure that the techniques and resources for imple-
menting these technologies are well established within the EIC user community. It was
also meant to stimulate the formation of user groups and collaborations that will be essen-
tial for the ultimate design effort and construction of the EIC experiments.

This program is, at the time of writing of this report, supported through R&D funds pro-
vided to BNL by the DOE Office of Nuclear Physics and is open nationally and inter-
nationally to the whole EIC community. Funded proposals are selected on the basis of
peer review by a standing EIC Detector Advisory Committee consisting of internationally
recognized experts in detector technology and collider physics. This committee meets ap-
proximately twice per year, to hear and evaluate new proposals, and to monitor progress
of ongoing projects1. The program is administered by the BNL Physics Department.

Many of the supported projects, ongoing or completed, developed technologies that are
now integral parts of existing detector concepts or are regarded as potential alternatives.

1The web site of the generic R&D program with a description of the projects and all related documents and
presentations is https://wiki.bnl.gov/conferences/index.php/EIC_R%25D.
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The vertex detector R&D consortium, eRD25, aims to develop new improved MAPS sen-
sors to meet the requirements demanded by the EIC requirements. Various MPGD tech-
nologies, such as GEM, Micromega, and µRWELL, have been pursued by the tracking
consortium, eRD6, for low material tracking in barrel and forward regions as well as TPC
readouts. New concepts like miniTPCs and integrated Cherenkov-TPCs had been devel-
oped and tested. Many options for electromagnetic, and recently, hadronic calorimetry
have received R&D effort. From this grew the W-SciFi calorimeter, scintillating fibers em-
bedded in a W-powder composite absorber. In parallel, novel scintillating glasses have
been developed with unprecedented quality as an alternative to expensive PbWO4 crys-
tals. The particle ID consortium, eRD14, is pursuing various technologies, such as DIRC,
dual RICH with gas and aerogel radiators, and new coating materials like nano-diamonds
to replace CsI for RICH photo sensors are under investigation in eRD6. Time-of-Flight
detectors, as well as Roman Pots for forward proton detection, require highly segmented
AC-LGAD sensors whose development has just started to get supported by the program.

Besides hardware R&D the program supports various vital projects such as machine back-
ground studies and simulation software developments to enable more accurate definition
of the physics’ requirements. Sartre and Beagle are two examples of Monte-Carlo event
generators whose development was substantially boosted by the program. Both were in-
tensively used in the context of this report.

The generic R&D program was and is a vital part of the overall EIC efforts with over 280
participants from 75 institutions. Despite moderate funding, many groups are making
excellent progress on many vital technologies needed for an EIC detector. The generic
R&D program was not the only source of support for R&D relevant for an EIC detector.
Several National Laboratories, among them BNL, JLab, ANL, and LANL, supported EIC
detector R&D through Laboratory Directed Research & Development Programs (LDRDs)
and many university groups in and outside of the US, active in the many R&D projects
received support from their respective department and/or funding agencies. The EIC also
benefited substantially from R&D conducted for many HEP and NP experiments such as
ALICE and LHCb at CERN, Panda at GSI and Belle-II at KEK.

In the coming years the generic R&D program will be replaced by a targeted program
funded out of the EIC project and guided by a Detector Advisory Committee (DAC). How-
ever, the community sees also a need for a continuation of a more generic program to
support technologies that go beyond the immediate needs of a day-1 detector.

In the following we discuss the remaining R&D needs for technologies that are candidates
for being deployed in a multi-purpose EIC detector. Here we do not distinguish areas of
targeted R&D, i.e., R&D needed to ensure a functional baseline EIC detector on day-1 and
more generic R&D, i.e., more future-looking detector concepts and technologies that have
the potential to enhance the scope of EIC science in the outyears. The respective timelines
are indicated in the individual section.
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14.1 Silicon-Vertex Tracking

14.1.1 Monolithic Active Pixel Sensors (MAPS)

The EIC requires precision tracking with very low X/X0. The goal of MAPS R&D is to
develop sensors that meet the stringent EIC requirements for vertexing and tracking. The
combination of very high single point spatial resolution (< 5 µm) and very low mass de-
tector layers makes MAPS technology the most suitable candidate. The need for a new
sensor with ITS3 like attributes is demonstrated in Chapter 11. More specifically, work is
underway at CERN on a 65 nm MAPS detector for the ALICE Inner Tracking System 3
(ITS3) project [1437] and it is suggested that joining this development is the most efficient
route to an EIC MAPS detector. The advantage of this route is that the design parameters
for the ITS3 based sensor technology closely match EIC needs, including 10 µm2 pixels
(very precise spatial resolution), low power dissipation (reduced needs for cooling and
power delivery leading to reduced infrastructure) and sensors thinned to 30-40 µm (low
X/X0). Furthermore, there are significant advantages in joining a well-funded and staffed
existing design effort (high likelihood of success). The ITS3 work is already underway,
so funds and support would be needed rapidly to enable full exploitation of this oppor-
tunity. An additional consideration is that further effort and funds would be needed to
adapt the existing ITS3 design goals to an EIC specific sensor for the barrel and disc lay-
ers. The needed R&D is to support the development of a MAPS sensor based on the ITS3
development currently underway at CERN. The work done will follow the path described
in eRD-25 R&D program and transition into an EIC silicon consortium effort. The goal of
this consortium is to develop a MAPS sensor and associated powering, cooling, support
structures, alignment mechanics and procedures, control and ancillary parts as necessary
to produce a detector solution for silicon tracking and vertexing for the central tracking
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parts of an EIC detector. This will include significant design, testing, prototyping and the
groundwork/R&D to lead to a funded construction project. A more detailed description
of the current path that leads to an EIC optimized sensor and associated infrastructure can
be found in the eRD25 proposal2.

It is critical that this R&D program be supported immediately and continuously to allow
for the integration of the EIC based design and testing team into the ITS3 effort and to allow
for the contribution of the EIC consortium members to the developing design. Looking at
the schedule for this development to lead to an EIC optimized sensor in the time-frame
needed for detector construction, delay would seriously impact the likelihood of success.
We expect this development to take the full ITS3 sensor development time of 4 years plus
two additional years to end up with a successful EIC sensor variant. The product of this
effort can be used at either or both interaction points. It is intended as a full silicon based
inner tracking and vertexing solution. The overall designs (number of barrel layers and
discs, spacing, etc.) may be different for each region, but the need for high precision inner
tracking/vertexing is likely to be present at both detectors. The initial timeline is indicated
in detail in the FY21 eRD25 proposal. This R&D program is needed for a day-1 detector
and would be very applicable to subsequent/parallel efforts for a detector at the second
interaction point.

14.1.2 Silicon-Sensor Tracking Fallback

The goal of sensor tracking fallback R&D is to monitor developments in 180 nm MAPS, Sil-
icon on Insulator (SOI), and LGAD technologies that can be developed into tracking sensor
solutions for EIC tracking. It is prudent to keep abreast of developing sensor technologies
and to plan for a fallback solution should the 65 nm MAPS development in collaboration
with the ALICE ITS3 project prove to be unsuitable for this purpose.

The combination of very high single point spatial resolution (< 5 µm) and very low mass
detector layers leads to the selection of silicon based sensors for EIC tracking. While a
path to meet the EIC requirements using 65 nm MAPS technology has been identified,
production of sensors for construction of an EIC tracking detector should begin in the 2026
time frame in order for a detector to be ready for use in the 2030 time frame. During
this development time, contingency plans using other technologies should be developed.
The most promising existing technology for a fallback path is 180 nm MAPS based on
ALPIDE or Depleted MAPS (DMAPS) sensors such as MALTA. The pros are having an
alternative path to success should the existing effort be unsuitable due to technology or
schedule considerations. The cons are that general silicon R&D can be expensive in both
material costs and effort and having two parallel path of MAPS development might be
prohibitive. While this is not the primary path, this could become the primary path to
having a sensor that meets the EIC requirements available in the needed time frame. It is
strongly believed that the 65 and 180 nm processes will be available through the expected
EIC detector construction period.

2See https://wiki.bnl.gov/conferences/images/6/6d/ERD25-Report-FY21Proposal-Jun20.pdf



CHAPTER 14. DETECTOR R&D GOALS AND ACCOMPLISHMENTS 667

The path involving the least amount of additional development is through the adaptation
of existing 180 nm designs. At this point it is still prudent to maintain a close watch on the
developing technologies of SOI and LGADs as progress is being made in both technolo-
gies. Doing the baseline R&D to develop a fallback path is urgent and increases the chances
of having a sensor available that meets EIC requirements in the needed time frame. This
should be explored in the 180 nm technologies.

This R&D program should be done in parallel with the timelines developed for the primary
ALICE ITS3 based effort on 65 nm MAPS. This development is needed for a day-1 detector
and would be very applicable to subsequent/parallel efforts for a detector at the second
interaction point or future detector upgrades. The LGAD technology offers very high tem-
poral resolution (tens of ps) and is also a candidate for TOF and bunch crossing timing
at the EIC. While MAPS technologies have proven low mass, low power dissipation and
very high single point spatial resolution to match EIC vertex and tracking requirements,
these features are not yet available in current state-of-the-art LGAD sensors. R&D in this
direction is however undertaken by a number of HEP and NP groups and progress should
be monitored.

A significant effort in simulation has been made to assess the suitability of additional tech-
nologies of HV MAPS and LGADs for use in the hadron endcap region and the B0 tracker.
While the current specifications of prototypes in these technologies do not meet the re-
quirements for the central barrel and inner-most discs, the technologies can be adapted for
tracking in the outermost discs. Current pixel sizes are 36.4 µm2 for MALTA and 100 µm2

for LGADs. The detector design and performance studies are shown in Sec. 11.2.5. A more
developed document of the path proposed for this development can be found in [846].

14.1.3 Services Reduction – Multiplexing and Serial-Fiber Off Detector Output

The primary goal for this R&D program is to reduce services loads by reducing the number
and volume of the way that data is taken off of the silicon tracking and vertexing detec-
tor. This effort will need to balance the reduction in service loads with the risks of losing
communication with larger parts of the detector in the event of single point failures. It
is possible that even with redundancy, one may be able to reduce the service loads sig-
nificantly. While this is primarily geared for the silicon tracking barrel layers and discs,
the product of this R&D could be applied to other detectors in the main detector volume.
Service reductions would be implemented in a day-one EIC detector, but also could be
improved for future detector upgrades.

The envisioned EIC requirement is the need for the reduction of the services loads with the
corresponding space and radiation length reduction. This matches the need for very low
radiation length of non-active parts of the detector. Most of these services will exist in the
acceptance of the tracking detectors and most of the acceptance of the surrounding detec-
tors (PID, Calorimetry, etc.) The advantages may prove to be quite significant. The risks
would be related to single point failures, but the hope that redundant paths with higher
bandwidth and lower mass connections could ameliorate these yielding net positive re-
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sults.

R&D would be needed in radiation tolerant multiplexing (probably using radiation toler-
ant FPGAs) and in high speed (5 GHz and above) fiber or multi-fiber optical transmission
components. Both of these technologies are complementary and R&D is urgently needed.
In general, this R&D provides the most benefit when it is co-developed with the detec-
tor technology (MAPS sensors, GEMS, etc.). This research could also complement and
integrate additional efforts in moving some of the early stage analysis onto the detector
(providing track candidates, etc.). This R&D could lag the primary sensor R&D by up to
six months as an estimate, but should be considered as part of the system level approach to
developing detector solutions. This is envisioned for a day one detector implementation.

14.1.4 Services Reduction - Serial Powering and/or DC-DC Converters for
Powering of Detector Components

This R&D aims at reducing the services loads by minimizing the number and volume of
the primary service load of the silicon tracking and vertexing detector, the power and re-
turn cables. The magnitude of this load in existing architectures has been documented in
detail (see section 11.2.11). This effort envisions investigating both possibilities of serial
powering, possibly with on-chip regulation and the use of on-detector radiation tolerant
DC-DC converters, either or both of which could significantly reduce the required amount
of power cabling. While this is primarily geared for the silicon barrel tracking layers and
discs, the product of this R&D could apply to other detectors in the main detector vol-
ume. The product of this R&D would be envisioned for a day-one EIC detector, but also
could be improved for future detector upgrades. As with the Multiplexing and Seial Fiber
Off Detector Output, the goal is the reduction in services and space needed for services
in acceptance of the parts of the tracking detectors and most of the acceptance of the sur-
rounding detectors (PID, Calorimetry, etc.) The advantages may prove to be quite signifi-
cant. The risk could be related to single point failures in the serial powering chains which,
depending on the architecture, could cause loss of powering to larger segments of the de-
tector, and limitation in the current scaling factor for integrated DC-DC converters. The
architectural aspects would be a significant part of the R&D.

This effort envisions investigating both possibilities of serial powering, possibly with on
chip regulation and the use of on-detector radiation tolerant DC-DC converters. Both of
these technologies are complimentary and R&D is urgently needed. This R&D, while ini-
tially envisioned for the silicon tracking detector, can be applied to other detector powering
systems with commensurate improvements in the powering services loads. In common
with the above multiplexing R&D program, this R&D provides the most benefit when
it is co-developed with the detector technology (MAPS sensors, GEMS, etc.). This R&D
could lag the primary sensor R&D by up to six months as an estimate, but should also be
considered as part of the system level approach to developing detector solutions. This is
envisioned for a day one detector implementation.
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14.2 Tracking

14.2.1 Low-Mass Forward/Backward GEM Detectors

Gas Electron Multipliers (GEMs) are a well-established MPGD detector technology that
will soon be operational on a large scale in current NP and HEP experiments, e.g., SBS
tracker, ALICE TPC upgrade, and CMS muon upgrade. In a day-one EIC detector, they
can provide cost-efficient fast tracking with good spatial resolution in the forward and
backward regions because they can cover a large area. For the same reason, GEMs could
also be employed as muon detectors at the outside of the detector.

The requirements on the momentum resolution are summarized in Sec. 10.6.

Simulations using EICroot, an early simulation framework, for 10 GeV pions showed that
for a detector geometry with vertex tracker, TPC, six forward MAPS disks, and with three
GEM detector layers each placed in front and behind a RICH vessel, the momentum resolu-
tion with a 1.5 T magnetic field is σp/p ≤ 1.5% in the GEM acceptance region 1.2 < η < 1.7,
which is close to meeting the backwards requirements. In the GEM acceptance region
1.7 < η < 3.1, the resolution is above 1.5% rising to about 3% at η = 3.1. Unlike the
requirements, it was observed in the simulation that the resolution does not grow exactly
linearly with momentum at higher momenta. For example, for a 40 GeV pion at η = 2.0,
the resolution is σp/p = 4%, which meets the backwards requirement.

The available material budget is 5% of X0. In the active area of one foil-based Triple-GEM
detector layer, the material accounts for 0.6% of X0. Consequently, up to eight layers could
be installed in an EIC detector, e.g. four in front of a RICH and four behind it.

To bring low-mass GEM tracker technology to a state where it can be implemented in an
EIC detector, some R&D is still required: Improvements in the simulations and a second
beam test.

The simulations need to be repeated and refined in the new fun4all simulation framework.
Actually measured spatial resolutions and realistic support materials need to be incorpo-
rated properly into the simulation, in particular the materials in the TPC endplates, MAPS
support structures, and the GEM support frames. Their impacts on forward/backward
tracking performance and RICH seeding need to be fully quantified. The simulations will
be used to determine if the material budget used in the GEM design is adequate for con-
trolling multiple scattering and momentum resolution or if it needs to be further adjusted.
This is particularly important for the azimuthal overlap region of the detectors where de-
tector frames in a layer overlap with the active detector area in an adjacent layer. The
multiple scattering also depends on the material present in front of the GEM layers, e.g.
TPC endcaps with mechanical support and readout. Consequently, a full simulation with
central and forward/backward tracking needs to be run to inform a final design. This
should take six months to a year to complete.

Groups from the eRD6 consortium at the University of Virginia (UVa) and at the Florida
Institute of Technology (FIT) constructed prototype detectors and tested them in a beam
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Figure 14.2: Large low-mass GEM detector prototype with UV strips readout during a beam
test at FNAL in 2018.

at Fermilab in 2018 (Fig. 14.2). Detailed results from this multi-year R&D effort and the
current status can be found in the semi-annual reports submitted by the eRD6 consortium
to the BNL EIC Generic Detector R&D reviews [1450]. For the glued prototype built at
UVa, different types of zebra strip connectorizations need to be tested. The mechanically-
stretched FIT prototype developed at FIT with carbon fiber frames has been undergoing
major refurbishments of its mechanics and its operation needs to be confirmed. If suc-
cessful, both prototypes will be evaluated in a second beam test at Fermilab planned for
spring/summer 2021 to finalize the spatial resolution studies and the overall performance
characterisation of the prototypes. The performance of the different GEM chamber designs
in the beam test will provide additional guidance towards a final design.

14.2.2 R&D Needs for Planar µRWELL Detectors

µRWELL is a promising MPGD alternative to the well established GEM or Micromegas de-
tectors for tracking in EIC end cap regions. One significant advantage of µRWELL is that it
combines its electron amplification stage (µRWELL foil) and the readout plane into a single
device, making its fabrication simpler and more cost effective than GEM and Micromegas,
specially for large area trackers. In addition, µRWELL are expected to be easier to operate
and more stable under harsh radiation environment. Thus, large planar µRWELL an ideal
option for EIC end cap trackers, for amplification and readout layer option for TPC end
cap readout or for transition radiation detectors (TRDs) required for electron identification.

As a relatively new MPGD technology, µRWELL have never operated in large scale NP or
HEP experiments so far. Therefore, several area of R&D studies both generic and specific
to EIC environment are yet to be fully explored to validate this technology. Below is a list
of a few identified R&D studies needed for EIC.

Generic R&D: Performances and stabilities of µRWELL technology
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• Rate capabilities and spatial resolution studies: The impact of the uniformity of
µRWELL resistive layer (DLC), for large area detector on the rate capabilities and
spatial resolution performances required detailed R&D studies. Rate limitation is
not expected to be an issue with µRWELL in the EIC environment because, like the
other MPGD technologies such as GEM or micromegas detectors, the rate capabilities
of µRWELL, even in its basic simplest configuration, can reach up to 100 kHz/cm2,
exceeding by a few orders of magnitude the expected rate in the EIC end cap regions.
The mentioned rate capabilities and a low power consumption of the applied HV are
intrinsic features of the detector technology and as such, we do not anticipate any
significant benefit in developing a lower-performance version of the detector. The
optimization of the rate capabilities in EIC environment will impact the choice of the
front end electronics characteristics selected to readout the µRWELL detectors and
not the device itself. However, these rate and spatial resolution studies, performed
on small prototypes, require validation in a beam test for large-area detectors.

• Discharge and aging properties of µRWELL: With the introduction of the resistive
(DLC layer) as one of the key component of µRWELL, several studies have demon-
strated that µRWELL is, if not spark-free, a robust spark-resistant detector. Several
studies also demonstrated the technology robustness against aging in harsh particle
environment. Additional R&D is required to study the best gas mixture for a sta-
ble operation of the detector in a wide range of gain for applications at the EIC. The
issue to be addressed here is to identify the optimal gas mixture to operate the detec-
tor at a stable gain of ∼ 5 × 105 while minimizing the discharge rate to a level of a
”spark-free” device over the lifetime of the EIC operation

EIC specific R&D: Low-mass & large µRWELL trackers

In addition to the generic R&D on µRWELL technology, high performance tracking with
radiation length in the EIC end cap region required dedicated R&D studies and proto-
typing for µRWELL. The required R&D, listed below, have strong synergy with the ones
described in section 14.2.3.

• Development of low-mass & large area µRWELL: R&D efforts are needed to min-
imize the material budget of the current standard µRWELL to keep the radiation
length around 0.4% per tracking layers. This means the development of a rigid PCB
free detector and lightweight and narrow support structure based on high strength-
to-weight ratio materials such as carbon fibers rather than standard G10 fiberglass
frames.

• Development of low mass 2D readout plane: Another important R&D area is the
development of high resolution low mass and low channel count flexible 2D read-
out layers to be coupled with the µRWELL amplification layer. A few new ideas
for such readout planes are already being investigated such as the development of
”capacitive-sharing 2D strip” or ”2D zigzag” readout structures for MPGDs, e.g. a
10×10 cm2 µRWELL with zigzag strip readout is currently being investigated at FIT.
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Figure 14.3: Small mechanical mockup for a µRWELL layer.

14.2.3 Large Cylindrical µRWELL Layer

Precision tracking is needed in the central region of an EIC detector to to provide high
angular resolution for barrel PID detectors an help with the PID particle seed reconstruc-
tion, leading to better particle separation. This tracking layers needs will be installed near
the PID barrel detector and therefore to cover a large acceptance area. In addition, in the
case where a hybrid tracker option of TPC + MAPS is selected as EIC central tracker, we
have identified two additional motivations for high-precision and fast-signal tracking de-
tector to overcome the inherent limitations of the TPC + MAPS. The first is to provide a
high space point resolution tracking layer to aid in the TPC field distortion corrections and
TPC calibrations. The second to serve as a fast (a few ns) tracking layer for bunch crossing
tagging, to complement the relatively slow TPC and MAPS detector suite.

To satisfy these specific needs in the central tracking region which combined fast timing
high precision tracking, µRWELL technology is the ideal detector candidate. The simple
construction of a µRWELL detector compared to triple-GEM or micromegas technologies
makes it he best choice to use in a cylindrical geometry. However there are still several
R&D items related to its construction and performance that need to be investigated. The
first is related to the µRWELL technology itself. Efforts are needed to reduce the overall
material budget of the current ”standard” µRWELL. This involves the development of
low mass amplification and readout structures. Ideally the cylindrical µRWELL would
consist of one large foil and thus have no dead region in the active area. However, as
with GEMs, µRWELL raw foil material is limited to a width of about 50 cm. To provide
proper coverage for a barrel PID detector, several µRWELLs will be needed to form the
full cylindrical layer. R&D is needed to determine the best way to integrate the µRWELLs
into one large cylindrical detector while minimizing dead regions in the active area. In
principle, multiple radial layers of µRWELL are possible, but this will depend on the space
available between central tracker and RICH. A single layer with one track stub can already
provide the direction of tracks as they impinge on the central RICH as long as the µRWELL
is operated in µTPC (mini-drift) mode.

Another area of R&D that is needed is related to the support structure of the cylindrical
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µRWELL layer (Fig. 14.3). This involves developing large, high strength and lightweight
cylindrical µRWELL supports to hold the cylindrical shape of the detector. Readout elec-
tronics would be plugged into connectors that sit on these cylindrical support frames and
connect to the readout strips. Similarly, power connector will also be located on the frames.
These interfaces need to be designed and tested. Additionally, end cap structures to hold
the cylindrical detector in place need to be designed. Current simulations, which include
the µRWELL, readout structure, drift cathode, detector gas, and cylindrical support rings
show a material budget below 1% χ0 in the |η| ¡ 1 region.

Several performance studies such as rate capabilities, dE/dx, tracking and timing resolu-
tions need to be carried out with a prototype detector operating in µTPC mode. These
results will help to determine the proper readout electronics that are needed. Cylindri-
cal uniformity, discharge rate, and aging properties of the detector will also need to be
assessed.

14.2.4 Large Micromegas Barrel Tracker

The central region of the EIC detector requires very low material budget detectors. Large
area Micro-Pattern Gaseous Detectors (MPGD) are a possible solution to complement the
silicon vertex detector. In particular, Micromegas detectors have been already successfully
employed for building compact and light trackers, such as the Barrel Micromegas Tracker
(BMT) of the CLAS12 experiment at the Jefferson Lab. Studies conducted within the Yellow
Report effort showed that a barrel tracker made of MPGD tiles of a similar technology
to the CLAS12 BMT one, would fulfill the requirements in terms of material budget and
tracking resolutions. The CLAS12 BMT consists of six concentric layers of curved resistive
Micromegas detectors where each layer is composed of three tiles of about 120 degrees
width. The material budget of one tile in the active area is about 0.3% of X0. The BMT was
designed to withstand ghost hit rates per strip up to 30kHz and its time resolution is about
40 ns. From the experience of the CLAS12 BMT, the R&D on the EIC tracker will have two
main objectives: reducing even more the material budget and simplifying production and
integration.

In the CLAS12 BMT, the thickness of the self-supporting curved detector is determine by
the ability to maintain the desired curved shape when constrained at both end by the car-
bon structure. The material thickness is ∼ 200 µm FR4 for a radius of ∼400 mm. Reducing
the thickness further requires R&D, initially of flat stretched detectors using Micromegas
made on a Kapton film of 50 µm. A detector will consists of two stretched foils (readout
and drift) on a carbon frame with pillars to maintain and control the drift distance. Two
additional external thin foils (made of 10 µm polypropylene) will hold the gas pressure
instead of the thin electrodes. The R&D should start with the choice of optimal materi-
als, both for the active region and for the structural components, followed by a full size
prototype to demonstrate the integration technique.

Curved detectors impose the use of specific sizes and tools for each curvature radius, thus
making the production line more complicate. Excessive large area detector elements re-
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quire numerous tooling to handle and to control the mechanical uniformity. A modular
flat detector that would allow a higher production yield rate and possibly reduce the costs.
The necessary R&D will need study a thin support structure to integrate this modular de-
sign.

On most MPGDs, copper is the chosen readout material with a thickness of at least 9 µm.
The use of lower mass material for the strip readout such as metalized aluminum of about
0.4 µm requires R&D. The aluminum strips will have to be protected by a resistive layer to
prevent vaporization of the metalized layer due to sparks.

The standard thinnest mesh used for large surface Micromegas detectors is a stainless-steel
woven mesh of 18 µm wires. The alternative solution is electro-formed meshes (i.e Nickel
of 10 µm) which are expensive, very fragile and limited in size (∼ 30 × 30cm2). Since
2018, in parallel with the use of laser techniques for etching “zigzag” patterns, a proof of
concept has been made of laser etching holes on a small surface with different material (Cu,
Al, Steel) of varying thicknesses (10, 15, 20 µm). R&D is needed to study this technique
on larger surfaces to obtain large thin stretched aluminum foil with millions of holes to be
used in the Micromegas bulk process.

Standard connectors made of plastic and brass contacts are quite heavy in term of material
budget. If the active area is segmented, the multiplication of connectors can be a problem.
Further R&D will test kapton-kapton connections with metal pixels clamped with light
materials (carbon or 3D printed plastic).

14.2.5 MPGD Readout for a Time Projection Chamber

In general, the TPC for the sPHENIX experiment can serve as a central tracking device
in a Day-1 EIC detector. Present configurations for an EIC detector show that the size of
the TPC is limited and will be of the dimensions of the sPHENIX-TPC. However, it has
to undergo several upgrades and/or modifications in order to be optimized for the EIC
program.
The sPHENIX TPC has been optimized for good momentum resolution which requires
a good space point resolution for the tracks to be measured. The sPHENIX program
does not require PID (dE/dx) to be performed with the TPC. Hence, the optimization for
the sPHENIX TPC has concentrated on very good IBF suppression which sacrifices good
dE/dx resolution. For the EIC program this feature has to be restored. In the EIC era it is
also expected that IBF will not have the same significant impact as during the RHIC pro-
gram.
With a figure of merit (FOM) according to

FOM =
Ionization×Multiplicity× Rate

K
× DVF×OPF

with K: ion mobility; DVF: replacing the dead space factor from 0.1 (sPHENIX) to 1.0 (EIC)
to track over the full detector volume; OPV: moving the operating point of the GEM-stack
from 0.3% (sPHENIX) to 2% IBF for recovering dE/dx resolution; one obtains the following
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comparison between the sPHENIX environment at RHIC and an EIC detector: This rough

Au+Au 200 GeV EIC (baseline)

Gas Ne Ar
Ionization (e−/cm) 43 94
Multiplicity (rel.) 1 10−3

Rate (rel.) 1 0.69
K 6.93 1.96
DVF 0.1 1
OPV 0.3 2

FOM∗ 1.00 0.36

Table 14.1: IBF comparison between the sPHENIX environment and the EIC baseline con-
figuration. The FOM∗ is normalized to 1 starting off the sPHENIX case.

estimation indicates that the IBF will not be of less concern in an EIC-TPC compared to the
sPHENIX. It should be noted, though, that the calculation does not account for background
events or the case of EIC configuration beyond the baseline which possibly affects the IBF.
R&D for a ”new” TPC will be considered in the readout electronics section.

Hybrid and Gating

A very promising candidate for combining very good IBF suppression and good energy
resolution is the hybrid option of combining MicroMegas and GEMs into a single ampli-
fication stage. The MicroMegas acts as the main amplification stage and reduces the IBF
to a minimum. The GEMs act as pre-amplifiers and provide the necessary field ratios to
further suppress IBF. The combination of both technologies provide the robustness needed
to operate in a high rate environment. First R&D projects have been already established
and this amplification structure needs continued detailed investigation.
Gating grids that have been used in TPCs based on MWPC cannot be used in an EIC envi-
ronment. The readout rate would not allow one to cope with the luminosity requirement of
the physics program. The requirement is that the TPC will be read out continuously which
does not allow a traditional gating grid. Consequently, one has to investigate amplifica-
tion devices that minimize IBF as described in the previous sections. Thus R&D is needed
to investigate gating innovations that have minimal dead-times. One of the options is to
use a passive gating grid which “naturally” allows electrons to pass through the structure
whereas ions will be attracted to a high degree and eliminated from the gas volume. The
investigation of such structures has started and is ongoing.
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GEM and MicroMegas

Prospects for R&D are in the restoration of good dE/dx resolution. This requires the inves-
tigation of GEM-properties and different gas choices that find the optimum of relatively
good IBF suppression and optimum dE/dx resolution.
The MicroMegas technology has the best intrinsic IBF suppression and is a good candi-
date for good dE/dx resolution. However, stability issues have to be investigated and is
an indicator for R&D needed soon for pursuing the MicroMegas option.

Readout Electronics

A possible issue present for a TPC in an EIC environment is the material budget in the
forward/backward region, in particular the electron direction. One can possibly over-
come this problem by introducing alternative readout electronics; the readout electronics
presently included is the major contribution to the material budget, including all their re-
quired infrastructure. It shall be noted that during the design-phase of the sPHENIX TPC
emphasis was placed on a possible EIC implementation and therefore the lowest practica-
ble material budget was accounted for.
Possible candidates for improved readout electronics are the TimePix or similar con-
structed microscopic readout structured front-end electronics. The options are a (a) small
sized TPC with microscopically sized readout pads, O(10−3 mm2) and (b) a regular sized
TPC with small sized readout pads, O(0.1 mm2).
Option (a) provides the registration of single electrons from the ionization trail of a track,
acting as a form of digital camera. This would allow precise tracking and excellent dE/dx
resolution. The R&D needs on this option are manifold, in particular gas choices and read-
out capabilities.
Option (b) would provide the registration of single clusters from the ionization trail of a
track. This would allow precise tracking and excellent dE/dx resolution. The R&D needs
for this option are focused toward the adaptation of the microscopic readout structure of
the front-end electronics and distribution over larger areas.
A further option for decreasing the material budget in the electron-going direction of a
TPC would be a single sided readout structure, i.e, having one readout plane whereas the
other cap of the TPC consists of a thin cathode. This option would require feasibility stud-
ies.
All the above mentioned R&D topics should be investigated to a mature level until the
final design of a possible central tracker in the form of a TPC is established.
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Figure 14.4: (a) Illustration of mRICH components and (b) prototype assembly for beam
tests at JLab and Fermilab. (c) Assembly of SiPM matrices (with cooling) and (d) photo of
an mRICH module during beam tests at Fermilab in 2018.

14.3 Particle Identification

14.3.1 A Modular RICH (mRICH) for Particle Identification

The mRICH is designed for providing PID capabilities for EIC experiments for kaon and
pion separation in momentum coverage between 3 to 10 GeV/c and electron and pion
separation around 2 GeV/c.

mRICH detector R&D has been supported within the EIC eRD14 Consortium since 2015.
The key components of an mRICH module include a radiator (Aerogel, ∼10 cm × 10 cm
× 3 cm, n = 1.03), a Fresnel lens (with focal length range from 3” to 6”), a mirror set and
a photosensor as shown in Figure 14.4. The characteristic longitudinal dimension of an
mRICH module is from 15 cm to 25 cm depending on the focal length of the lens. A
realistic GEANT4-based simulation for mRICH has also been developed and verified with
beam test data (see Figure 11.74).

Two rounds of detector prototyping and beam tests were completed with a focus on veri-
fying the detector working principle and performance. The results from the first beam test
(in 2016) have been published [1764]. The second beam test was done in 2018 and the data
analysis is still ongoing. Two more beam tests with particle tracking capability are under
preparation in order to quantify mRICH PID performance and test new photosensors. One
is planned at Fermilab in spring of 2021 for testing the mRICH with a LAPPD readout. The
groups involved in this test are BNL, ANL, SBU and GSU. The other test is planned at JLab
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Hall D in summer of 2021 using secondary electrons in the momentum range 1 < p < 6
GeV/c. The participating groups for this test include DukeU, INFN, JLab, USC and GSU.

Two key components of an mRICH module are the Aerogel block and a photosensor with
single-photon detection capability and fine-segmented pixel size (< 3 mm × 3 mm). The
photosensor also needs to be working properly in high magnetic field.

To meet the needs of EIC experiments, a proper photosensor choice is critical. The planned
beam test at Fermilab in 2021 will help to evaluate the integration and performance with
LAPPD. During the second mRICH beam test in 2018, three SiPM matrices were tested
with varying cooling temperature range from −30◦ C to room temperature as shown in
Figure 14.4(c). The radiation damage effects to SiPM performance is currently under study
at INFN. The team also pays close attention to the radiation damage measurements of
SiPM sensors from GlueX, STAR and sPHENIX experiments and any new SiPM sensor
technology development.

Regarding to the possible kinematic coverage in EIC experiments with mRICH modules,
one can envision deployment in (i) the electron endcap, (ii) the hadron endcap in the range
1 < η < 2.5, and (iii) the central barrel region assuming available space in radial direction
(∼ 25 cm) is available. Implementation of mRICH arrays in each of these kinematic regions
in the framework of the ePHENIX simulation using GEANT4 are available for acceptance
and efficiency studies. The mRICH is considered as a day-1 detector.

Besides the two planned mRICH beam tests in year 2021, there is a longer-term R&D effort
for mRICH toward engineering design which includes: (a) high quality mirror and mirror
assembly; (b) mRICH holder box engineering for reducing total weight, easy assembling
and projective installation; (c) continued testing with available photosensor options. The
efforts related to (a) and (b) were started in summer 2020 with an undergraduate engi-
neering student who designed a new mRICH holder box and a mirror assembly for easy
integration and light weight. Assessment of these new designs in comparison with engi-
neering assembling of modular components in other major experiments are going to be the
next tasks. At the same time, the physics shop staff at Georgia State University has started
looking into machining carbon fiber plates for constructing the next generation of mRICH
prototype.

14.3.2 A Dual-Radiator Ring Imaging Cherenkov Detector (dRICH)

The dual-radiator Ring Imaging Cherenkov (dRICH) detector is designed to provide con-
tinuous full hadron identification (π/K/p separation better than 3σ apart) from∼ 3 GeV/c
to ∼ 60 GeV/c in the ion-side end cap of the EIC detector. It also offers a remarkable elec-
tron and positron identification (e/π separation) from few hundred MeV up to about 15
GeV/c. The baseline geometry covers polar angles from ∼ 5 up to ∼ 25 degree (pseudo-
rapidity range ∼ 1.5− 3). Achieving such a momentum coverage in the forward ion-side
region is a key requirement for the EIC physics program. Currently, the dRICH is, by de-
sign, the only hadron identification detector in EIC able to provide continuous coverage in
RICH mode over the full momentum range required for the forward end-cap.
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The dRICH baseline configuration consists of six identical open sectors. Each sector has
two radiators (aerogel with refractive index n ≈ 1.02 and gas with n ≈ 1.008) sharing
the same outward focusing mirror and instrumented area made of highly segmented pho-
tosensors (3× 3 mm2 pixels). The photosensor tiles are arranged on a curved surface in a
way that minimises aberrations. The original benchmark configuration assumed∼ 160 cm
longitudinally long thickness but even a shorter, down to ∼ 100 cm, dRICH preliminary
version features a performance that fulfills the above mentioned key physics requirements,
indicating a remarkable flexibility of possible dRICH configurations.

To meet the EIC specifications, critical elements are the effective interplay between the
two radiators and a proper choice of the photosensor, that should preserve single-photon
detection capability inside a strong magnetic field. The dRICH focusing system is designed
to keep the detector outside the EIC spectrometer acceptance, in a volume with reduced
requests in terms of material budget and radiation levels. This feature makes dRICH a
natural candidate for the exploitation of magnetic field tolerant SiPMs with an integrated
cooling system to mitigate their significant dark count.

The dRICH design and performance has been studied through various means: a full
Geant4 simulation (including an event based particle reconstruction processor) [1765],
AI-based learning algorithms with Bayesian optimisation to maximise the hadron sepa-
ration [1615], analytic parameterizations taking into account the optical properties of each
component and the Geant4 simulated resolutions.

A small-scale prototype is being developed to investigate critical aspects of the proposed
dRICH detector, in particular related to the interplay and long-term performance of the
two radiators and simultaneous imaging. The prototype vessel is composed of standard
vacuum parts to contain the cost and support pressures different from the atmospheric
one. This would allow efficient gas exchange and, in principle, adjustment of the refrac-
tive index and consequent flexibility in the gas choice (in the search for alternatives to
greenhouse gases). The prototype supports the usage of various type of photosensors, in
particular SiPM matrices and MCP-PMTs.

A program has been initiated to study the potential of SiPM sensors for Cherenkov applica-
tions, aiming to an assessment of the use of irradiated SiPM in conjunction with the dRICH
prototype. Promising SiPM candidates will be irradiated at various integrated doses (up to
the reference value of 1011 neq cm−2) and will undergo controlled annealing cycles at high
temperature (up to 180 C). The SiPM response before and after irradiation will be charac-
terised and their imaging potential will be studied with a customised electronics. High-
frequency sampling and Time-of-Threshold-based readouts will be compared. Of particu-
lar interest, the ALCOR front-end chip designed to work down to cryogenics temperatures,
features low-power TDCs that provide single-photon tagging with binning down to 50 ps
and potential counting rate well exceeding 500 kHz per channel. The irradiated sensors
will be cooled down to the working temperature (down to -40 Celsius) to instrument an
area suitable for imaging tests with the dRICH prototype. After an initial survey of the
most promising candidates available on the market, a dedicated R&D could be pursued to
meet the EIC specifications.
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(a)
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Figure 14.5: (a) DIRC prototype in T9 beamline at CERN PS. (b) 3-layer lens prototype. (c)
Laser setup to characterize 3-layer lens. (d) Radiation hardness setup at BNL’s 60Co chamber.

dRICH is considered as a day-1 detector given the EIC physics requirement for PID.

Besides the first SiPM irradiation campaign and the baseline prototype realisation in the
coming year, there is a longer-term R&D effort towards engineering design which includes:
(a) light and stiff support structure in composite materials (b) high quality mirror assem-
bly; (c) cost-effective production of high-quality aerogel; (d) alternatives to the greenhouse
gases; (e) magnetic field tolerant single-photon sensors; [1765] (f) dedicated readout elec-
tronics and cooling.

14.3.3 High-Performance DIRC

The high-performance DIRC (hpDIRC) is a proposed hadronic PID system for the barrel
region of the central detector, capable of π/K separation with 3σ or more up to at least 6
GeV/c momentum over a wide angular range. It can also contribute to e/π identification
at lower momenta and provide a supplemental time-of-flight measurement.

The hpDIRC is a compact system with a radial thickness of less than 8 cm. The design
is flexible, the radius and length of the bars can be modified without impact on the PID
performance and the shape of the expansion volume prism can be selected for optimum
position of the sensors in the magnetic field. It has low demands on the detector infras-
tructure (no cryogenic cooling, no flammable gases) and is easy to operate. The R&D of
the hpDIRC is at an advanced stage, Figure 14.5 shows examples of ongoing R&D activi-
ties. The PID performance estimate is based on test beam results, with excellent agreement
between simulation and prototype data.

Although the conceptual design and performance evaluation, described in detail in sec-
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tion 11.5.3, are advanced, several aspects still require significant R&D. Matching the
hpDIRC design to the final EIC detector layout, optimizing it for cost efficiency in sim-
ulation, and validating the performance with the full system hpDIRC prototype are the
most critical items. In addition, the hpDIRC requires “external” R&D by EIC groups work-
ing on developing the fast readout electronics for small-pixel MCP-PMTs and on pixelated
LAPPD sensors. This R&D is important for several other EIC detectors as well. Signif-
icant funding is needed soon to upgrade the PANDA DIRC prototype, which is being
transferred from GSI to CUA/SBU, to fully equip it with new sensors and electronics, in
order to validate the resolution and PID performance with cosmic muons and/or particle
beams. A new Cosmic Ray Telescope (CRT) facility is being developed for the hpDIRC
in collaboration between SBU, ODU, and CUA to study the prototype prior to possible
tests in particle beams. This CRT will be located at SBU and available for use by other EIC
systems.

The feasibility of reusing the BaBar DIRC bars vs. ordering new radiator bars, and of using
LAPPDs instead of commercially available MCP-PMTs, have to be determined since they
have a large impact on the projected cost. R&D will be required to develop a procedure
to transport and safely disassemble the fragile BaBar DIRC bar boxes, extract and separate
the radiator bars, and to evaluate the optical quality to ensure that the bars can be used
in the hpDIRC. The recently discussed potential increase of the PID momentum coverage,
required by EIC physics, may require additional design improvements and utilizing pos-
sible post-DIRC tracking. Since the discussions about higher magnetic field options for the
EIC detector are still ongoing, further investigation of a sensor solution for a possible 3T
field may be required. If the funding for the continuation of the R&D program is made
available, we expect the hpDIRC TDR readiness to be achievable by 2024/2025.

14.3.4 Photosensor: MCP-PMT and LAPPD

The choice of photosensors is essential for reaching the cost and performance goals of all
EIC PID subsystems. The best possible photosensor solution for each detector component
is driven by the detector’s specific operational parameters, naturally with cost optimiza-
tion in mind. Ultimately, it would be preferable to use a common photosensor thus reduc-
ing development and procurement costs.

Microchannel-plate photomultipliers (MCP-PMTs) from commercial vendors have shown
superior good timing and position resolution as well as high magnetic field tolerance but
are generally far too expensive for large area coverage. The recently commercialized new
type MCP-PMT using the atomic layer deposition technique as a large area picosecond
photodetector (LAPPD) provides a promising cost-effective MCP-PMT for the EIC RICH
detectors. Efforts have already been devoted to optimizing the LAPPD as photosensor of
choice for EIC Cherenkov detectors (e.g. dRICH, mRICH, DIRC) as well as TOF applica-
tions.

A list of performance requirements of the photosensors for EIC Cherenkov based detectors
is listed in Tab. 14.2.
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(a) (b) (c)

Figure 14.6: (a) R&D 6× 6 cm2 MCP-PMT built at ANL for R&D test bed. (b) Commercial
20× 20 cm2 LAPPD for test at JLab (Hall C). (c) 6× 6 cm2 MCP-PMT during magnetic field
tests.

Parameter gas-RICH, mRICH, dRICH DIRC

Gain ∼ 106 ∼ 106

Timing Resolution ≤ 800 ps ≤ 100 ps
Pixel Size ≤ 3 mm 2–3 mm
Dark Noise ≤ 1MHz/cm2 ≤ 1kHz/cm2

Radiation Hardness Yes Yes
Single-photon mode operation Yes Yes
Magnetic-field tolerance Yes (1.5–3 T) Yes (1.5–3 T)
Photon Detection Efficiency ≥ 20% ≥ 20%

Table 14.2: Performance requirements of photosensors for EIC Cherenkov based detectors.

R&D at Argonne National Laboratory using the Argonne MCP-PMT (6× 6 cm2), a small
format of LAPPD, has demonstrated all the required parameters, including a gain of
106 − 107,fast timing resolution of ∼ 80 ps (RMS) and of ∼ 20 ps (SPE), dark noise ≤
1kHz/cm2 etc. Especially a magnetic field tolerance over 1.5 Tesla and less than a 1 mm
position resolution with a pixel size of 3×3 mm2 have been demonstrated as well. Gen-
erally, MCP-PMT has good radiation hardness, a radiation test on our MCP-PMT will be
performed to ensure it. To expedite the application of MCP-PMT for EIC Cherenkov de-
tectors, a 10x10 cm2 MCP-PMT fabrication facility is under construction to produce larger
size, high-performance MCP-PMTs. The commercial available LAPPD module has also
achieved almost all the requirements except fine pixel size and magnetic field tolerance.
Our industrial partner INCOM has adapted the Argonne MCP-PMT R&D results to de-
velop low-cost pixelated LAPPDs for EIC Cherenkov detectors. Fine pixel size (3x3 mm2)
is the urgent focus for commercial LAPPDs; bench and beam line tests are required for the
LAPPD validation.

The Argonne MCP-PMT/LAPPD R&D is a generic effort. These photosensors can be
widely used where large areas, low cost and high performance are needed. The required
R&D is aimed at both near-term and future detector designs. Testing and performance
results have already been shared with all EIC Cherenkov and TOF detector design efforts.
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Rapid progress has been achieved on the Argonne MCP-PMT/LAPPD. Recently, a Gen-II
LAPPD from INCOM was successfully tested at Jefferson Lab in a high rate, high back-
ground environment. Furthermore, a Fermilab beam line test of a pixelized MCP-PMT
performance is planned for Spring 2021. To validate the LAPPD performance and apply
this new technology to the EIC-PID subsystems, critical R&D is needed in the next two
years. A bench test and multiple beam tests of Cherenkov prototype detectors using the
MCP-PMT/LAPPD will need to be performed. For example, an mRICH beam test with
LAPPD is mentioned in the mRICH section, and a gaseous RICH detector with Argonne
10x10 cm2 MCP-PMT is under development and planned for a beam line test as well.

14.3.5 R&D Needs for GEM-TRD/Tracker in the Forward Direction

The identification of secondary electrons in the forward region plays an important role in
the physics program of the Electron-Ion Collider (EIC). A high granularity tracker com-
bined with a transition radiation detector for particle identification could become crucial
for improving the overall e/h performance of the detector. The scope of the project is to
develop a transition radiation detector and tracker capable of providing additional pion
rejection in the order of 10-100.

A low-mass radiator available for mass production is critical and various materials still
need to be tested. This includes the optimization of (i) a pseudo-regular radiator using
thin (∼ 12− 15 µm) Kapton foils with thin net spacers and (ii) a detailed test of available
fleece and foam materials to improve the photon yield.

The transition radiation detector readout is based on well established GEM technology.
The main difference to a GEM tracker as discussed in Sec. 14.2.1 is the thickness of the
drift volume. In order to keep the electric field uniform a special field cage needs to be
developed. This includes the mechanical design and construction of a gas cage to minimize
a Xe-filled gas gap between radiator and the drift cathode.

The anode readout PCB layer of the current GEM-TRD prototype is based on a readout
developed for the COMPASS experiment made of X and Y strips with a pitch size of 400
µm. While this is optimal for a high occupancy environment, the large number of channels
does increase the price of the readout electronics. Efforts are under way to develop a new
pad readout that is better suited for GEM-TRD applications. A novel large-pad readout
PCB will combine three crucial advantages: large readout pads to reduce the number of
readout channels, excellent spatial resolution (despite the large pad size), and improved
noise reduction. We also plan to test a zigzag readout board option.

The GEM TRD will need 2 HV lines, one for the GEM amplification stage and one to set
a uniform drift field. To work in a high occupancy environment, the drift time needs to
be minimized, requiring fields of ∼2-3 kV/cm. For a 2 cm drift distance the HV should
be at the level of 4-5 kV. Depending on the chosen grounding scheme, the total voltage
including GEM stage, could be up to 8-9 kV. Optimization of HV for large drift distances
is ongoing.
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In the current tests, the GEM TRD uses readout electronics that was originally developed
for the GlueX wire chambers. It consist of a preamplifier (GAS2 ASIC chip) with shaping
times of∼10-12 ns. The flash ADC has a sampling rate of 125 MHz and 12 bit resolution but
provides only pipe-lined triggered readout. The total price is about $50 per channel. The
collected high-resolution data recorded in test beams allow us to estimate the needed shap-
ing times of the preamplifier, the FADC sampling rate, and the corresponding resolution.
Development of a new FADC125 is needed to enable the streaming of zero-suppressed
data over fiber links. An alternative would be to adopt other existing readout chip such
as SAMPA or VMM3, for the GEMTRD application. This, however, would require signif-
icant improvements of their shaping times. For example, the latest SAMPA version (v5 )
has a peaking time of 80 ns, which is too slow for studying the GEM-TRD performance.
Improvements are also needed in the return-to-baseline time for single clusters in order to
allow multi-cluster measurements from a single GEM strip/pad. Additionally, a final im-
plementation to the GEM readout based on improvements to the SAMPA or VMM chips
will require their compliance to the EICs streaming readout architecture. This includes off-
chip drive enhancements that will provide for better thermal management at the detector
while enabling data collection, processing and transport via high speed optical fibers.

Over the past few years, the price of Xe has gone up significantly requiring the develop-
ment of a recirculation system to purify, distribute, and recover the gas. This will be based
on the design of the ATLAS TRD gas system and therefore will require only moderate
R&D.

14.3.6 Gaseous Single Photon Detectors Based on MPGD Technologies

Single Photon Detectors (PD) for Cherenkov imaging devices represent a key challenge
at EIC where minimum material budget and operation in high magnetic field is required.
Gaseous PDs, which have played /are playing a major role in establishing and operating
Ring Imaging CHerenkov (RICH) counters, satisfy these requirements and they represent
the most cost-effective solution when equipping large detector areas. So far, the only pho-
ton converter successfully coupled to gaseous detector is CsI with Quantum Efficiency
(QE) limited to the far UV domain. Optimized detector architecture and operative con-
ditions have to be established to ensure effective photoelectron extraction and control of
the Ion BackFlow (IBF) to the photocathode. In particular, Micro Pattern Gaseous Detec-
tor (MPGD) technologies offer natural answers to IBF and photon feedback suppression
and fast response, as tested by a number of successful applications: the PHENIX HBD
with triple GEM PDs [1601], the COMPASS RICH upgrade with Hybrid (THGEMS and
resistive MICROMEGAS) PDs [1607], the windowless RICH prototype and test beam with
quintuple GEM PDs [1604], the TPC-Cherenkov (TPCC) tracker prototype with quadruple
GEM PDs [1766].

In the EIC context, gaseous PDs represent a valid option for the high momentum RICH
with gaseous radiator. An R&D program for further developments of the hybrid approach
in operation at COMPASS, aiming at making it fully adequate for the high momentum
RICH at EIC, is ongoing, where the reduced space availability imposes a compact RICH.
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Figure 14.7: Construction of a prototype of MPGD-based single photon detector with small
pad-size. (a) The fiberglass frame supporting the MICROMEGAS (MM) is glued onto the Al
chamber structure. (b) The MM is glued onto the fiberglass frame. (c) The MM installed in
the chamber and its power lines are visible. (d) The chamber is closed with a mylar window.

The whole program includes:

1. Establishing the hybrid PD for a windowless RICH approach to increase the number
of detected Cherenkov photons;

2. Increasing the granularity of the read-out elements for fine resolution with limited
lever arm; this item is well advanced (Fig. 14.7);

3. Comparing the detector performance using either THGEM (as in COMPASS) or
GEMs for the first multiplication stages;

4. Identification of an adequate front-end chip: studies for coupling the hybrid PD with
VMM3 ASIC have been initiated;

5. Coupling of the THGEMs with a novel and more robust photoconverter by Hydro-
genated Nano Diamond powder (HND) to overcome the limitation imposed by the
use of CsI. This is due to its chemical fragility in contaminated atmosphere or un-
der ion bombardment, which imposes gain limitations and complex handing; very
promising initial studies are ongoing.

The R&D will progress along these lines. The action items 1, 2, 3 and 4 are needed to make
this technology adequate for its use at EIC and they can be completed within a couple
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of years. Establishing the novel photoconverter for gaseous PDs will take longer, due to
the largely innovative character of the approach. If converging, it can represent an added
value to the project. It can be selected for the EIC PDs according to its level of maturity
when the detector design is finalized.

14.3.7 Fast Timing Silicon Sensor: LGADs

The Low Gain Avalanche Detector (LGAD) with internal gain [1632–1635, 1767, 1768] is
an ultra-fast silicon sensor technology, which has recently been chosen for constructing
a fast-timing layer in the forward rapidity region of the CMS [1769] and ATLAS [1646]
experiments at the high-luminosity (HL) LHC starting in 2027. The new timing layers will
help the experiments mitigate significantly larger pileups of proton-proton interactions (up
to about 200) by providing 4-D vertex reconstruction, and serve as a time-of-flight system
for hadron identification in QCD and heavy-ion physics.

Traditional n-p silicon sensors with gains provided by external bias voltages can provide
a typical time resolution on the order of 150 ps. The LGAD silicon sensors have an in-
trinsic gain of 10–30 provided by a special implant layer to generate a strong electric field
locally and trigger avalanches. This internal gain helps the LGADs to achieve a low-jitter
fast-rising pulse edge and overcome many other noise sources that enable high precision
timing measurements for MIPs. LGAD sensors of 35–50 µm in active area thickness can
achieve a typical time resolution of about 30 ps. The handling wafer has a tyical thickness
of 150–300µm.

With excellent timing and position resolutions, the LGADs provide an attractive option
for constructing a compact, multi-layer system to simultaneously provide TOF-PID and
trajectory reconstruction as part of the tracking system. In addition, the LGADs have sev-
eral other key advantages of being highly tolerant to strong magnetic fields (up to B∼4 T),
radiation-hard (up to ∼ 2× 1015 neq/cm2, compared to the expected level of radiation of
∼ 1011 neq/cm2 at EIC) and compact (flexible for integration). To fulfill the requirements
for EIC physics, there are three main areas of R&D needed, which are discussed below:

• Time resolution: while LGAD silicon sensors used by CMS and ATLAS can provide
a time resolution of 30–50 ps, particle flight distance at EIC detectors is likely to
be much shorter due to tight space constraints. Therefore, a total time resolution
(including readout electronics) of 20 ps or better per layer is desired to meet the PID
requirement at low and intermediate momentum regions. The jitter contribution
to the time resolution is directly related to the signal slew rate, which is inversely
proportional to the sensor thickness. Reducing the thickness from 50µm to 35, 25 and
even 20µm will not only improve the jitter but can also suppress the Landau noise.
Note that to maintain the total charge collection for a large signal, both internal and
external gains applied also need to be optimized. Recent R&D work on 35µm-thin
LGADs shows a time resolution of about 20–25 ps per layer, a promising step toward
achieving the PID requirements for EIC [1770]. By stacking several timing layers, the
time resolution can be further improved by a factor proportional to the inverse of the
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square root of the number of layers: as demonstrated in Ref [1770] by stacking three
layers of 35µm-thin LGADs a time resolution of 14 ps can be reached.

• Fill factor and position resolution: to serve as (part of) a tracking system, a posi-
tion resolution much better than the 1 mm pixel size has to be accomplished to be
competitive to other types of silicon pixel and/or strip sensors that are designated
for position measurements. The current limitation lies in the approximately 50 µm
width of the intra-pad no-gain region, which is needed to protect against early break-
downs. Smaller pixel sizes would lead to too low fill factors, or loss of acceptance.
The CMS and ATLAS timing layers have a fill factor of 85% per disk, with the two-
disk system compensating for a 100% acceptance.

To achieve better position resolution (beyond 1 mm pixel size), two viable solutions
are present. Trench-isolated (TI) LGADs are capable of reducing the no-gain region
down to a width of only a few µm, essentially eliminating it, to achieve 100% fill fac-
tor. All readout schemes can be kept the same as standard LGADs. For AC-coupled
LGADs, segmentation is not done on the silicon sensor but at metallic readout con-
tacts sitting on top of a dielectric layer, reading out induced charges. The fill factor
is effectively 100%. The signal pulse is shared among several adjacent pads, further
improving its position sensitivity. The metallic readout pads can be fabricated into
pixels, strips or any shape desired. The AC-coupled LGADs are also considered as
an option for a high precision timing Roman Pots, where R&D needs are discussed
in Sec. 14.5.1.

• ASIC readout chips: The needs for better timing performance and finer granularity
also pose significant challenges to the readout electronics and specifically to the ASIC
readout chips. Present ASIC chips designed for CMS and ATLAS timing detectors
have a jitter on the order of 20–30 ps, and a pixel granularity of 1.3× 1.3 mm2. The
CMS chip uses a 65 nm node technology, while the ATLAS chip uses 130 nm, and
their power consumption per ASIC is 1.0 W and 1.2 W, respectively. Reduced granu-
larity will make it more difficult to fit all the circuit components within the available
space, and is also likely to lead to significantly increased power consumption due
to increased total number of channels. However, differently from LHC applications,
where low temperatures are needed to minimise the sensor radiation damage, at EIC
cooling will only be needed to remove the excessive heat generated by the front-
end electronics. Based on architectural designs of CMS and ATLAS timing layers,
an ASIC chip with a size of 0.5× 0.5 mm2 is feasible to achieve and would meet the
requirements set by the Roman Pot detector. A finer granularity, likely required for
the tracker application, would require dedicated efforts of new architectural designs
and adoption of more advanced silicon fabrication processes.
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Figure 14.8: (a)-(b) W-SciFi calorimeter modules assembled during early stages of R&D. (c)
Assembly of a complete sector of the sPHENIX calorimeter based on W-SciFi technology. (d)
W/Shashlik calorimeter with 80% W and 20% Cu absorber plates between scintillating tiles
read out with WLS fibers. (e) Assembly of 9 prototype W/Cu shashlik modules.

14.4 Electromagnetic and Hadronic Calorimetry

14.4.1 Tungsten Scintillator Calorimetry

Tungsten scintillator (W/Scint) calorimetry can play a major role in many of the regions
of an EIC detector, covering a rapidity range from ∼ -2.0 to 4.0. It offers a very compact
design in terms of its short radiation length, thus limiting the total length of the calorimeter,
as well as providing a small (∼ few cm) Moliere radius which limits the lateral extent
of the shower, therefore allowing good separation between neighboring electromagnetic
showers as well as limiting the overlap with hadronic showers. In addition, the energy
resolution can be tuned by changing the sampling fraction and sampling frequency to
meet the different requirements in the various rapidity regions.

There are primarily two candidates that are being considering for a W/Scint calorimeter
for EIC. One is a tungsten scintillating fiber (W/SciFi) SPACAL, which consists of a matrix
of tungsten powder and epoxy with embedded scintillating fibers. This technology is used
for the sPHENIX barrel EMCAL that consists of more than 6K individual 2D projective
absorber blocks. The blocks are read out using SiPMs that are coupled to the blocks using
short light guides. This calorimeter is currently under construction and is expected to be
completed by the end of 2021.

The technology for producing the blocks was originally developed at UCLA [1585]. Sev-
eral of the early prototypes are shown in Fig. 14.8(a)&(b). The technology for producing
blocks has now been developed to an industrial scale at the University of Illinois [1523]
to produce all the blocks for the sPHENIX calorimeter. Figure 14.8(c) shows one of its
sectors which consists of 96 blocks. Therefore, no further R&D is required for producing
the blocks, but the method used for reading out the blocks with SiPMs could be improved.
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This would include the use of large area SiPMs to provide more photocathode coverage
and eliminate the boundaries between the light guides which leads to non-uniformities
in the energy response. It is planned to refurbish the sPHENIX EMCAL with this type of
readout for use as a Day-1 detector at EIC.

The second W/Scint technology that is being considered for EIC is a tungsten shashlik
(W/Shashlik) design. Many shashlik calorimeters have been built and used by many ex-
periments. A W/Shashlik design offers some distinct advantages but also poses some
significant challenges. In addition to being compact and being able to tune the energy
resolution as in the W/SciFi, a W/Shashlik offers the possibility of improving the light
collection and providing better uniformity by reading out each individual WLS fiber with
its own SiPM. This allows a better determination of the shower position and the possibility
of using this information to correct for non-uniformities in the energy response. However,
the mechanical properties of tungsten make it difficult to machine and requires using a
slightly less dense alloy of tungsten, thereby increasing the radiation length and Moliere
radius. Also, making a shashlik calorimeter projective makes the mechanical design and
assembly more complicated. This technology is currently being studied for EIC by the
groups at BNL and Andres Bello University in Chile and a small prototype detector con-
sisting of nine W/Cu shashlik modules, shown in 14.8(d)&(e), has been constructed and
will be tested.

Both calorimeter technologies use SiPMs as photosensors, but it is well known that these
devices are subject to radiation damage, particularly neutrons. The development of more
radiation hard SiPMs would be of great benefit for calorimetry at EIC, as well as for many
other detectors, but developing radiation hard SiPMs would take several years of R&D
and require a substantial investment with the manufacturers.

14.4.2 SciGlass for Electromagnetic Calorimetry

Nearly all physics processes require the detection of the scattered electron in the elec-
tron endcap (backward rapidities). The requirement of high-precision detection is driven
mainly by inclusive DIS where the scattered electron is critical to determine the event kine-
matics. Excellent electromagnetic calorimeter resolution of better than 2%/

√
E is required

at small scattering angles, while very good resolution is acceptable at larger angles. For
hadron physics measurements with electromagnetic reactions, the most common preci-
sion calorimeter material of choice has been lead tungstate, PbWO4 (PWO). However, the
production of crystals is slow and expensive.

The technology goal of SciGlass R&D is to develop a scintillating glass for homogeneous
electromagnetic calorimetry. SciGlass is a radiation hard material optimized to provide
characteristics similar to or better than PbWO4. SciGlass fabrication is expected to be
cheaper, faster, and more flexible than PbWO4 crystals. SciGlass is being developed by
Scintilex, LLC in collaboration with the Vitreous State Laboratory at CUA. Tremendous
progress has been made in the formulation and production of SciGlass that improves prop-
erties and solves the issue of macro defects. Scintilex has demonstrated a successful scale-
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(a) (b) (c)

Figure 14.9: ((a,b) Samples of 20 cm long SciGlass towers. (c) Beam test setup at JLab (Hall
D) for SciGlass with PMT and SiPM readouts.

up method and can now reliably produce glass samples of sizes up to ∼ 10 radiation
lengths (see Figure 14.9. Simulations combined with initial beam tests at photon ener-
gies of 4-5 GeV suggest that high resolution competitive with PbWO4 can be reached for
> 15X0. SciGlass has excellent radiation resistance (no damage up to 1000 Gy electromag-
netic and 1015 n/cm2 hadron irradiation, the highest doses tested to date), response time
of 20-50 ns, and good transmittance in the near UV domain (74% at 440 nm). The SciGlass
insensitivity to temperature is also a clear advantage over PbWO4, which has a depen-
dence of about 2-3%/◦C and has to be continuously monitored. The present samples have
a density up to 5.4 g/cm3, radiation length (X0) of 2.2-2.8 cm and a Moliere radius of 2-3
cm.

The areas of needed R&D for SciGlass include the final formulation optimization, scale up
to block sizes & 15X0, and beam tests to establish characteristics like energy resolution.
The most critical items are to demonstrate scale up to block sizes & 15X0 and to establish
SciGlass characteristics with beam tests. The evaluation of SciGlass as particle detector has
been shared in part with activities on PbWO4 crystals for the electron endcap calorimeter,
e.g. simulations, radiator characterization and prototype construction, commissioning and
beam tests. The approximate timeline for completing the SciGlass R&D is about one year
assuming R&D funds are available. The goal is to be ready for a day-1 detector. SciGlass
could also be available for future detector upgrades.

14.4.3 Hadronic Calorimetry

Optimum jet reconstruction will require the use of several detector systems (tracking, EM-
CAL and HCAL) but is a main driver for hadronic calorimetry. As such, the requirements
for the resolution of the hadronic calorimeter are different for the endcaps and the bar-
rel region. The most challenging is the forward region of hadronic endcap where pure
calorimetric measurements starts to outperform particle-flow like approaches due to the
degradation of tracker performance. For the electron endcap and the barrel region, only
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modest hadronic energy resolution is required from calorimeter system (ECAL+HCAL).
It is believed that these systems can be built using standard construction methods and
no additional R&D efforts are needed. For the hadronic endcap, covering the rapidity
range from ∼ 1.0 to 2.5 where better energy resolution is required, modest R&D efforts
will be needed to improve the performance of these systems. For example, the STAR For-
ward Calorimeter, which is currently being constructed using a new and efficient method
developed at UCLA [1549, 1771], would require improvements for a more efficient light
collection scheme due to the relatively low energy of hadrons in this region of hadronic
endcap at the EIC.

At more forward rapidities in the hadron endcap, it is important to have the best possible
performance of the calorimeter system. The main constraint at the EIC is the lack of space
for a high sampling fraction and high sampling frequency calorimetry system, both of
which are required to achieve good resolution. Developing a high resolution calorimetry
system for this region will require significant R&D efforts. At present we believe that
there is only one technology option that may be suitable for this region, which is a very
high density, approximately compensated fiber calorimeter, which would serve as both the
ECAL and HCAL with a common readout.

To date, R&D for hadron calorimetry for EIC has had a low priority and very limited
funding. The synergy between the STAR Forward Upgrade and eRD1 R&D activities lead
to construction and testing of two prototypes forward calorimeter systems. One was a
compensated system with an ECAL section built with a W/ScFi technique followed by
hadronic section made of a lead scintillator sandwich. The other non-compensated version
had a lead scintillating shashlyk ECAL and an iron scintillator sandwich HCAL section be-
hind. A later version was a final design prototype for STAR Forward Calorimetry system.
Both versions had SiPM readouts and both were tested at FNAL. The performance of both
systems led us to believe that the initial requirements for the EIC calorimetry system can
be reached with only the modest improvements mentioned above. However, due to lack
of funds, both versions of the prototypes had limited size which lead to significant trans-
verse leakage and required an extrapolation of the test results to larger size detectors. This
should be avoided for future EIC targeted R&D.

A common theme for the R&D needs for both an ECAL and HCAL at EIC is the readout
with SiPM sensors covering a large surface area. This may be challenging at the forward
rapidities of the hadron endcap due to the relatively low light yield of hadron calorimeters
(compared to EM calorimeters), and the high neutron fluences in this region, which will
lead to significant degradations in SiPM performance. Operation of the STAR Forward
Calorimetry system in the 2022 500 GeV RHIC run will be very valuable because the con-
ditions at STAR will be very close to those in the EIC hadron endcap in terms of neutron
fluxes. Future R&D is therefore needed in this direction.

Further R&D targeted on a reference EIC detector should include the construction and
testing of a full-scale prototype of a forward hadron calorimeter system. This prototype
should include a WScFi electromagnetic-calorimeter section and a Fe/Sc-hadronic section
with an integrated tail catcher. These R&D efforts should also include a preshower detector
envisioned for the reference detector design.
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14.4.4 CSGlass for Hadronic Calorimetry

Achieving high-quality science at nuclear physics facilities requires the measurement of
particle energy with excellent calorimeter energy resolution. Particles that produce EM
showers can be detected with high precision. However, there is a need to improve the
energy resolution of hadron calorimetry. The technology goal of CSGlass R&D is to de-
velop a scintillating glass for improving hadronic calorimeter resolution, which is desired
for measurements of hadronic jets.

CSGlass is optimized for the dual readout approach, where one compares the signals pro-
duced by Cherenkov and Scintillation light in the same detector. This approach has been a
promising method to achieve better performance for hadron calorimeters. Homogeneous
crystals are an option, but have to be outfitted with optical filters, which results in insuf-
ficient Cherenkov light detection. Crystals are also prone to radiation damage, time con-
suming to manufacture, and relatively expensive. In comparison, radiation-hard glasses
can be tuned for favorable Cherenkov/Scintillation signal ratio, eliminating the need for
optical filters, and thus offer great potential for both precision hadron calorimetry and sig-
nificant cost reductions if competitive performance parameters can be achieved. CSGlass
is derived from SciGlass and expected to be similarly resistant to EM and hadron irradia-
tion up to 1000 Gy and 1015 n/cm2, the highest doses tested so far. The CSGlass interaction
length is comparable to crystals and should allow for small tower size. The anticipated
space for the homogeneous calorimeter configuration could be similar to the binary sys-
tem and may provide better resolution.

The areas of needed R&D for CSGlass include the demonstration of CSGlass with suffi-
cient UV transparency for Cherenkov light collection, clear separation of Cherenkov and
Scintillation light of sufficient intensity (slow scintillation, > 500 nm beneficial), low cost,
and characterization of CSGlass in the lab and with test beam R&D prototypes. The most
critical items are the formulation optimization and production of CSGlass test samples.
Some of the CSGlass R&D is shared with SciGlass and PbWO4 crystals for EM calorime-
ters. The approximate timeline for completing the CSGlass R&D is around three years
assuming R&D funds are available. CSGlass could be ready for future detector upgrades.

14.5 Auxiliary Detectors

14.5.1 Roman Pots and LGAD Technology

A far-forward proton spectrometer, based on the well known technique of Roman Pots, is
an integral part of an EIC detector system, essential for the success of its physics program
(see Secs. 8.4 and 8.5), and thus is envisioned as a subsystem for a day-one EIC detector. A
forward proton spectrometer will provide a critical contribution to the study of inclusive
diffractive and exclusive production processes in coherent e+p and e+D collisions. Fur-
thermore, it is essential to provide a veto of incoherent background to measurements of
exclusive meson production in e+A collisions.
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Figure 14.10: A collage of AC-LGAD sensors that are under development and being tested.
The lower right plot shows the schematic design of an AC-LGAD sensor.

An innovative silicon technology, based on Low Gain Avalanche Diode (LGAD), is proposed
to instrument the Roman Pots, as well as other EIC detector subsystems, as it has the
potential to combine in a single sensor fine spatial resolution and precise timing. More
specifically, by AC-coupling the metal layer (that is connected to the readout electronics)
to the active silicon layers of an LGAD (AC-LGAD), the sensor can be finely pixelated
(in the order of few tens of microns) to reach a spatial resolution similar to conventional
pixel trackers, and its timing performance can be maintained compatible to the one of
standard LGADs, i.e. ≈ 30 ps. A sketch of an AC-LGAD sensor designed at BNL can be
seen in Fig. 14.10 (bottom-right). While the LGAD technology is established and is being
used by the ATLAS and CMS experiments at the LHC for their timing subsystems for
the High Luminosity phase (HL-LHC), the AC-LGAD technology is instead under intense
development in US, Europe and Japan.

Simulations show that 500 µm square pixels and 30–40 ps time resolution are sufficient
to achieve the desired physics performance. In more detail, simulations showed that the
detector pixels must be at least as small as 500 x 500 µm2 to make the smearing contribution
negligible with respect to the other effects at 275 GeV. Currently available LGAD sensors
for the HL-LHC have 1.3 x 1.3 mm2 pixels, which would provide smearing contributions
outside of the Roman Pots specifications. The 500 x 500 µm2 pixelation can be achieved
in AC-LGADs, and, with reasonable effort, in the associated readout electronics, i.e. by
small modifications of the ASIC developed for the ATLAS timing detector. It must be
noted that a space resolution an order of magnitude smaller than the pixel pitch can be
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achieved by using the information from the signal sharing between neighboring pixels,
with a substantial advantage in power and real estate in the readout electronics. At the
same time, in the high acceptance configuration, the impact of the angular divergence on
the smearing of the transverse momentum becomes comparable to the contribution from
the crab cavity rotation of the beam bunch. To remove the smearing contribution from the
crab cavity rotation, in addition to further rejecting the backgrounds, fast timing is required
in the range ≈ 30 – 40 ps. Such timing performance has been demonstrated by the LGAD
sensors developed for the HL-LHC, and it has been recently shown to be achievable by
AC-LGAD sensors too. In addition, such sensors must be placed as close as possible to the
beam, therefore their inactive area at the edge of the sensor must be minimized, and must
be≤ 100 µm. Laboratory tests showed that the inactive edges of LGADs can be reduced to
about 50 µm, i.e. to values compatible with the Roman Pots specifications. Several designs
of AC-LGAD sensors have been fabricated and tested, as shown in Fig. 14.10.

In summary, the novel AC-LGAD sensor technology has recently been shown to meet both
spatial and timing performance as well as small edge specifications for its application in
Roman Pots. However, further work is needed to fully characterize the AC-LGAD per-
formance, test their robustness and optimize their design for the specific implementation
in Roman Pots. For instance, the intrinsic sensor gain and thickness can be optimized to
improve the time resolution, finer spatial resolution can be achieved by exploiting the sig-
nal sharing properties of neighboring pixels, and larger area prototypes with advanced
designs need to be fabricated and tested. Most critical at this point in time is the develop-
ment of an architecture of the readout electronics, and more urgently the ASIC R&D.

Given the need of fast-timing at EIC and the growing interests in LGAD technology to
meet those needs (see time-of-flight detector, 4D tracker, TOPSiDE detector concept, 4π
hybrid LGAD/SOI tracker, preshower), a collaborative effort will be extremely beneficial.
An international consortium is being formed to accomplish the above-mentioned R&D
tasks.

In a time-frame of two years, thanks to prototyping and laboratory testing, the AC-LGAD
can be confirmed as the baseline technology for Roman Pots, while an optimization of
the sensor readout can be achieved in a five year time scale. In a two year timeframe
the readout architecture can be developed and its viability demonstrated via simulations
as well as laboratory tests based on existing prototypes for the LHC, while in a five year
time scale a more detailed design of the ASICs and the readout chain, including initial
prototyping, can be achieved.

14.5.2 Zero Degree Calorimeter

The ZDC will serve critical roles for a number of important physics topics at EIC, such
as distinguishing between coherent diffractive scattering in which the nucleus remains
intact, and incoherent scattering in which the nucleus breaks up; measuring geometry
of e + A collisions, spectator tagging in e + d/3He, asymmetries of leading baryons, and
spectroscopy. These physics goals require that the ZDCs have high efficiency for neutrons
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and for low-energy photons, excellent energy, pT and position resolutions, large acceptance
and sufficient radiation hardness.

There are several possible approaches to achieve high energy and position resolution in a
calorimeter. For example, the ALICE FoCal [1654], is a silicon-tungsten (Si+W) sampling
calorimeter with longitudinal segmentation. Low granularity layers are used for the en-
ergy measurement while higher granularity layers provide accurate position information.

From simulations the photon energy resolution for FoCal is estimated to be σE =
27%/

√
E⊕ 1% [1239]. Other technologies that would provide suitable resolution include

crystals (PbWO4, LYSO, GSO, LSO), DSB:Ce glass, and W/SciFi. PbWO4 crystals and
DSB:Ce glass have been developed and characterized by the eRD1 Consortium and the
Neutral Particle Spectrometer project at Jefferson Lab. Tests have shown energy resolu-
tions of ∼ 2%/

√
E for photon energies ∼ 4 GeV [1655].

To identify neutrons, the ZDC needs a hadronic section with a resolution of σE < 50%/
√

E
with an angular resolution of at least 3 mrad /

√
E is desired. Cerenkov calorimeters,

which measure only the high energy component of the showers, give excellent position
resolution and tight containment but are non-compensating and so somewhat non-linear.
Sampling all charged particles produced gives better energy resolution at the cost of worse
lateral containment. We seek to exploit both techniques to maximize both the energy and
position resolution of the ZDC. This could be done by using the quartz fibers developed
for the LHC ZDCs, [1657], with traditional scintillators.

In order to detect coherent collisions it is necessary to veto events in which soft photons
are emmitted from an excited nucleus For 208Pb, every bound-state decay sequence has
at least one photon with an energy of at least 2.6 MeV. For a beam momentum of 275
GeV/c, 20% of these decay photons (with minimum energy 455 MeV) are detectable in the
ZDC aperture of ∼ 4.5 mrad. In order to detect such photons from nuclear excitation it
is important that the ZDC have the largest possible aperture. It is possible that a 2nd IR
design will allow a larger ZDC acceptance.

The meson structure research for the EIC has shown the need of a tracker, in combination
with the ZDC, to be used as a veto detector for π− for an efficient measurement of the
Λ → n + π0 channel. Besides this main purpose, adding a tracker could improve the re-
construction of charged particles in the ZDC for other different channels. A non-expensive
and feasible option is the use of scintillating fibers (SciFi) as a tracker detector.

The number of spectator neutrons is predicted to be somewhat correlated with the colli-
sion geometry. The required performance of the detector to identify the coherence of the
collision is under development using the BeAGLE simulation [1267]. Some of performance
parameters are under ongoing study. The optimization of the performance requirements
is included in the scope of the development based on the requirements known as of now
as listed below.

A large acceptance (e.g. 60×60 cm2) to establish good identification efficiency between
coherent and incoherent collisions is necessary for vetoing spectator neutrons from nuclear
breakup. This large acceptance is also required to determine the collision geometry [1366].
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For studying very forward production and asymmetries of hadrons and photons, a large
acceptance is also important. The EIC aperture of ±4 mrad gives pT < 1 GeV/c coverage
for 275 GeV hadrons and photons, which covers the transition from elastic/diffraction to
incoherent regime; for low-energy hadron beam the acceptance in terms of pT is more
limited e.g. pT < 0.4 GeV/c coverage for 100 GeV beam.

Due to the strong β squeeze < 1 meter for the high luminosity, a beam spread of ∼20
MeV and ∼1 cm of the hadron beam angular divergence is induced. Thus the position
resolution of neutron in sub cm won’t help. 1 cm position resolution provides 300 µrad
angular resolution, which can be translated to transverse momentum resolution pT ∼ 30
MeV/c of 100 GeV spectator neutron.

The minimum energy resolution ∆E/E ∼ 50%/
√

E(GeV) to distinguish number of spec-
tator neutrons from 20 to 30 for collision geometry determination. In order to accommo-
date a single MIP track to 30 spectator neutrons, wide dynamic energy range in the readout
electronics is required.

It is anticipated to be a sampling type calorimeter with a sufficient longitudinal size of
∼10 interaction length [1366]. It is also required to have a sufficient transverse size of ∼2
interaction length to avoid transverse leakage of the hadron shower and to achieve good
hadron energy resolution.

14.5.3 Superconducting-Nanowire Particle Detectors

Superconducting Nanowire Single-Photon Detectors (SNSPDs) have become the dominant
technology in quantum optics due to their unparalleled timing resolution and quantum
efficiency. The Argonne National Laboratory group, supported by eRD28, is currently
investigating the pathway to transform these sensors into a novel particle detector for the
EIC. The sensors can operate in magnetic fields greater than 5 T at a high rate with high
efficiency, and with a timing resolution as low as. 20 ps. The R&D effort aims to produce
a small (mm2) superconducting nanowire pixel array for detecting high energy particles.
This first of its kind detector will have the flexibility to be used in multiple far-forward
detector systems. It can extend the EIC’s scientific reach beyond what is possible with
contemporary technology for far-forward detection.

Superconducting nanowire detectors have multiple characteristics that make them a
uniquely capable detector technology for applications at the EIC. (a) Superconducting
nanowire detectors are high-speed detectors and have time resolutions typically on the
order of 20 ps scale, with a current record of 3 ps. (b) A meandering wire layout allows
for small pixel sizes and allows for µm position resolution if needed. (c) Single pixels can
operate efficiently at high-rates in strong magnetic fields (up to 5 T) [1772]. (d) Edgeless
sensor configurations are a possibility, with the sensitive element positioned to within a
few 100 nm of the substrate edge, eliminating dead material in between the particle beam
and the detector. (e) Wide choice of substrate material – the detectors can be fabricated on
membranes as thin as few 10 µm, further cutting down on material thickness. (f) Radia-
tion hardness allows for a longer service cycle of detectors operating near the beam and
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interaction regions.

The EIC R&D committee identified four applications at the EIC for future R&D [1773]. (1)
A Roman pot detector in the forward region about 35 meters or more from the interaction
point to tag low momentum transfer recoiling ions. (2) An integrated detector inside the
cold bore of superconducting magnets for the forward ion detection would provide track-
ing in regions of high magnetic fields. This would include placing the detector inside the
magnet and integrating it with the magnet’s cooling system, eliminating the need for a
separate cryogenic system. Further applications include (3) placing the detector in front
of the ZDC detector and around the forward ion spectrometer section, filling in the de-
tection gaps where radiation hard detectors with excellent position and timing resolution
are needed. Finally, (4) use in an electron detector for a Compton Polarimeter, because the
high rate capability, allows the nanowire detectors to handle the 100 MHz beam pulse rate
to measure the azimuthal asymmetries needed to extract the beam polarization.

Superconducting nanowire sensors are an entirely new technology for high energy particle
detection in nuclear physics [1774]. This unique opportunity comes with some R&D needs
to leverage the full potential for applications at the EIC. Further R&D includes optimizing
the wire parameters or high energy ion detection, developing cryogenic bias and readout
ASICs for high channel count tracking detectors, and design integration of superconduct-
ing nanowire sensors into the cold bore of superconducting magnets. The required R&D
can be completed within the next few years, depending on the specific application.

14.6 Data Acquisition

14.6.1 Streaming-Capable Front-End Electronics, Data Aggregation, and Tim-
ing Distribution

A streaming readout is the likely readout paradigm for the EIC, as it allows easy scaling
to the requirements of EIC, enables recording more physics more efficiently, and allows
better online monitoring capabilities. The EIC detectors will likely be highly segmented,
leading to a large number of readout channels. At the same time, multiplicities and pile-up
are likely less demanding than other experiments like sPHENIX. The physics case is very
wide, and many analysis will be systematics dominated. It is therefore crucial to minimize
systematic effects from the readout, for example trigger biases. Further, minimally biased
data recording allows to data-mine for novel physics later in the EIC life-cycle. A streaming
readout system further reduces scaling choke-points and allows us to eliminate critical
failure points like online event building. See section 11.10 for more details.

A working readout system is crucial for any data taking and must be ready at day-1. In
fact, ideally, prototypes should be ready for detector tests well ahead of first beam. R&D
is required in multiple areas:

Streaming readout requires the distribution of clock information. While crucial for suc-
cessful data taking, this is a less demanding task than the distribution of triggers, and a
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scheme similar to the one at sPHENIX is a likely solution. This approach will be tested by
sPHENIX well ahead of EIC completion, and other test beams will likely use other timing
systems. Front end electronics need to be read out via some sort of data collection hard-
ware. These will likely be evolutions of already available components like the FELIX cards,
and existing hardware can be used during test beams until the final hardware iterations
are available. Both of these research topics are rather low risk.

Of higher risk is the development of suitable front-end electronics. Here, possible front-
end readout ASICs have to be matched to the detector requirements. While existing ASICs
cover many use cases, it is not clear yet if the requirements of the final detector configu-
rations for the EIC are covered by current capabilities. History tells us that timelines for
development of completely new ASICs is 6 or more years, with substantial investment of
R&D personnel, while modifications of existing designs might be done in 3+ years, and
possibly smaller teams. It is therefore paramount that cases where new readout ASICs
are required are identified soon, and whether a readout is at all feasible within the given
constraints. This puts this research into the high-risk and high priority category. We
want to note here that this risk is not unique to a streaming readout—in fact, most high-
performance ASICs today fit a streaming readout solution better than a triggered one—
and is indeed a risk for the readout in general, independent of chosen paradigm. There
is further a risk that evolutions of current designs face deprecation of the underlying pro-
cess nodes, prompting a costly transition to a new node. However current process node
timelines and predictions indicate that process nodes used in current-gen chips will be
available at the timescale of EIC operation.

The research intrinsically touches upon a wide range of other detector projects. It is very
likely that data collection hardware is shared between most detector components. For
front-end electronics, designs will be shared as much as possible.

14.6.2 Readout Software Architecture, Orchestration and Online Analysis

In addition to readout hardware, it is important to develop and test protocols and soft-
ware to provide a stable, high-performing readout. This includes a scalable platform, both
in channel count and processing capabilities, and the inclusion of analysis into the online
system as much as possible. The system must be resilient against errors in the FEE to en-
able an overall highly efficient data taking. High quality, high level monitoring will secure
the recording of high-quality data, reducing time-to-publication. Similar to the hardware,
prototype designs should be ready well in advance to support test beam times, and to
collect experience necessary to build the online analysis.

The development of software and protocol components must go hand in hand with the
hardware. As the highest priority, it is important to define a logical protocol for data ex-
change. This will enable groups to develop interoperable electronics and software compo-
nents early in the development cycle. The community is actively working on this issue,
but revisions will be likely in the years to come.

To achieve optimal usage of beam times, techniques must be developed to make the read-
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out resilient against FEE errors (e.g. Single Event Upsets) without requiring a full stop and
restart of the system. This issue is exacerbated by the high channel count and density. In a
similar fashion, it is an open research question how to best address bandwidth restrictions.
Since the data rate is governed by a stochastic process, they will have peak rates substan-
tially above the average data rate, with almost no ceiling. While large memory buffers
can mitigate this by smearing out peak rates over time, the system must still be able to
handle buffer overflows. For both problems, R&D is required to develop a framework and
control algorithms that react in a predictable and reconstructable way, so that overall de-
tector/DAQ efficiencies can be extracted. Such a system must be available essentially at
first beam, with improvements later in the life cycle.

The amount of data collected and the evolving landscape of computing infrastructure from
a local to a federated model makes it necessarily to rethink data storage and retrieval to
achieve efficient usage of the computing resources. Here, a flexible software layer must
be developed to isolate the analysis code from the changing infrastructure. While a first
solution is required at first beam, it is likely that this will evolve together with the com-
puting infrastructure during the EIC lifecycle. Connected to this issue is the integration of
analysis into the online and near-online processing to maximize data quality. This includes
the efficient handling of calibration procedures, and minimization of time delay between
analysis and data taking.

The latter points are, to some degree, also required R&D for other projects like sPHENIX
and CLAS-12, and an EIC solution would likely be straight-forward iterative development.
On the other hand, even with sophisticated simulations and detector tests, the initial con-
ditions at an EIC in the sense of observed background and dark rates, beam quality etc.
are hard to predict, and will probably require some time for tuning. The initial rates might
overwhelm the readout system and a system to mitigate this risk must be developed. A
possible avenue is to include a hard data reduction stage early in the readout system, for
example controlled by a trigger, or via software cuts at a very early stage. This capabil-
ity is the equivalent of raising trigger thresholds or disabling trigger sources in a classi-
cal triggered system, and would secure the ability to record data required to understand
and calibrate detectors and optimize the machine, at the cost of physics reach during this
tune-up period. A possible approach based on hardware signals is essentially realized at
sPHENIX, and other implementations are straight forward. Research and development
has to show if a pure software-based solution can be implemented, which would allow for
more flexibility in the transition to normal operation.

14.7 Electronics

Development of readout electronics for the EIC Detectors is informed by recent and ongo-
ing development efforts such as LHC upgrades and Belle II. R&D efforts are needed on the
following key topics.
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14.7.1 High Precision Timing Distribution Over Large System

High precision timing distribution is important for sub-detectors like TOF and LGAD
based timing detectors. This technology will be used to distribute high precision clocks
to the sub-detectors, allowing precision timing of detector signals. It should also support
online calibration of the clock phase drift caused by environmental changes, such as tem-
perature drift. As an example, for the proposed TOF in sPHENIX and LGAD detectors in
HL-LHC, the required resolution for measurements of individual arrival times of particles
is about 25 to 50 ps, to mitigate the relatively short flight lengths, and extreme pile-up
and occupancy conditions [1775]. Contributions to the resolution comes from both the de-
tector and electronics. In future HEP experiments, the electronics timing requirement may
reach picosecond level. R&D on phase stabilization within the back-end FPGA is a promis-
ing candidate solution, considering a holistic integration of the back-end electronics in the
DAQ system with the front-end readout electronics of the sub-detectors. A benchmark for
such a system will be to demonstrate full path transmission of signals and data with the
system clock embedded. The most critical aspect of this R&D is to guarantee the phase
stability of the low jitter clock at the sub-detector front-end. This endeavor leverages of
ongoing studies at CERN for the HL-LHC experiments [1776]. Depending on the detailed
requirements for EIC, and the maturity of the HL-LHC development efforts, this R&D may
be completed in about 1 year.

14.7.2 Usage of COTS Devices in a Radiation Environment

Depending on the design methodology for the sub-detectors readout electronics, FPGAs
may be used in the readout boards exposed to significant radiation. This R&D will mainly
focus on the application of commercial FPGAs in the front-end electronics. The purpose
is to provide common FPGA-based solutions for readout electronics in a radiation envi-
ronment. Similar research has been carried out for existing FPGAs, for example the Xilinx
7 series and Ultrascale series FPGAs in sPHENIX and the LHC experiments. The key
outcomes of this study are two-fold. First, the selection of FPGAs (SRAM-based or Flash-
based FPGA) depending on the detailed FPGA functional requirements, radiation dose,
radiation type and sensitivity to different types of errors caused by expected radiation
backgrounds. And second, selecting FPGA firmware design methodologies to mitigate
errors such as Single Event Upset (SEU) and Single Event Functional Interrupt (SEFI). Ex-
amples of mitigation methods are the use of TMR (Triple Modular Redundancy) for the
firmware logic, data coding with error correction for high-speed serial links, and con-
tinuous, background scrubbing of the FPGA configuration memory. Besides FPGA and
the memory for configuration, the commercial power regulators should also be qualified.
This R&D should be started as soon as possible. Several radiation test campaigns will be
needed, and the whole process may last for 1 to 1.5 years and will inform the selection
criteria, as well as, implementation mitigating metrics.
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14.7.3 Micro-electronics, Opto-Electronics and Powering

Selecting the most appropriate micro-electronics includes a survey and evaluation of cur-
rent CMOS technologies, including 65nm and 28nm technology nodes where appropriate.
Not all subdetectors require extreme radiation tolerance and ASICs successfully demon-
strated in backgrounds appropriate to experimental needs should be considered. Where
necessary to mitigate radiation effects, the choice of technology, models, cell libraries and
IP blocks development for extreme environments [1775, 1777] will be considered. Due to
the limited available resources within the EIC community, expertise and experience from
HEP will be harnessed. Detailed designs of specific front-end ASICs will depend on the
requirements from the various sub-detectors. In most cases there are multiple, potentially
viable ASIC solutions that have already been developed. However many were not de-
signed for Streaming Readout mode of operation. Development efforts in coming years
will include updating these architectures to support this mode of operation.

To support streaming readout and reduce cabling infrastructure, suitable Opto-electronics
are needed. This means qualifying radiation hard optical link architectures for high speed
serial links, including the optical modules and possible common ASICs for data aggrega-
tion [1777]. While this could require a lot of effort, existing designs at 2.5 Gbps, 5 Gbps
and 10 Gbps line rates at CERN for LHC and HL-LHC experiments [1778] should be ade-
quate for EIC. Small revisions may be needed to match EIC machine parameters, such as
different base clock frequencies and line rates for the data transmission.

Again to reduce cable infrastructure, power system R&D may be needed. This chiefly
includes research on radiation tolerant DC-DC converters, following such development
activities at CERN [1779], low voltage power distribution and serial powering for tracker
modules.

It is necessary to have regular electronics meetings as early as possible, to discuss the over-
all electronics development, especially the common ASIC modules, firmware protocols,
the FPGA selection and also the PCB procurement.

To reduce the development and maintenance effort for the readout and data acquisition,
it is critical that it be integrated with the detector technology selection, design and proto-
typing. The detector groups are encouraged to work closely with the readout and DAQ
group in considering readout requirements (e.g. noise performance requirement), using
the supported readout chips (e.g. streaming compatible chips), and perform tests with the
compatible DAQ software (RCDAQ, etc.) at the earliest possible opportunity.
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Appendix A

Deep Inelastic Scattering Kinematics

A.1 Structure functions

In general, the inclusive DIS process can be written as

e(l) + N(p)→ e(l′) + X(pX), (A.1)

where e refers to the electron or positron, N is the nucleon in the initial state with mo-
mentum p, and a system X (which is not measured) is produced with momentum pX. In
case of an unpolarized nucleon, the cross section for this process can be written in terms
of the structure functions F2 and FL in the one photon exchange approximation neglecting
electroweak effects as

dσ

dxdQ2 =
4πα2

xQ4

[(
1− y +

y2

2

)
F2(x, Q2)− y2

2
FL(x, Q2)

]
. (A.2)

Instead of structure functions, the reduced cross section σr is often used

σr =
d2σ

dxdQ2
xQ4

2πα2[1 + (1− y)2]
= F2(x, Q2)− y2

1 + (1− y)2 FL(x, Q2). (A.3)

With longitudinally polarized electron and nucleon beams, it is also possible to extract the
structure function g1

1
2

[
dσ�

dxdQ2 −
dσ⇒

dxdQ2

]
=

4πα2

Q4 y(2− y)g1(x, Q2). (A.4)

Here terms suppressed by x2m2
N/Q2 have been neglected, and σ� refers to the case where

the nucleon and electron spins are opposite (and parallel to the z axis), and σ⇒ to the scat-
tering process in case of aligned spins. The kinematical variables x,y and Q2 are introduced
below, and mN is the nucleon mass and α is the fine structure constant. At large Q2 and to
leading order in the strong coupling constant αs the F2 structure function is proportional
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to the unpolarized quark and antiquark distributions in the nucleon, and g1 is sensitive to
the longitudinally polarized distributions. In this limit FL = 0, and it obtains a first contri-
bution at next to leading order in perturbative expansion, and is thus particularly sensitive
to the gluon distribution.

In diffractive (and also semi-inclusive) scattering, the process becomes

e(l) + N(p)→ e(l′) + N′(p′) + X(pX), (A.5)

where N′ refers to the nucleon or the nucleon remnants in the final state with momentum
p′ and a specific system X is produced. The electron mass is neglected in the following
discussion, and the nucleon mass p2 = m2

N is kept non-zero unless otherwise stated. In this
appendix, p is a four vector and p and p⊥ refer to the three-momentum and the transverse
momentum, respectively. The momentum vectors are illustrated in Fig. A.1.

A.2 Invariants

X
p xp

(a) Inclusive DIS

t

p
p

p

X

ln 1

(b) Diffractive scattering

Figure A.1: Kinematical variables of inclusive and exclusive DIS. The blobs correspond to
interactions.

Let us first consider inclusive scattering where the final state X is not completely deter-
mined and the scattered nucleon (nucelon remnants) are not reconstructed. The center-
of-mass energy squared for the DIS process can be written using the momenta defined in
Eq. (A.1) as

s = (l + p)2 = m2
N + 2p · l ≈ 2

√
EeEn. (A.6)

Here Ee is the electron energy and En the nucleon energy, and the approximation is valid
in the high energy limit where the nucleon mass can be neglected.

As the scattering process is mediated by a virtual photon, the center-of-mass energy W for
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the photon-nucleon system is generically more useful:

W2 = (p + q)2 = m2
N −Q2 + 2p · q. (A.7)

Here the virtual photon momentum is q = l − l′ and its virtuality −Q2 = (l − l′)2. The
other useful Lorentz invariant quantities describing the DIS process are

x ≡ Q2

2p · q =
Q2

2mNν
=

Q2

Q2 + W2 −m2
N

(A.8)

y ≡ p · q
p · ` =

W2 + Q2 −m2
N

s−m2
N

(A.9)

These invariants have intuitive physical interpretations in particular frames. The Bjorken
variable x can be interpreted in the parton model in the infinite momentum frame where
the nucleon carries a large longitudinal momentum. In such a frame, x is the fraction of
the nucleon momentum carried by the stuck parton if the quark masses are neglected. In
electron-nucleon collisions, 0 < x < 1.

The variable y is called inelasticity. When expressed in the nucleon rest frame, one finds
y = 1 − E′l

El
, where El and E′l are the energies of the incoming and outgoing leptons in

this frame, respectively. Consequently, 0 ≤ y ≤ 1, and in particular, the highest possible
photon-nucleon center-of-mass energies are reached at the y → 1 limit. A closely related
variable ν also exists: ν ≡ p·q

mN
describes, in the nucleon rest frame, the electron energy

carried away by the virtual photon: ν = El − El′ .

The invariants presented above are not independent, and in inclusive scattering the colli-
sion kinematics is completely determined by three variables, e.g. s, Q2 and x. This becomes
apparent when noticing that the invariants defined above satisfy e.g. the following rela-
tions:

Q2 = xy(s−m2
N), and (A.10)

W2 =
1− x

x
Q2 + m2

N . (A.11)

The smallest kinematically allowed virtuality Q2
min can be determined if the electron mass

me is non-zero: Q2
min = m2

e
y2

1−y .

Let us then discuss diffractive production of a system X with an invariant mass M2
X. In the

unpolarized case where the cross section is symmetric in azimuthal angle, we can describe
the kinematics by introducing the following new invariants:

t ≡ −(p′ − p)2 (A.12)

xP ≡
(p− p′) · q

p · q =
M2

X + Q2 − t
W2 + Q2 −m2

N
(A.13)
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β ≡ Q2

2q · (p− p′)
=

Q2

M2
X + Q2 − t

(A.14)

In the infinite momentum frame, xP has the interpretation that in the scattering process
an exchange of vacuum quantum numbers (a pomeron exchange) takes place, and the
pomeron carries a fraction of xP of the nucleon longitudinal momentum. Similarly, in
the partonic language β is the longitudinal momentum of the struck parton inside the
pomeron. These invariants are not independent, and can be related to the invariants of
inclusive DIS discussed above via e.g.

x = βxP. (A.15)

An experimental signature of a diffractive event is the presence of a rapidity gap between
the outgoing nucleon (nucleon remnants) and the system X. This gap size is ∆y ∼ ln 1/xP.

A.3 Laboratory frame

In the laboratory frame the collisions are asymmetric, and the inclusive DIS invariants can
be determined by measuring the energy and the scattering angle of the outgoing electron.
In the limit of small nucleon mass, the invariants read

s = 4EeEn (A.16)

Q2 = 2EeE′e(1− cos θe) (A.17)

W2 = 4EeEn − 2E′e [En + Ee + (En − Ee) cos θe] (A.18)

x =
EeE′e(1− cos θe)

2EeEn − E′eEn(1 + cos θe)
(A.19)

y =
2EeEn − E′eEn(1 + cos θe)

2EeEn
. (A.20)

Here Ee and E′e are the incoming and outgoing electron energies, and the electron scattering
angle is θe, with θe = 0 corresponding to the forward scattering, or photoproduction region
Q2 ≈ 0. Similarly the incoming nucleon energy is En.

In exclusive processes it is possible to also measure the momentum of the produced par-
ticle and its invariant mass by measuring the decay products. Although the kinematical
variables can be reconstructed using the scattered electron only, a common method to de-
termine y and Q2 is to express these invariants in terms of the scattering angles of both the
electron and the produced particle using the double angle method [1780]:

Q2 = 4E2
e

sin θe(1− cos θV)

sin θV + sin θe − sin(θe + θV)
(A.21)

y =
sin θe(1− cos θV)

sin θV + sin θe − sin(θe + θV)
. (A.22)
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Here θV is the scattering angle of the produced particle. These expressions are again valid
in the limit where the nucleon mass can be neglected, and other similar methods can be
found from Ref. [1780]. Note that once Q2 and y are determined, x and W2 can be obtained
using Eqs. (A.10) and (A.11).

The squared momentum transfer t can be written as

t = − (pX⊥ − l′⊥)2 + x2
Pm2

N
1− xP

≈ −(pX⊥ − l′⊥)2. (A.23)

Here pX⊥ is the transverse momentum of the produced particle and l′⊥ the transverse mo-
mentum of the scattered electron, and the approximation is valid at high energies where
xP is small and the momentum transfer is approximatively transverse. Note that the kine-
matical lower bound for t reads

− t > −tmin =
x2

Pm2
N

1− xP

. (A.24)

When t, Q2 and W2 are determined, xP can be obtained by using Eq. (A.13).

In exclusive and semi-inclusive processes the particle X is identified by measuring the
invariant mass of the decay products. In inclusive diffraction the invariant mass M2

X is
determined by measuring the total energy EX and the total momentum pX of the produced
particles:

M2
X = E2

X − pX
2. (A.25)

In these events, it is also possible to construct inelasticity using the hadron method

yh =
EX − pXz

2Ee
. (A.26)

The hadron method can also be used to determine inelasticity in exclusive particle produc-
tion in the photoproduction limit where the scattered electron can not be detected. For a
better experimental accuracy, different methods to construct e.g. inenalasticity can be com-
bined (see e.g. [271]). Generically in inclusive diffraction M2

X +Q2 � |t|, and consequently
t can be neglected when determining xP and β using Eqs. (A.13) and (A.14).

A.4 Breit frame

A natural frame to describe hard scattering process in DIS is the Breit (or brick wall) frame,
where the incoming photon carries no energy, and the parton to which the photon cou-
ples to behaves as if it bounced off a brick wall. Let us choose that the ultrarelativistic
nucleon moves along the positive z axis, and the photon propagates to the −z direction.
The nucleon momentum in this frame is pz = 1

2x Q, and the parton longitudinal momen-
tum kz can be written as kz = xpz = 1

2 Q. Similarly, the photon four-momentum reads
q = (0, 0, 0,−Q). Now, after the photon absorption k′ = −k, where k′ is the parton mo-
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Figure A.2: Planes in exclusive vector meson production.

mentum after the scattering. Note that in this frame there is no energy transfer to the
proton.

The Breit frame is not the center-of-mass frame for the parton-photon scattering. This is
advantageous when separating the produced particles from the beam remnants. In the
Breit frame, the produced particles populate the region of negative z momentum, while
the beam remnants generically have a positive momentum z component.

A.5 Helicity studies

Studying the helicity structure of exclusive particle production processes requires one to
measure the azimuthal angles φ∗ and Φ defined in Fig. A.2. Note that the angles are de-
fined in the frame where the photon and the nucleon momenta are aligned along the same
axis (here z axis), so this discussion is valid both in the Breit frame and in the γ-nucleon
center-of-mass frame.

The production plane is defined as the plane spanned by the z axis and the momentum of
the produced particle. The azimuthal angle between this plane, and the electron scattering
plane spanned by the momenta of the incoming and outoing electron momentum vectors
is denoted by Φ in Fig. A.2, where the geometry is illustrated in case of e+ + p→ e+ + p +
J/ψ scattering. Similarly, we define the decay plane, which is spanned by the momenta of
the decay products of the prodcued particle, and the azimuthal angle between this plane
and the production plane is denoted by φ∗.

The third angle required to specify the geometry θ∗ also shown in Fig. A.2 is required to
determine the polarization state of the produced particle. This angle is defined as the polar
angle of the decay particle having the same charge as the incoming lepton in the rest frame
of the decaying particle. The θ∗ = 0 case corresponds to the direction of the produced
particle in the photon-nucleon center-of-mass frame.
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Organizational Structure

Physics working group and sub-working group conveners

• Physics Working Group conveners: Adrian Dumitru (The City University of New
York, USA), Olga Evdokimov (University of Illinois Chicago, USA), Andreas Metz
(Temple University, USA), and Carlos Muñoz Camacho (CNRS Université Paris-
Saclay, France)

• Inclusive Reactions:

Conveners: Renee Fatemi (University of Kentucky, USA), Nobuo Sato (JLab, USA),
Barak Schmookler (Stony Brook University, USA)

• Semi-inclusive Reactions:

Conveners: Ralf Seidl (RIKEN, Japan), Justin Stevens (The College of William&Mary,
USA), Alexey Vladimirov (University of Regensburg, Germany), Anselm Vossen
(Duke University, USA), Bowen Xiao (The China University of Hong Kong, China)

• Jets, Heavy Quarks:

Conveners: Leticia Mendez (ORNL, USA), Brian Page (BNL, USA), Frank Petriello
(ANL & Northwestern University, USA), Ernst Sichtermann (LBNL, USA), Ivan Vitev
(LANL, USA)

• Exclusive Reactions:

Conveners: Raphaël Dupré (CNRS Université Paris-Saclay, France), Salvatore Fazio
(BNL, USA), Tuomas Lappi (University of Jyväskylä, Finland), Barbara Pasquini
(University of Pavia, Italy), Daria Sokhan (University of Glasgow, Scotland-UK)

• Diffractive Reactions & Tagging:

Conveners: Wim Cosyn (Florida International University, USA), Or Hen (MIT, USA),
Douglas Higinbotham (JLab, USA), Spencer Klein (LBNL, USA), Anna Stasto (Penn
State University, USA)
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Detector working group and sub-working group conveners

• Detector Working Group conveners: Ken Barish (UC Riverside, USA), Silvia Dalla
Torre (INFN - Trieste, Italy), Tanja Horn (The Catholic University of America, USA),
Peter Jones (University of Birmingham, UK), and Markus Diefenthaler, ex-officio
(JLab, USA)

• Tracking (+vertexing)

Conveners: Domenico Elia (INFN - Bari, Italy), Kondo Gnanvo (University of Vir-
ginia, USA), Leo Greiner (LBNL, USA)

• Particle ID

Conveners: Tom Hemmick (Stony Brook University, USA), Patrizia Rossi (JLab, USA)

• Calorimetry (EM and Hadronic)

Conveners: Vladimir Berdnikov (The Catholic University of America, USA), Eugene
Chudakov (JLab, USA)

• Far-Forward Detectors

Conveners: Alexander Jentsch (BNL, USA), Michael Murray (University of Kansas,
USA)

• DAQ/Electronics

Conveners: Andrea Celentano (INFN - Genova, Italy), Damien Neyret (CEA Saclay,
France)

• Polarimetry/Ancillary Detectors

Conveners: Elke Aschenauer (BNL, USA), Dave Gaskell (JLab, USA)

• Central Detector/Integration & Magnet

Conveners: Willliam Brooks (University of Valparaiso, Chile), Alexander Kiselev
(BNL, USA)

• Forward Detector/IR Integration

Convener: Yulia Furletova (JLab, USA)

• Detector Complementarity

Conveners: Elke Aschenauer (BNL, USA), Paul Newman (University of Birming-
ham, UK)
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Software working group conveners

• Andrea Bressan (INFN - Trieste, Italy), Markus Diefenthaler (JLab, USA), Torre We-
naus (BNL, USA)

EIC User Group Steering Committee

• Chair: Bernd Surrow (Temple University, USA), Vice-Chair: Richard Milner (MIT,
USA)

• At Large Members: John Arrington (ANL, USA), Marco Radici (INFN - Pavia, Italy),
Barbara Jacak (LBNL and UC Berkeley, USA)

• Lab Representatives: Thomas Ullrich (BNL, USA), Rolf Ent (JLab, USA)

• European Representative: Daniel Boer (University Groningen, NL)

• International Representative: Wouter Deconinck (University of Manitoba, CA)

• Institutional Board Chair (ex-officio): Christine Aidala (University of Michigan,
USA)
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Appendix C

Yellow Report Workshops

The Yellow Report initiative entailed a series of four workshops in 2020. They were pre-
ceded by a kick-off meeting held at MIT on December 12-13, 2019 where most of the
organizational structure and strategies of the effort were put in place. The four work-
shops in 2020 were originally planned to take place at Temple University in Philadelphia
(March), University of Pavia in Italy (May), Catholic University of America in Washing-
ton D.C. (September), and LBL in Berkeley (November). Due to the COVID-19 pandemic
evolving in early 2020, all of the four workshops were held remote-only, although the
names of the original locations were kept as identifiers. In the following we list the agen-
das of the four workshops for reference; all times are given in EST/EDT. The given pre-
sentations and the recording of all sessions are available on the EIC User Group web site
eicug.org.

1st EIC Yellow Report Workshop at Temple University

Local organizer (Temple University): Amilkar Quintero, Andreas Metz, Bernd Surrow,
Matt Posik

THURSDAY, 19 MARCH

8:30 - 10:40 EIC Project Status - Part 1

8:30 Welcome (10m)
Speakers: Andreas Metz (Temple), Bernd Surrow (Temple)

8:40 Statement by ALD’s BNL and JLab (10m)
Speakers: Berndt Mueller (BNL), Bob McKeown (JLab)

8:50 EIC project overview (30m)
Speaker: James Yeck (Wisconsin-Madison and BNL)
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9:20 EIC project overview - Discussion / Questions (25m)
9:45 Machine design status and plans (30m)

Speaker: Ferdinand Willeke (BNL)
10:15 Machine design status and plans - Discussion / Questions (25m)

11:00 - 13:00 EIC Project Status - Part 2

11:00 IR design status and plans (30m)
Speaker: Holger Witte (BNL)

11:30 IR design status and plans - Discussion / Questions (15m)
11:45 YR goals and plans (15m)

Speakers: Rolf Ent (JLab), Thomas Ullrich (BNL)
12:00 YR goals and plans - Discussion / Questions (15m)
12:15 Software WG Overview (30m)

Speaker: Markus Diefenthaler (JLab)
12:45 Software WG Overview - Discussion / Questions (15m)

14:00 - 16:00 Detector WG Calorimetry
Conveners: Eugene Chudakov (JLab), Vladimir Berdnikov (CUA)

14:00 Initial considerations for EIC detector EMCal (35m)
Speaker: Alexander Bazilevsky (BNL)

14:35 Electromagnetic calorimetry technologies for EIC (30m)
Speaker: Tanja Horn (CUA)

15:05 Jet detection requirements for the EIC calorimeters (25m)
Speaker: Brian Page (BNL)

15:30 Hadronic calorimetry technologies for EIC (30m)
Speaker: Oleg Tsai (UCLA)

14:00 - 16:00 Detector WG Far Forward Detector +
Ancillary detectors/Polarimetry/Luminosity
Conveners: Alexander Jentsch (BNL), Dave Gaskell, E. C. Aschenauer (BNL),
Michael Murray (Kansas), Yulia Furletova (JLab)

14:00 Silicon Sensors for Forward Tracking (30m)
Speaker: Xuan Li (LANL)

14:30 Sensors for Roman Pots - eRD24 (30m)
Speaker: Alessandro Tricoli (BNL)

15:00 Zero Degree Calorimetry (30m)
Speaker: Yuji Goto (RIKEN)

15:30 Open Discussion (30m)
Speaker: Alexander Jentsch (BNL)
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14:00 - 16:00 Detector WG PID: Introduction
Conveners: Patrizia Rossi (JLab), Thomas Hemmick (Stony Brook)

14:00 Introduction (10m)
Speakers: Thomas Hemmick (Stony Brook), Patrizia Rossi (JLab)

14:10 High-Resolution ps TOF for PID at the EIC (20m)
Speaker: Mickey Chiu (BNL)

14:30 Development of MCP-PMT/LAPPD and exploring their application
for particle identification (15m)
Speaker: Junqi Xie (ANL)

14:45 A LGAD-based Time-of-Flight System for EIC - leveraging
experience from the HL-LHC upgrade (20m)
Speaker: Wei Li (Rice)

15:05 Evaluation of small photo-sensors in high magnetic fields for EIC PID (15m)
Speaker: Yordanka Ilieva (South Carolina)

15:20 Dual Ring Imaging Cherenkov status (20m)
Speakers: Evaristo Cisbani (Rome), Marco Contalbrigo (Ferrara)

15:40 The high-performance DIRC detector for the EIC detector (20m)
Speaker: Grzegorz Kalicy (ODU)

14:00 - 16:00 Detector WG Tracking
Conveners: Annalisa Mastroserio (Bari), Kondo Gnanvo (UVa), Leo Greiner (LBNL)

14:00 Introduction to YR-Tracking WG and activities (15m)
Speaker: Kondo Gnanvo (UVa)

14:15 Survey of Silicon Detector Technologies (15m)
Speaker: Laura Gonella

14:30 ITS3 Technology (15m)
Speaker: Leo Greiner (LBNL)

14:45 Survey of Gaseous Detector Technologies (10m)
Speaker: Kondo Gnanvo (UVa)

14:55 Report on eRD6 and eRD22 activities (20m)
Speaker: Matt Posik (Temple)

15:15 Cylindrical Micromegas for the Central Tracking (10m)
Speaker: Francesco Bossu (CEA-Saclay)

15:25 Drift Chambers and Straw Tubes for Central Tracking (20m)
Speaker: Franco Grancagnolo

15:45 sTGCs for the End Cap Tracking (15m)
Speaker: Daniel Brandenburg (BNL)

14:00 - 16:00 Physics WG

14:00 Inclusive reactions WG (10m)
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Speakers: Barak Schmookler (Stony Brook), Renee Fatemi (Kentucky), Nobuo Sato (JLab)
14:20 Semi-inclusive Reactions WG (10m)

Speakers: Anselm Vossen (Duke), Bowen Xiao (CCNU), Justin Stevens (William & Mary),
Ralf Seidl (RIKEN), Vladimirov Alexey (Regensburg)

14:40 Jets, Heavy Quarks WG (10m)
Speakers: Brian Page (BNL), Ernst Sichtermann (LBNL),
Frank Petriello (Northwestern), Ivan Vitev (LANL), Leticia Cunqueiro (ORNL)

15:00 Exclusive Reactions WG (10m)
Speakers: Barbara Pasquini (Pavia), Daria Sokhan,
Raphael Dupre (IPN Orsay), Salvatore Fazio (BNL), Tuomas Lappi ( Jyvaskyla)

15:20 Diffractive Reactions & Tagging WG (10m)
Speakers: Anna Stasto (Penn State), Douglas Higinbotham (JLab), Or Hen (MIT),
Spencer Klein (LBNL), Wim Cosyn (FIU)

15:40 Discussion (20m)

16:00 - 18:00 Detector WG Calorimetry
Conveners: Eugene Chudakov (JLab), Vladimir Berdnikov (CUA)

16:30 - 18:30 Detector WG Far Forward Detector +
Ancillary detectors/Polarimetry/Luminosity
Conveners: Alexander Jentsch (BNL), Dave Gaskell, E. C. Aschenauer (BNL),
Michael Murray (Kansas), Yulia Furletova (JLab)

14:30 Technical requirements for the luminosity detector and the low-Q2-tagger (30m)
Speaker: Jaroslav Adam (BNL)

17:00 Technical requirements for the lepton polarimeter (30m)
Speaker: Alexandre Camsonne (JLAB)

17:30 Technical requirements for the different hadron polarimeters (30m)
Speaker: Oleg Eyser (BNL)

18:00 Discussion (30m)

16:30 - 18:00 Detector WG PID
Conveners: Patrizia Rossi (JLab), Thomas Hemmick (Stony Brook)

16:30 mRICH for EIC - past, present and future (20m)
Speaker: Xiaochun He (Georgia State)

16:50 Quintuple-GEM Based RICH Detector for EIC (20m)
Speaker: Prakhar Garg (Stony Brook)

17:10 High Momentum PID at EIC (in 10 years from now) (20m)
Speaker: Silvia Dalla Torre (INFN, Trieste)

17:30 General discussion on the working plan and deliverables
for the Pavia workshop (30m)

16:30 - 18:00 Detector WG Tracking
Conveners: Annalisa Mastroserio (Bari), Kondo Gnanvo (UVa), Leo Greiner (LBNL)
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16:30 Introduction to YR-Tracking WG Simulation (15m)
Speaker: Domenico Elia (INFN Bari)

16:45 Overview of Tracking Simulation needs and Plans (30m)
Speaker: Barbara Jacak

17:15 Including detector services in simulations (15m)
Speaker: Leo Greiner (LBNL)

17:30 Open Discussion (30m)

16:30 - 18:00 Physics WG Diffraction and Tagging
Conveners: Anna Stasto (Penn State), Douglas Higinbotham (JLab), Or Hen (MIT),
Spencer Klein (LBNL), Wim Cosyn (FIU)

16:30 Spectator tagging in deuteron breakups and kinematics determination
using the BeAGLE generator (30m)
Speaker: Zhoudunming Tu (BNL)

17:00 Update on detection of SRC nucleons in QE kinematics (30m)
Speaker: Florian Hauenstein (ODU)

17:10 Semi-inclusive DIS measurements on A=3 (30m)
Speaker: Dien Nguyen (MIT)

16:30 - 18:00 Physics WG Exclusive
Conveners: Barbara Pasquini (Pavia), Daria Sokhan,
Spencer Raphael Dupre (IPN Orsay), Salvatore Fazio (BNL), Tuomas Lappi (Jyvaskyla)

16:30 Summary of available DVCS and GPDs impact studies in e+p at EIC (20m)
Speaker: Salvatore Fazio (BNLoratory)

16:50 DVCS and pi0 study (20m)
Speaker: Francois-Xavier Girod (JLab)

17:10 DVCS Analysis Framework (20m)
Speaker: Simonetta Liuti (UVa)

17:30 Common discussion: ”what we have & what’s next?” (30m)

16:30 - 18:00 Physics WG Inclusive
Conveners: Barak Schmookler (Stony Brook), Renee Fatemi (Kentucky), Nobuo Sato (JLab)

16:30 - 18:00 Physics WG Jets, HF
Conveners: Brian Page (BNL), Ernst Sichtermann (LBNL), Frank Petriello (Northwestern),
Ivan Vitev (LANL), Leticia Cunqueiro (ORNL)

16:30 Table of measurements in the Jets and Heavy Flavor Working Group (15m)
Speaker: Leticia Cunqueiro (ORNL)

16:45 Jets for 3D imaging (20m)
Speaker: Miguel Arratia (UC Riverside)
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17:05 Heavy flavour reconstruction (20m)
Speaker: Yue Shi Lai (UC Berkeley)

17:25 Jet angularities at the EIC (20m)
Speaker: Brian Page (BNL)

17:45 Discussion (15m)

16:30 - 18:00 Physics WG Semi-Inclusive
Conveners: Anselm Vossen (Duke), Bowen Xiao (CCNU), Justin Stevens (William & Mary),
Ralf Seidl (RIKEN), Vladimirov Alexey (Regensburg)

16:30 Spectroscopy overview/theory (30m)
Speaker: Alessandro Pilloni (ECT*)

17:00 Spectroscopy experiment (30m)
Speaker: Justin Stevens (William & Mary)

17:30 Di-hadron fragmentation update (30m)
Speaker: Anselm Vossen (Duke)

FRIDAY, 20 MARCH

8:30 - 10:30 Detector WG Central Detector / Magnet
Conveners: Alexander Kiselev (BNL), William Brooks (UTFSM)

8:30 Introductory remarks (10m)
Speaker: Alexander Kiselev (BNL)

8:40 Photo-sensors in a strong magnetic field: options for EIC (20m)
Speaker: Junqi Xie (ANL)

9:00 Forward gaseous RICH performance in EIC-sPHENIX solenoid
fringe field (15m)
Speaker: Jin Huang (BNL)

9:15 Low Pt track cutoff implications of a strong solenoid magnetic field (15m)
Speaker: Yulia Furletova (JLab)

9:30 Momentum resolution and magnetic field strength for an EIC detector (15m)
Speaker: Nick Lukow (Temple)

9:45 BeAST solenoid magnetic field calculation and accompanying studies (15m)
Speaker: Alexander Kiselev (BNL)

10:00 Design considerations for the EIC central detector solenoid
ßdiscussion and QA session) (30m)

8:30 - 10:30 Detector WG Electronics/DAQ
Conveners: Andrea Celentano (INFN-Genova), Damien Neyret (CEA Saclay IRFU/DPhN)

8:30 Introduction (30m)
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Speakers: Andrea Celentano (INFN-Genova), Damien Neyret (CEA Saclay IRFU/DPhN)
9:00 Overview of eRD23 activities (30m)

Speaker: Marco Battaglieri (JLab)
9:30 Discussion (15m)
9:45 EIC data rates and noise estimates for a streaming readout system (30m)

Speaker: Jin Huang (BNL)
10:15 Discussion (15m)

8:30 - 10:30 Detector WG PID
Conveners: Patrizia Rossi (JLab), Thomas Hemmick (Stony Brook)

8:30 - 10:30 Forward Detector/IR integration +
Ancillary detectors/Polarimetry/Luminosity
Conveners: Alexander Jentsch (BNL), Dave Gaskell, E. C. Aschenauer (BNL),
Michael Murray (Kansas), Yulia Furletova (JLab)

9:30 Roman Pots at the LHC (30m)
Speaker: Michael Murray (Kansas)

10:00 Open Discussion (30m)
Chair: Alexander Jentsch (BNL)

8:30 - 10:30 Physics WG Diffraction and Tagging
Conveners: Anna Stasto (Penn State), Douglas Higinbotham (JLab),
Or Hen (MIT), Spencer Klein (LBNL), Wim Cosyn (FIU)

8:30 Perspectives on diffractive jet production at the EIC (30m)
Speaker: Michael Klasen (Münster)

9:00 Inclusive diffraction at future EIC (30m)
Speaker: Anna Stasto (Penn State)

9:30 Coherent vector meson production off heavy nuclei - lessons
from studies of ultraperipheral collisions at the LHC (30m)
Speaker: Mark Strikman (PSU)

10:00 Probing quantum fluctuations of the nucleon’s gluon density with
inelastic diffraction at EIC (30m)
Speaker: Christian Weiss (JLab)

8:30 - 10:50 Physics WG Exclusive
Conveners: Barbara Pasquini (Pavia), Daria Sokhan,
Raphael Dupre (IPN Orsay), Salvatore Fazio (BNL), Tuomas Lappi (Jyvaskyla)

8:30 Summary of available studies on VMP in e+p collisions at EIC (20m)
Speaker: Sylvester Joosten (ANL)

8:50 Summary of studies and challenges for VMP in e+A collisions at EIC (20m)
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Speaker: Thomas Ullrich (BNL)
9:10 Exclusive di-jet production as an access gluon Wigner fcn. (20m)

Speaker: Heikki Mantysaari
9:30 TCS with PARTONS (20m)

Speaker: Jakub Wagner (NCBJ)
9:50 Common discussion: ”what we have & what’s next?” (40m)

8:30 - 10:35 Physics WG Inclusive
Conveners: Barak Schmookler (Stony Brook), Renee Fatemi (Kentucky), Nobuo Sato (JLab)

8:30 Plan and Workflow (5m)
Speaker: Renee Fatemi (Kentucky)

8:35 Nuclear shadowing in DIS for future electron-ion colliders (15m)
Speaker: Michal Krelina (TU Prague)

8:50 EIC impact on unpolarized PDFs: a preliminary study (15m)
Speaker: Alberto Accardi (Hampton U. and JLab)

9:05 Wish List (15m)
Speaker: Fredrick Olness (SMU)

9:20 Constraining the unpolarized proton PDFs at EIC through
inclusive measurements (15m)
Speaker: Xiaoxuan Chu (BNL)

8:35 Kinematic reconstruction methods (15m)
Speaker: Bernd Surrow (Temple)

9:50 Charm production in CCDIS at EIC (15m)
Speaker: Jae Nam (Temple)

10:05 First-round studies of the EIC’s PDF implications (15m)
Speaker: Timothy Hobbs (Southern Methodist)

10:20 Testing Lorentz and CPT symmetry at the EIC (15m)
Speakers: Enrico Lunghi (Indiana), Nathan Sherrill

8:30 - 10:30 Physics WG Jets, HF
Conveners: Brian Page (BNL), Ernst Sichtermann (LBNL), Frank Petriello (Northwestern),
Ivan Vitev (LANL), Leticia Cunqueiro (ORNL)

8:30 Table of measurements in the Jets and Heavy Flavor Working Group (15m)
Speaker: Ivan Vitev (LANL)

8:45 Double longitudinal spin asymmetries with jets (20m)
Speaker: Frank Petriello (Northwestern)

9:05 The angularity event shapes in DIS at the NNLL accuracy (20m)
Speaker: Tanmay Maji (Fudan)

9:25 Energy-Energy Correlators for TMD physics and reduction of uncertainties
due to hadronization (20m)
Speaker: Haitao Li (LANL)

9:45 LANL plans for heavy flavor, quarkonia and jet studies (20m)
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Speakers: Matt Durham (LANL), Xuan Li (LANL)
10:05 Discussion (25m)

8:30 - 10:30 Physics WG Semi-Inclusive
Conveners: Anselm Vossen (Duke), Bowen Xiao (CCNU), Justin Stevens (William & Mary),
Ralf Seidl (RIKEN), Vladimirov Alexey (Regensburg)

8:30 Lambda fragmentation related measurements (30m)
Speaker: Jinlong Zhang (Stony Brook)

9:00 (Nuclear) Fragmentation function related measurements (30m)
Speaker: : Charlotte Van Hulse

9:30 Quark Sivers/TMD related measurements (30m)
Speaker: Alexei Prokudin (Penn State Berks)

10:00 Parton helicity related measurements (30m)
Speaker: E. C. Aschenauer (BNL)

11:00 - 13:00 Detector WG Central Detector / Magnet
Conveners: Alexander Kiselev (BNL), William Brooks (UTFSM)

11:00 A possible method for adding services load to the EIC simulations (20m)
Speaker: Leo Greiner (LBNL)

11:20 EIC detector infrastructure (25m)
Speaker: Mark Breitfeller (BNL)

11:45 Synchrotron radiation studies with the present EIC IR vacuum
system design (30m)
Speaker: Charles Hetzel (BNL)

12:15 Background sources and studies at the EIC (20m)
Speaker: Latifa Elouardhiri (JLab)

12:35 Studies of beam-gas background, neutron flux, radiation dose
at an EIC (15m)
Speaker: Jin Huang (BNL)

12:50 Summary and concluding remarks (10m)

11:00 - 13:00 Detector WG Electronics/DAQ
Conveners: Andrea Celentano (INFN-Genova), Damien Neyret (CEA Saclay IRFU/DPhN)

11:00 Streaming readout simulation: activity at JLab (30m)
Speaker: Maurizio Ungaro (JLab)

11:00 - 13:00 Forward Detector/IR integration +
Ancillary detectors/Polarimetry/Luminosity
Conveners: Alexander Jentsch (BNL), Dave Gaskell, E. C. Aschenauer (BNL),
Michael Murray (Kansas), Yulia Furletova (JLab)
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11:00 - 13:00 Physics WG Diffraction and Tagging
Conveners: Anna Stasto (Penn State), Douglas Higinbotham (JLab),
Or Hen (MIT), Spencer Klein (LBNL), Wim Cosyn (FIU)

11:00 Near threshold photoproduction a2(1320) and other topics (30m)
Speaker: Spencer Klein (LBNL)

11:30 Meson Structure at the EIC (30m)
Speaker: Richard Trotta (CUA)

12:00 Discussion (1h)

11:00 - 13:00 Physics WG Exclusive
Conveners: Barbara Pasquini (Pavia), Daria Sokhan, Raphael Dupre (IPN Orsay),
Salvatore Fazio (BNL), Tuomas Lappi (Jyvaskyla)

11:00 Accessing the transverse force in a nucleon (20m)
Speaker: Matthias Burkardt (New Mexico State)

11:20 N→ N∗ transition GPDs (20m)
Speaker: Asli Tandogan (Bochum)

11:40 Common discussion (1h20m)
Chair: Christian Weiss (JLab)

11:00 - 13:00 Physics WG Inclusive
Conveners: Barak Schmookler (Stony Brook), Renee Fatemi (Kentucky), Nobuo Sato (JLab)

11:00 Vertex Level Events (30m)
Speaker: Nobuo Sato (JLab)

11:30 Detector Level Events (30m)
Speaker: Barak Schmookler (Stony Brook)

12:00 Reconstruction (30m)
Chair: Renee Fatemi (Kentucky)

11:00 - 13:00 Physics WG Jets, HF
Conveners: Brian Page (BNL), Ernst Sichtermann (LBNL), Frank Petriello (Northwestern),
Ivan Vitev (LANL), Leticia Cunqueiro (ORNL)

11:00 Gluon Sivers Related Measurements (25m)
Speaker: Liang Zheng

11:25 TMD measurements in jets (25m)
Speaker: Felix Ringer (UC Berkeley/LBNL)

11:50 Modification of heavy flavor in e+A collisions at the EIC (25m)
Speaker: Zelong Liu (LANL)

12:15 Hadrons in jets (25m)
Speaker: Yiannis Makris (LANL)

12:40 Discussion (20m)
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11:00 - 13:00 Physics WG Semi-Inc: Joint session with the Jet/HF WG
Conveners: Anselm Vossen (Duke), Bowen Xiao (CCNU), Justin Stevens (William & Mary),
Ralf Seidl (RIKEN), Vladimirov Alexey (Regensburg)

11:00 Joint session with the Jet/HF WG (2h)

14:00 - 15:30 Exclusive/Diffractive - Tagging/DWG

14:00 Separating Coherent and Incoherent Interactions (5m)
Speaker: Spencer Klein (LBNL)

14:10 Coherent DVCS with light nuclei (5m)
Speakers: Anna Stasto (Penn State), Barbara Pasquini (Pavia), Daria Sokhan,
Douglas Higinbotham (JLab), Or Hen (MIT), Raphael Dupre (IPN Orsay),
Salvatore Fazio (BNL), Spencer Klein (LBNL), Tuomas Lappi (Jyvaskyla)

14:20 Effect of beam smearing on tagging/Accessible t-range (5m)
Speaker: Christian Weiss (JLab)

14:30 Requirements on tracking from VMP in e+A (5m)
Speaker: Thomas Ullrich (BNL)

14:40 Meson structure functions - (forward) detector requirements (5m)
Speaker: Tanja Horn (CUA)

14:50 Current simulation results with IR + detectors (30m)
Speaker: Alexander Jentsch (BNL)

15:20 Discussion (10m)

14:00 - 15:30 Inclusive/SIDIS/Jets/HQ / DWG

14:00 Detector needs for Inclusive Reactions (10m)
Speakers: Barak Schmookler (Stony Brook), Renee Fatemi (Kentucky), Nobuo Sato (JLab)

14:15 Detector requirements/input for Heavy Flavor (10m)
Speakers: Ernst Sichtermann (LBNL), Ivan Vitev (LANL)

14:30 Detector requirements/input forJets (10m)
Speaker: Brian Page (BNL)

14:45 Detector requirements/input for SIDIS (10m)
Speaker: Justin Stevens (William & Mary)

15:00 PID Request to PWG / Discussion (30m)
Speaker: Thomas Hemmick (Stony Brook)

16:00 - 18:30 Joint PWG/DWG Session - Detector Complementarity Discussion

16:00 PWG/DWG common questions (1h)
17:00 Detector complementarity discussion (1h30m)

Speaker: E. C. Aschenauer (BNL)
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SATURDAY, 21 MARCH

8:30 - 11:00 Working Group Summaries

8:30 Inclusive reactions WG summary (10m)
Speakers: Barak Schmookler (Stony Brook), Renee Fatemi (Kentucky), Nobuo Sato (JLab)

8:45 Semi-inclusive Reactions WG summary (10m)
Speakers: Anselm Vossen (Duke), Bowen Xiao (CCNU), Justin Stevens (William & Mary),
Ralf Seidl (RIKEN), Vladimirov Alexey (Regensburg)

9:00 Jets, Heavy Quarks WG summary (10m)
Speakers: Brian Page (BNL), Ernst Sichtermann (LBNL), Frank Petriello (Northwestern),
Ivan Vitev (LANL), Leticia Cunqueiro (ORNL)

9:15 Exclusive Reactions WG summary (10m)
Speakers: Barbara Pasquini (Pavia), Daria Sokhan, Raphael Dupre (IPN Orsay),
Salvatore Fazio (BNL), Tuomas Lappi (Jyvaskyla)

9:30 Diffractive Reactions & Tagging WG summary (10m)
Speakers: Anna Stasto (Penn State), Douglas Higinbotham
(JLab), Or Hen (MIT),

Spencer Klein (LBNL), Wim Cosyn (FIU)
9:45 Tracking WG summary (10m)

Speakers: Annalisa Mastroserio (Bari), Kondo Gnanvo (UVa), Leo Greiner (LBNL)
9:55 Particle ID WG Summary (10m)

Speakers: Patrizia Rossi (JLab), Thomas Hemmick (Stony Brook)
10:05 Calorimetry WG Summary (10m)

Speakers: Eugene Chudakov (JLab), Vladimir Berdnikov (CUA)
10:15 Far-Forward/IR/Polarimetry/Ancillary Detectors Summary (25m)

Speakers: Alexander Jentsch (BNL), Dave Gaskell, E. C. Aschenauer (BNL),
Michael Murray (Kansas), Yulia Furletova (JLab)

10:40 DAQ/Electronics WG Summary (10m)
Speakers: Andrea Celentano (INFN-Genova), Damien Neyret (CEA Saclay IRFU/DPhN)

10:50 Central detector/Integration and Magnet WG Summary (10m)
Speakers: Alexander Kiselev (BNL), William Brooks

11:30 - 13:30 Software Discussion / International engagement Discussion

11:30 Software - Questions / Discussion (1h)
12:30 International engagement - Discussion (1h)
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2nd EIC Yellow Report Workshop at Pavia University

Local organizer: Marco Radici (INFN - Sezione di Pavia)

WEDNESDAY, 20 May

8:30 - 9:45 EIC project status
Convener: Bernd Surrow (Temple)

8:30 Welcome (10 min)
Speaker: Marco Radici (INFN - Sezione di Pavia)

8:40 Brief Statement from BNL / JLab ALD’s (10 min)
Speakers: Berndt Müller (BNL), Bob McKeown (JLab

8:50 INFN activities in Hadronic Physic (25 min)
Speaker: Rosario Nania (INFN)

9:15 EIC project overview (30 min)
Speaker: James Yeck (Wisconsin-Madison and BNL)

10:15 - 12:00 EIC design and EoI
Convener: Daniël Boer (Groningen)

10:15 EIC accelerator and IR design status (40 min)
Speaker: Ferdinand Willeke (BNL)

10:55 Discussion (20 min)
11:15 EoI process / discussion (45 min)

Speakers: E. C. Aschenauer (BNL), Rolf Ent (JLab)

13:30 - 15:30 Working Groups Overviews
Convener: Rolf Ent (JLab)

13:30 YR Physics WG Conveners: overview and progress report (1h)
Speakers: Conveners

14:30 YR Detector WG Conveners: overview and progress report (1h)
Speakers: Conveners

16:00 - 17:30 PWG/DWG/SWG workflow
Convener: Thomas Ullrich (BNL)

16:00 Discussion on PWG / DWG / SWG workflow (1h 30m)
Speakers: Conveners
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THURSDAY, 21 May

8:30 - 10:00 Calorimeter & Particle ID & Tracking
Conveners: Domenico Elia (INFN Bari), Eugene Chudakov (JLab), Kondo Gnanvo (UVa),
Leo Greiner (LBNL), Patrizia Rossi (JLab), Thomas Hemmick (Stony Brook),
Vladimir Berdnikov (CUA)

8:30 Tracking overview (30m)
Speakers: Conveners

9:00 PID overview (30m)
Speakers: Conveners

9:30 Calorimeter overview (30m)
Speaker: Alexander Bazilevsky (BNL)

8:30 - 10:00 DAQ & Electronics
Conveners: Andrea Celentano (INFN-Genova), Damien Neyret (CEA Saclay IRFU/DPhN)

8:30 Introduction and summary of different solutions discussed
on DAQ structure (30m)
Speaker: Andrea Celentano (INFN-Genova)

9:00 Discussion and final conclusions about the DAQ structure (1h)

8:30 - 10:20 Diffractive Reactions & Tagging WG
Convener: Anna Maria Stasto (Penn State)

8:30 Inclusive diffraction in DIS. What can we learn beyond HERA? (23m)
Speaker: Wojtek Slominski (Jagiellonian University)

8:53 Diffractive dijet production at EIC (23m)
Speaker: Vadim Guzey (Petersburg Nuclear Physics Institute)

9:16 Pion and Kaon structure studies (23m)
Speaker: Richard Trotta (CUA)

9:39 SRC measurements (23m)
Speaker: Florian Hauenstein (ODU)

10:02 3He measurements (13m)
Speaker: Ivica Frsicic

8:30 - 10:00 Exclusive Reactions WG

8:30 VM production: electrons and muons (15m)
Speaker: Sylvester Joosten (ANL)

8:45 DVCS and pi0 kinematics (15m)
Speaker: Maxime DEFURNE (CEA)
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9:00 CFF extraction from DVCS (15m)
Speaker: Francois-Xavier Girod (JLab)

9:15 Suppression of incoherent breakup in e+A (15m)
Speaker: Wan Chang (CCNU)

9:30 How kinematics should be assessed / discussed (10m)
Speaker: Christian Weiss (JLab)

8:30 - 10:30 Forward Detectors/IR & Central Detector
Conveners: Alexander Jentsch (BNL), Alexander Kiselev (BNL), Michael Murray (Kansas),
William Brooks (Universidad Técnica Federico Santa Marı́a), Yulia Furletova (JLab)

8:30 General Discussion of Central Integration/FF Concerns (20m)
Speaker: Alexander Jentsch (BNL)

8:50 Beam Pipe in Central Region of IR (30m)
Speaker: Alexander Kiselev (BNL)

9:20 Low Q2 Tagger Discussion (20m)
Speaker: Jaroslav Adam (BNL)

9:40 Discussion of B0 and Other FF Hadron Detectors (30m)
Speaker: Alexander Jentsch (BNL)

10:10 Incoherent Veto of Nuclear Breakup (20m)
Speaker: E. C. Aschenauer (BNL)

8:30 - 10:00 Inclusive reactions WG

8:30 Electron PID Studies (15m)
Speaker: Hanjie Liu (UMass, Amherst)

8:45 Neutral-Current Cross-sections (15m)
Speaker: Xiaoxuan Chu (BNL)

9:00 Djangoh NC cross-section comparison with theory (15m)
Speaker: Matt Posik (Temple)

9:15 Statistical Tests (15m)
Speaker: Rabah Abdul Khalek

9:30 Update from CT (15m)
Speaker: Timothy Hobbs (Southern Methodist and EIC Center@JLab)

9:45 Update on ”Missing Energy Performance” (15m)
Miguel Arratia (UC Riverside)

8:30 - 10:00 Jets, Heavy Quarks WG

8:30 Jet substructure and hadronization studies (20m)
Speaker: Joe Osborn (ORNL)

8:50 Calculations of heavy meson cross sections at the EIC (20m)
Speaker: Ivan Vitev (LANL)
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9:10 Jets for 3D imaging (20m)
Speaker: Miguel Arratia (UC Riverside)

9:30 Charm and Beauty (20m)
Speaker: Matthew Kelsey (LBNL)

9:50 Discussion (10m)

8:30 - 10:00 Semi-inclusive Reactions WG

8:30 TMD grids and tools for predictions (20m)
Speaker: Chiara Bissolotti (Università di Pavia and INFN)

8:50 Di-hadron and Lambda fragmentation (20m)
Speaker: Christopher Dilks (Duke)

9:10 Spectroscopy at EIC (20m)
Speaker: Justin Stevens (William & Mary)

10:30 - 11:30 Calorimeter & Particle ID & Tracking
Conveners: Domenico Elia (INFN Bari), Eugene Chudakov (JLab), Kondo Gnanvo (UVa),
Leo Greiner (LBNL), Patrizia Rossi (JLab), Thomas Hemmick (Stony Brook ),
Vladimir Berdnikov (CUA)

10:30 PID-Tracking-Calorimetry Discussion (1h)

10:30 - 12:30 Diffractive & Tagging+Exclusive joint session

10:30 Elastic Hydrogen and Deuteron scattering (5m)
Speaker: Barak Schmookler (Stony Brook)

10:35 Initial state radiation as a probe of ep and eA scattering (10m)
Speaker: Prof. Charles Hyde (ODU)

10:45 Discussion (10m)
10:55 Coherent γ∗ 4He scattering emphasizing desired t-range

for 4He detection (10m)
Speaker: Mark Strikman

11:05 Discussion (10m)
11:15 VM production: electrons vs muons (5m)

Speaker: Sylvester Joosten (ANL)
11:20 Vector meson production simulations (5m)

Speaker: Sam Heppelman
11:25 Suppression of incoherent background in VM production (5m)

Speaker: Wan Chang (CCNU)
11:30 Discussion (15m)
11:45 Diffractive dijet photoproduction at the EIC (5m)

Speaker: Vadim Guzey
11:50 Diffractive dijets in DIS (5m)
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Speaker: Farid Salazar (Stony Brook)
11:55 Discussion (10m)
12:05 U-channel pi0 production (5m)

Speaker: Wenliang (Bill) Li
12:10 Discussion (20m)

10:30 - 12:30 Inclusive + SIDIS + Jets & HQ joint session

10:30 DIS and CC reactions at EIC (20m)
Speaker: Xiaoxuan Chu (BNL)

10:50 SIDIS summary of inclusive and jet related topics (20m)
Speaker: Bowen Xiao (CCNU)

11:10 Open heavy flavor and quarkonia at the EIC (20m)
Speaker: Cheuk-Ping Wong (LANL)

11:30 Summary of EW and BSM physics (20m)
Speaker: Ciprian Gal (Stony Brook)

11:50 Charm Jet Tagging in Charged-Current Interactions (20m)
Speaker: Stephen Sekula (Southern Methodist)

12:10 Discussion (20m)

10:30 - 12:30 Detector Material Budget
Convener: Yulia Furletova (JLab)

11:30 Material Budget requirements (20m)
Speaker: Yulia Furletova (JLab)

11:50 eRD6 (20m)
Speaker: Matt Posik (Temple)

12:10 SI material projections (20m)
Speaker: Leo Greiner (LBNL)

13:30 - 15:30 Diffractive & Tagging + Exclusive with DWG

13:30 DVCS and e+D spectator tagging in the FF region (20m)
Speaker: Alexander Jentsch (BNL)

13:50 Summary of D&T+Exclusive joint session (1h)
Speakers: Anna Stasto (Penn State), Barbara Pasquini (Pavia), Daria Sokhan,
Douglas Higinbotham (JLab), Or Hen (MIT), Raphael Dupre (IPN Orsay),
Salvatore Fazio (BNL), Spencer Klein (LBNL), Tuomas Lappi (Jyvaskyla), Wim Cosyn (FIU)

14:50 Suppression of incoherent background in VM production (20m)
Speakers: Barbara Pasquini (Pavia), Daria Sokhan,
Raphael Dupre (IPN Orsay), Salvatore Fazio (BNL), Tuomas Lappi (Jyvaskyla)

15:10 Magic beam energies for polarized deuteron (20m)
Speaker: Douglas Higinbotham (JLab)
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13:30 - 15:30 Inclusive + SIDIS + Jets & HQ with DWG

13:30 Inclusive Reactions Input (15m)
Speakers: Barak Schmookler (Stony Brook ), Renee Fatemi (Kentucky),
Nobuo Sato (JLab)

13:45 SIDIS Input (15m)
Speakers: Anselm Vossen (Duke), Bowen Xiao (CCNU),
Justin Stevens (William & Mary), Ralf Seidl (RIKEN), Vladimirov Alexey (Regensburg)

14:00 Jets+HQ Input (15m)
Speakers: Brian Page (BNL), Ernst Sichtermann (LBNL), Frank Petriello (Northwestern),
Ivan Vitev (LANL), Leticia Cunqueiro (ORNL)

14:15 Tracking+Vertexing Input (15m)
Speakers: Annalisa Mastroserio (Bari),
Domenico Elia (Bari), Kenneth Barish (UC Riverside), Kondo Gnanvo (UVa),
Leo Greiner (LBNL)

14:30 PID Input (15m)
Speakers: Kenneth Barish (UC Riverside), Patrizia Rossi (JLab), Thomas Hemmick (Stony Brook)

14:45 Calorimetry Input (15m)
Speakers: Eugene Chudakov (JLab), Kenneth Barish (UC Riverside), Vladimir Berdnikov (CUA)

15:00 Integration Input (15m)
Speakers: Alexander Kiselev (BNL), Kenneth Barish (UC Riverside)

15:15 Discussion (15m)

16:00 - 17:30 Software and PWG/DWG/SWG workflow discussion
Convener: Thomas Ullrich (BNL)

16:00 Software WG: Introduction (20m)
Speaker: Markus Diefenthaler (JLab)

16:15 Discussion on PWG / DWG / SWG workflow, part 2 (20m)
Speakers: Conveners

FRIDAY, 22 May

8:30 - 10:00 Complementarity; Q&A session
Convener: Christine Aidala (Michigan)

8:30 Complementarity of detectors - Introduction (15m)
Speakers: E. C. Aschenauer (BNL), Paul Newman (Birmingham)

8:45 Open mic session (30m)
9:15 Accelerator and IR design: Q&A session (45m)

10:30 - 12:30 Summaries of PWG/DWG
Convener: John Arrington (ANL)
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10:30 Inclusive processes WG summary (10m)
Speakers: Barak Schmookler (Stony Brook), Renee Fatemi (Kentucky),
Nobuo Sato (JLab)

10:45 Semi-inclusive processes WG summary (10m)
Speakers: Anselm Vossen (Duke), Bowen Xiao (CCNU), Justin Stevens (William & Mary),
Ralf Seidl (RIKEN), Vladimirov Alexey (Regensburg)

11:00 Jets, Heavy Quarks WG summary (10m)
Speakers: Brian Page (BNL), Ernst Sichtermann (LBNL), Frank Petriello (Northwestern),
Ivan Vitev (LANL), Leticia Cunqueiro (ORNL)

11:15 Diffractive Reactions & Tagging WG summary (10m)
Speakers: Anna Stasto (Penn State), Douglas Higinbotham (JLab), Or Hen (MIT),
Spencer Klein (LBNL), Wim Cosyn (FIU)

11:30 Exclusive Reactions WG summary (10m)
Speakers: Barbara Pasquini (Pavia), Daria Sokhan,
Raphael Dupre (IPN Orsay), Salvatore Fazio (BNL), Tuomas Lappi (Jyvaskyla)

14:00 - 15:30 Summaries of PWG/DWG
Convener: Ernst Sichtermann (LBNL)

14:00 Tracking WG Summary (10m)
Speakers: Domenico Elia (INFN Bari), Kondo Gnanvo (UVa), Leo Greiner (LBNL)

14:10 Particle ID Summary (10m)
Speakers: Patrizia Rossi (JLab), Thomas Hemmick (Stony Brook)

14:20 Calorimeter WG Summary (10m)
Speakers: Eugene Chudakov (JLab), Vladimir Berdnikov (CUA)

14:30 Forward Detectors WG Summary (10m)
Speakers: Alexander Jentsch (BNL), Michael Murray (Kansas), Yulia Furletova (JLab)

14:40 Polarimetry/Ancillary Detectors WG Summary (10m)
Speakers: Dave Gaskell, E. C. Aschenauer (BNL)

14:50 DAQ/Electronics WG Summary (10m)
Speakers: Andrea Celentano (INFN-Genova), Damien Neyret (CEA Saclay IRFU/DPhN)

15:00 Central Detector/Magnet WG Summary (10m)
Speakers: Alexander Kiselev (BNL), William Brooks (UTFSM)

15:30 - 16:30 Next steps and plans
Convener: Barbara Jacak (UCB/LBNL)
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3rd EIC Yellow Report Workshop at CUA

Local organizer: Tanja Horn (CUA)

WEDNESDAY, 19 SEPTEMBER

9:00 - 12:00 EIC Project Status and EoI Information Session
Convener: Tanja Horn (CUA)

9:00 EIC User Group Intro (10 min)
Speakers: Bernd Surrow (Temple), Richard Milner (MIT)

9:10 Plans for International Engagement (40 min)
Speaker: Jehanne Gillo (DOE )

9:50 EIC Project Status (40 min)
Speaker: James Yeck (Wisconsin-Madison and BNL)

10:30 EoI Information Session (1h 30 min)
Speakers: 14 speakers, 5 min each

13:00 - 16:25 OPC Updates and Detector Complementarity
Convener: Grzegorz Kalicy (CUA)

13:00 Current Status of detector solenoid activities (30 min)
Speaker: Renuka Rajput-Ghoshal (JLab)

13:30 Electronics (15 min)
Speaker: Fernando Barbosa (JLab)

13:45 Computing (15 min)
Speaker: Jerome LAURET (BNL)

14:00 Detector Complementarity: Luminosity optimization at low
COM energies (30 min)
Speaker: Vadim Ptitsyn (C-AD, BNL)

14:30 Detector Complementarity: Optimization of a 2nd IR (30 min)
Speaker: Vasiliy Morozov (JLab)

15:00 Detector Complementarity: What we know so far (30 min)
Speakers: E. C. Aschenauer (BNL), Paul Newman (Birmingham)

15:30 Detector Complementarity: Open MIC (30 min)
Speakers: E. C. Aschenauer (BNL), Paul Newman (Birmingham)

THURSDAY, 19 SEPTEMBER

9:00 - 9:30 YR Overview
Conveners: Adrian Dumitru (Baruch), Andreas Metz (Temple) , Carlos Munoz Camacho (Orsay),
Olga Evdokimov (UIC), Peter Jones (Birmingham), Silvia Dalla Torre (INFN Trieste),
Tanja Horn (CUA), Kenneth Barish (UC Riverside)
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9:00 General Reminders and Workflow (30 min)
Speakers: Adrian Dumitru (Baruch), Andreas Metz (Temple) , Carlos Munoz Camacho (Orsay),
Olga Evdokimov (UIC), Peter Jones (Birmingham), Silvia Dalla Torre (INFN Trieste),
Tanja Horn (CUA), Kenneth Barish (UC Riverside), Rolf Ent (JLab), Thomas Ullrich (BNL)

9:30 - 12:00 PWG requirements overview:
what has been established and what still needs work?
Conveners: Adrian Dumitru (Baruch), Andreas Metz (Temple) , Carlos Munoz Camacho (Orsay),
Olga Evdokimov (UIC)

9:30 Inclusive reactions WG (15m)
Speakers: Barak Schmookler (Stony Brook ),
Renee Fatemi (Kentucky), Nobuo Sato (JLab)

10:00 Semi-inclusive Reactions WG (15m)
Speakers: Anselm Vossen (Duke), Bowen Xiao (CCNU),
Justin Stevens (William & Mary), Ralf Seidl (RIKEN), Vladimirov Alexey (Regensburg)

10:30 Jets, Heavy Quarks WG (15m)
Speakers: Brian Page (BNL), Ernst Sichtermann (LBL),
Frank Petriello (Northwestern), Ivan Vitev (LANL), Leticia Cunqueiro (ORNL)

11:00 Exclusive Reactions WG (15m)
Speakers: Barbara Pasquini (Pavia), Daria Sokhan,
Raphael Dupre (IPN Orsay), Salvatore Fazio (BNL), Tuomas Lappi (Jyvaskyla)

11:30 Diffractive Reactions & Tagging WG (15m)
Speakers: Anna Stasto (Penn State), Douglas Higinbotham (JLab),
Or Hen (MIT), Spencer Klein (LBNL), Wim Cosyn (FIU)

13:00 -17:15 YR Detailed Discussions: Reference detector, material budget,
integration issues, background level
Conveners: Peter Jones (Birmingham), Silvia Dalla Torre (INFN Trieste),
Tanja Horn (CUA), Kenneth Barish (UC Riverside)

13:00 DWG detector configurations overview – detector cartoon and
list of boundary conditions (45m)
Speaker: Alexander Kiselev (BNL)

13:45 Integration Issues (45m)
Speaker: Walt Akers (JLab)

14:30 Material Budget (45m)
Speakers: Jin Huang (BNL), Leo Greiner (LBNL), Matt Posik (Temple)

15:15 Background level (45m)
Speaker: Marcy Stutzman (JLab)

FRIDAY, 19 SEPTEMBER

9:00 - 12:00 Discussion on completion tasks for YR and detector testing opportunities
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9:00 Overleaf setup and structure (1h 15m)
Speakers: Adrian Dumitru (Baruch College (CUNY)), Kenneth Barish (UC Riverside)

10:15 Timeline (1h 15m)
Speakers: Andreas Metz (Temple), Rold Ent (JLab), Thomas Ullrich (BNL)

11:30 Detector testing facilities and opportunities (30m)
Speaker: Douglas Higinbotham (JLab)

13:00 - 16:00 Outlook and next steps

13:00 Overview: Planned activities and new ideas for activities after YR (15m)
Speaker: Bernd Surrow (Temple)

13:15 EICUG Charter Survey (30m)
Speaker: Richard Milner (MIT)

13:45 EIC Project Management plans / next steps over the next year (45m)
Speakers: E. C. Aschenauer (JLab), Rolf Ent (JLab)

14:30 CFNS Proposal - IR2 EIC (1h)
Speaker: Volker Burkert (JLab)
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4th EIC Yellow Report Workshop at LBL

Local organizer (LBNL): Ernst Sichtermann, John Arrington, Barbara Jacak

THURSDAY, 19 NOVEMBER

11:00 - 14:00 EIC Project and Yellow Report Status
Convener: Bernd Surrow (Temple)

11:00 Welcome and workshop plan (15+5)
Speakers: Ernst Sichtermann (LBNL), John Arrington (LBNL),
Barbara Jacak (UC Berkeley, LBNL)

11:20 PWG requirements overview (10+5)
Speakers: Adrian Dumitru (Baruch College (CUNY)), Andreas Metz (Temple),
Carlos Munoz Camacho (IJCLab, CNRS/IN2P3), Olga Evdokimov (UIC)

11:35 PWG requirements: Inclusive reactions WG (10+5)
Speakers: Barak Schmookler (Stony Brook ), Renee Fatemi (Kentucky),
Nobuo Sato (JLab)

11:50 PWG requirements: Semi-inclusive reactions WG (10+5)
Speakers: Anselm Vossen (Duke), Bowen Xiao (CCNU),
Justin Stevens (William & Mary), Ralf Seidl (RIKEN), Vladimirov Alexey (Regensburg)

12:05 PWG requirements: Jets, Heavy Quarks WG (10+5)
Speakers: Brian Page (BNL), Ernst Sichtermann (LBNL),
Frank Petriello (Northwestern), Ivan Vitev (LANL), Leticia Cunqueiro (ORNL)

12:20 PWG requirements: Exclusive Reactions WG (10+5)
Speakers: Barbara Pasquini (Pavia), Daria Sokhan,
Raphael Dupre (IPN Orsay), Salvatore Fazio (BNL), Tuomas Lappi (Jyvaskyla)

12:35 PWG requirements: Diffractive Reactions & Tagging WG (10+5)
Speakers: Anna Stasto (Penn State), Douglas Higinbotham (JLab),
Or Hen (MIT), Spencer Klein (LBNL), Wim Cosyn (FIU)

13:10 CDR Reference Detector (18+7)
Speaker: Rolf Ent (JLab)

12:05 Project Status (18+7)
Speaker: James Yeck (Wisconsin-Madison and BNL)

15:00 - 18:05 Yellow Report Updates/Activities
Convener: Ernst Sichtermann (LBNL)

15:00 Boundary conditions on IR / Detector (20+5)
Speaker: Alexander Kiselev (BNL)

15:25 Detector Matrix/Updates - Forward region (20+15)
Speaker: Michael Murray (Kansas)

16:00 Detector Matrix/Updates - Barrel PID (20+15)
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Speaker: Silvia Dalla Torre (INFN, Trieste)
16:55 Detector Matrix/Updates - Forward HCAL resolution (20+15)

Speaker: Tanja Horn (CUA)
17:30 Detector Matrix/Updates - Tracking (20+15)

Speaker: Domenico Elia (INFN Bari)

FRIDAY, 20 NOVEMBER

11:00 - 14:20 Yellow Report Content I
Convener: Christine Aidala (Michigan)

11:00 Yellow Report status/overview (15+10)
Speaker: Bernd Surrow (Temple)

11:25 Accelerator/IR overview (15+5)
Speaker: Angelika Drees (BNL)

11:40 Discussion of YR content: Tracking (15+5)
Speaker: Leo Greiner (LBNL)

12:05 Discussion of YR content: Calorimetry (15+5)
Speaker: Alexander Bazilevsky (BNL)

12:40 Discussion of YR content: PID (15+5)
Speaker: Thomas Hemmick (Stony Brook)

13:00 Discussion of YR content: Magnetic field strength, magnet bore (15+5)
Speakers: E. C. Aschenauer (BNL), Renuka Rajput-Ghoshal (JLab), Rolf Ent (JLab)

13:20 Discussion of YR content: Far-forward detectors (15+5)
Speaker: Alexander Jentsch (BNL)

13:40 Discussion of YR content: Readout and DAQ (15+5)
Speakers: Andrea Celentano (INFN-Genova), Damien Neyret (CEA Saclay IRFU/DPhN)

14:00 Discussion of YR content: Software (15+5)
Speaker: Markus Diefenthaler (JLab)

15:20 - 18:20 Yellow Report Content II
Convener: John Arrington (LBNL)

15:20 Yellow Report content: section 7.1 (15+5)
Speakers: Barbara Pasquini (Pavia), Andreas Metz (Temple)

15:40 Yellow Report content: section 7.2 (15+5)
Speaker: Anselm Vossen (Duke)

16:00 Yellow Report content: section 7.3 (15+5)
Speaker: Spencer Klein (LBNL)

16:20 Yellow Report content: section 7.4 (15+5)
Speaker: Ivan Vitev (LANL)

17:00 Complementarity: Optimizing luminosity at lower c.m. energy (10+5)
Speaker: Yuhong Zhang (JLab)
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17:15 Complementarity: 2nd IR design considerations (10+5)
Speaker: Vasiliy Morozov (JLab)

17:30 Complementarity: 2nd IR Workshop (10+5)
Speakers: Latifa Elouadrhiri (JLab), Volker Burkert (JLab)

17:40 Complementarity: YR content and discussion (10+20)
Speaker: E. C. Aschenauer (BNL)

SATURDAY, 21 NOVEMBER

11:00 - 14:00 Yellow Report Plans, Future Activities
Convener: Barbara Jacak (UCB and LBNL)

11:00 Detector R&D needs (15+5)
Speaker: Patrizia Rossi (JLab)

11:20 Archiving and reproducibility of Yellow Report Studies (20+10)
Speaker: Markus Diefenthaler (JLab)

11:50 Yellow report plans, timeline, discussion (15+15)
Speaker: Thomas Ullrich (BNL)

12:40 Yellow Report plans, timeline, discussion - finalize plans (20m)
Speaker: Thomas Ullrich (BNL)

13:00 Expressions of Interest: status, plans (15+5)
Speakers: E. C. Aschenauer (BNL), Rolf Ent (JLab)

13:20 Discussion: Call for detector proposals (10+10)
Speakers: Maria Chamizo (BNL), McKeown Robert (JLab)

13:40 Open discussion (20)
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[413] R. Dupré, M. Guidal, S. Niccolai, M. Vanderhaeghen, Analysis of Deeply Virtual
Compton Scattering Data at Jefferson Lab and Proton Tomography, Eur. Phys. J. A
53 (8) (2017) 171. arXiv:1704.07330, doi:10.1140/epja/i2017-12356-8.

[414] H. Moutarde, P. Sznajder, J. Wagner, Border and skewness functions from a leading
order fit to DVCS data, Eur. Phys. J. C 78 (11) (2018) 890. arXiv:1807.07620, doi:
10.1140/epjc/s10052-018-6359-y.

[415] B. Pasquini, S. Boffi, Nucleon spin densities in a light-front constituent quark
model, Phys. Lett. B 653 (2007) 23–28. arXiv:0705.4345, doi:10.1016/j.

physletb.2007.07.037.

http://arxiv.org/abs/hep-ph/0209300
https://doi.org/10.1016/S0370-2693(02)02856-3
http://arxiv.org/abs/2007.01923
http://arxiv.org/abs/2007.01923
https://doi.org/10.1103/PhysRevD.102.054003
http://arxiv.org/abs/1608.07559
https://doi.org/10.1016/j.physletb.2016.12.063
http://arxiv.org/abs/1609.03830
https://doi.org/10.1007/JHEP02(2017)054
http://arxiv.org/abs/1708.01043
https://doi.org/10.1103/PhysRevD.96.074008
http://arxiv.org/abs/1809.08104
https://doi.org/10.1007/JHEP11(2018)179
http://arxiv.org/abs/2003.03263
https://doi.org/10.1103/PhysRevD.101.114027
http://arxiv.org/abs/1904.04252
https://doi.org/10.1103/PhysRevD.99.116005
https://doi.org/10.1103/PhysRevD.99.116005
http://arxiv.org/abs/1606.07821
https://doi.org/10.1103/PhysRevD.95.011501
https://doi.org/10.1103/PhysRevD.95.011501
http://arxiv.org/abs/1704.07330
https://doi.org/10.1140/epja/i2017-12356-8
http://arxiv.org/abs/1807.07620
https://doi.org/10.1140/epjc/s10052-018-6359-y
https://doi.org/10.1140/epjc/s10052-018-6359-y
http://arxiv.org/abs/0705.4345
https://doi.org/10.1016/j.physletb.2007.07.037
https://doi.org/10.1016/j.physletb.2007.07.037


REFERENCES 775

[416] S. Joosten, Z. E. Meziani, Heavy Quarkonium Production at Threshold: from JLab
to EIC, PoS QCDEV2017 (2018) 017. arXiv:1802.02616, doi:10.22323/1.308.
0017.

[417] X.-D. Ji, Off forward parton distributions, J. Phys. G 24 (1998) 1181–1205. arXiv:

hep-ph/9807358, doi:10.1088/0954-3899/24/7/002.

[418] M. V. Polyakov, P. Schweitzer, Forces inside hadrons: pressure, surface tension,
mechanical radius, and all that, Int. J. Mod. Phys. A 33 (26) (2018) 1830025. arXiv:
1805.06596, doi:10.1142/S0217751X18300259.
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C. M. Quintans, A. Signori, B. Trzeciak, Feasibility Studies for Single Transverse-
Spin Asymmetry Measurements at a Fixed-Target Experiment Using the LHC Pro-
ton and Lead Beams (AFTER@LHC), Few Body Syst. 58 (4) (2017) 139. arXiv:

1702.01546, doi:10.1007/s00601-017-1299-x.

[542] C. Hadjidakis, et al., A Fixed-Target Programme at the LHC: Physics Case and Pro-
jected Performances for Heavy-Ion, Hadron, Spin and Astroparticle Studies (2018).
arXiv:1807.00603.

[543] D. Boer, P. J. Mulders, C. Pisano, J. Zhou, Asymmetries in Heavy Quark Pair and
Dijet Production at an EIC, JHEP 08 (2016) 001. arXiv:1605.07934, doi:10.1007/
JHEP08(2016)001.

[544] D. Boer, et al., Gluons and the quark sea at high energies: Distributions, polariza-
tion, tomography (2011). arXiv:1108.1713.

[545] T. Burton, Gluon sivers and experimental considerations for TMDs (2012). arXiv:
1212.3590, doi:10.3204/DESY-PROC-2012-02/323.

[546] L. Zheng, E. C. Aschenauer, J. H. Lee, B.-W. Xiao, Z.-B. Yin, Accessing the gluon
Sivers function at a future electron-ion collider, Phys. Rev. D 98 (3) (2018) 034011.
arXiv:1805.05290, doi:10.1103/PhysRevD.98.034011.

[547] Z.-B. Kang, J. Reiten, D. Y. Shao, J. Terry, QCD evolution of the gluon Sivers function
in heavy flavor dijet production at the Electron-Ion Collider (2020). arXiv:2012.

01756.

[548] D. Boer, C. Pisano, Polarized gluon studies with charmonium and bottomonium at
LHCb and AFTER, Phys. Rev. D 86 (2012) 094007. arXiv:1208.3642, doi:10.1103/
PhysRevD.86.094007.

[549] J. P. Ma, J. X. Wang, S. Zhao, Transverse momentum dependent factorization for
quarkonium production at low transverse momentum, Phys. Rev. D 88 (1) (2013)
014027. arXiv:1211.7144, doi:10.1103/PhysRevD.88.014027.

[550] G.-P. Zhang, Probing transverse momentum dependent gluon distribution func-
tions from hadronic quarkonium pair production, Phys. Rev. D 90 (9) (2014) 094011.
arXiv:1406.5476, doi:10.1103/PhysRevD.90.094011.

[551] J. P. Ma, C. Wang, QCD factorization for quarkonium production in hadron col-
lisions at low transverse momentum, Phys. Rev. D 93 (1) (2016) 014025. arXiv:

1509.04421, doi:10.1103/PhysRevD.93.014025.

[552] D. Boer, Linearly polarized gluon effects in unpolarized collisions, PoS QCDEV2015
(2015) 023. arXiv:1510.05915, doi:10.22323/1.249.0023.

http://arxiv.org/abs/1202.6585
https://doi.org/10.1016/j.physrep.2012.10.001
http://arxiv.org/abs/1702.01546
http://arxiv.org/abs/1702.01546
https://doi.org/10.1007/s00601-017-1299-x
http://arxiv.org/abs/1807.00603
http://arxiv.org/abs/1605.07934
https://doi.org/10.1007/JHEP08(2016)001
https://doi.org/10.1007/JHEP08(2016)001
http://arxiv.org/abs/1108.1713
http://arxiv.org/abs/1212.3590
http://arxiv.org/abs/1212.3590
https://doi.org/10.3204/DESY-PROC-2012-02/323
http://arxiv.org/abs/1805.05290
https://doi.org/10.1103/PhysRevD.98.034011
http://arxiv.org/abs/2012.01756
http://arxiv.org/abs/2012.01756
http://arxiv.org/abs/1208.3642
https://doi.org/10.1103/PhysRevD.86.094007
https://doi.org/10.1103/PhysRevD.86.094007
http://arxiv.org/abs/1211.7144
https://doi.org/10.1103/PhysRevD.88.014027
http://arxiv.org/abs/1406.5476
https://doi.org/10.1103/PhysRevD.90.094011
http://arxiv.org/abs/1509.04421
http://arxiv.org/abs/1509.04421
https://doi.org/10.1103/PhysRevD.93.014025
http://arxiv.org/abs/1510.05915
https://doi.org/10.22323/1.249.0023


786 EIC Yellow Report

[553] R. Bain, Y. Makris, T. Mehen, Transverse Momentum Dependent Fragmenting
Jet Functions with Applications to Quarkonium Production, JHEP 11 (2016) 144.
arXiv:1610.06508, doi:10.1007/JHEP11(2016)144.

[554] A. Mukherjee, S. Rajesh, Probing Transverse Momentum Dependent Parton Distri-
butions in Charmonium and Bottomonium Production, Phys. Rev. D 93 (5) (2016)
054018. arXiv:1511.04319, doi:10.1103/PhysRevD.93.054018.

[555] A. Mukherjee, S. Rajesh, Linearly polarized gluons in charmonium and bottomo-
nium production in color octet model, Phys. Rev. D 95 (3) (2017) 034039. arXiv:

1611.05974, doi:10.1103/PhysRevD.95.034039.

[556] J.-P. Lansberg, C. Pisano, M. Schlegel, Associated production of a dilepton and a
Υ(J/ψ) at the LHC as a probe of gluon transverse momentum dependent distri-
butions, Nucl. Phys. B 920 (2017) 192–210. arXiv:1702.00305, doi:10.1016/j.
nuclphysb.2017.04.011.

[557] J.-P. Lansberg, C. Pisano, F. Scarpa, M. Schlegel, Pinning down the linearly-
polarised gluons inside unpolarised protons using quarkonium-pair production
at the LHC, Phys. Lett. B 784 (2018) 217–222, [Erratum: Phys.Lett.B 791, 420–421
(2019)]. arXiv:1710.01684, doi:10.1016/j.physletb.2018.08.004.

[558] A. Bacchetta, D. Boer, C. Pisano, P. Taels, Gluon TMDs and NRQCD matrix el-
ements in J/ψ production at an EIC, Eur. Phys. J. C 80 (1) (2020) 72. arXiv:

1809.02056, doi:10.1140/epjc/s10052-020-7620-8.

[559] U. D’Alesio, F. Murgia, C. Pisano, P. Taels, Azimuthal asymmetries in semi-
inclusive J/ψ + jet production at an EIC, Phys. Rev. D 100 (9) (2019) 094016.
arXiv:1908.00446, doi:10.1103/PhysRevD.100.094016.

[560] M. G. Echevarria, Proper TMD factorization for quarkonia production: pp→ ηc,b as
a study case, JHEP 10 (2019) 144. arXiv:1907.06494, doi:10.1007/JHEP10(2019)
144.

[561] S. Fleming, Y. Makris, T. Mehen, An effective field theory approach to quarkonium
at small transverse momentum, JHEP 04 (2020) 122. arXiv:1910.03586, doi:10.
1007/JHEP04(2020)122.

[562] F. Scarpa, D. Boer, M. G. Echevarria, J.-P. Lansberg, C. Pisano, M. Schlegel, Stud-
ies of gluon TMDs and their evolution using quarkonium-pair production at the
LHC, Eur. Phys. J. C 80 (2) (2020) 87. arXiv:1909.05769, doi:10.1140/epjc/

s10052-020-7619-1.

[563] M. Grewal, Z.-B. Kang, J.-W. Qiu, A. Signori, Predictive power of transverse-
momentum-dependent distributions, Phys. Rev. D 101 (11) (2020) 114023. arXiv:

2003.07453, doi:10.1103/PhysRevD.101.114023.

[564] D. Boer, U. D’Alesio, F. Murgia, C. Pisano, P. Taels, J/ψ meson production in SIDIS:
matching high and low transverse momentum, JHEP 09 (2020) 040. arXiv:2004.

06740, doi:10.1007/JHEP09(2020)040.

http://arxiv.org/abs/1610.06508
https://doi.org/10.1007/JHEP11(2016)144
http://arxiv.org/abs/1511.04319
https://doi.org/10.1103/PhysRevD.93.054018
http://arxiv.org/abs/1611.05974
http://arxiv.org/abs/1611.05974
https://doi.org/10.1103/PhysRevD.95.034039
http://arxiv.org/abs/1702.00305
https://doi.org/10.1016/j.nuclphysb.2017.04.011
https://doi.org/10.1016/j.nuclphysb.2017.04.011
http://arxiv.org/abs/1710.01684
https://doi.org/10.1016/j.physletb.2018.08.004
http://arxiv.org/abs/1809.02056
http://arxiv.org/abs/1809.02056
https://doi.org/10.1140/epjc/s10052-020-7620-8
http://arxiv.org/abs/1908.00446
https://doi.org/10.1103/PhysRevD.100.094016
http://arxiv.org/abs/1907.06494
https://doi.org/10.1007/JHEP10(2019)144
https://doi.org/10.1007/JHEP10(2019)144
http://arxiv.org/abs/1910.03586
https://doi.org/10.1007/JHEP04(2020)122
https://doi.org/10.1007/JHEP04(2020)122
http://arxiv.org/abs/1909.05769
https://doi.org/10.1140/epjc/s10052-020-7619-1
https://doi.org/10.1140/epjc/s10052-020-7619-1
http://arxiv.org/abs/2003.07453
http://arxiv.org/abs/2003.07453
https://doi.org/10.1103/PhysRevD.101.114023
http://arxiv.org/abs/2004.06740
http://arxiv.org/abs/2004.06740
https://doi.org/10.1007/JHEP09(2020)040


REFERENCES 787

[565] K.-T. Chao, Y.-Q. Ma, H.-S. Shao, K. Wang, Y.-J. Zhang, J/ψ Polarization at Hadron
Colliders in Nonrelativistic QCD, Phys. Rev. Lett. 108 (2012) 242004. arXiv:1201.
2675, doi:10.1103/PhysRevLett.108.242004.

[566] R. Sharma, I. Vitev, High transverse momentum quarkonium production and disso-
ciation in heavy ion collisions, Phys. Rev. C 87 (4) (2013) 044905. arXiv:1203.0329,
doi:10.1103/PhysRevC.87.044905.

[567] R. F. del Castillo, M. G. Echevarria, Y. Makris, I. Scimemi, TMD factorization for
dijet and heavy-meson pair in DIS, JHEP 01 (2021) 088. arXiv:2008.07531, doi:
10.1007/JHEP01(2021)088.

[568] U. D’Alesio, F. Murgia, C. Pisano, Towards a first estimate of the gluon Sivers func-
tion from AN data in pp collisions at RHIC, JHEP 09 (2015) 119. arXiv:1506.03078,
doi:10.1007/JHEP09(2015)119.

[569] S. Gliske, A. Bacchetta, M. Radici, Production of two hadrons in semi-inclusive
deep inelastic scattering, Phys. Rev. D 90 (11) (2014) 114027, [Erratum: Phys.Rev.D
91, 019902 (2015)]. arXiv:1408.5721, doi:10.1103/PhysRevD.90.114027.

[570] A. Vossen, et al., Observation of transverse polarization asymmetries of charged
pion pairs in e+e− annihilation near

√
s = 10.58 GeV, Phys. Rev. Lett. 107 (2011)

072004. arXiv:1104.2425, doi:10.1103/PhysRevLett.107.072004.

[571] D. Boer, R. Jakob, M. Radici, Interference fragmentation functions in electron
positron annihilation, Phys. Rev. D 67 (2003) 094003, [Erratum: Phys.Rev.D 98,
039902 (2018)]. arXiv:hep-ph/0302232, doi:10.1103/PhysRevD.67.094003.

[572] A. Bacchetta, F. A. Ceccopieri, A. Mukherjee, M. Radici, Asymmetries involving
dihadron fragmentation functions: from DIS to e+e- annihilation, Phys. Rev. D 79
(2009) 034029. arXiv:0812.0611, doi:10.1103/PhysRevD.79.034029.

[573] A. Courtoy, A. Bacchetta, M. Radici, A. Bianconi, First extraction of Interference
Fragmentation Functions from e+e− data, Phys. Rev. D 85 (2012) 114023. arXiv:

1202.0323, doi:10.1103/PhysRevD.85.114023.

[574] H. H. Matevosyan, A. Bacchetta, D. Boer, A. Courtoy, A. Kotzinian, M. Radici,
A. W. Thomas, Semi-inclusive production of two back-to-back hadron pairs in
e+e− annihilation revisited, Phys. Rev. D 97 (7) (2018) 074019. arXiv:1802.01578,
doi:10.1103/PhysRevD.97.074019.

[575] A. Airapetian, et al., Evidence for a Transverse Single-Spin Asymmetry in Lepto-
production of pi+pi- Pairs, JHEP 06 (2008) 017. arXiv:0803.2367, doi:10.1088/
1126-6708/2008/06/017.

[576] C. Adolph, et al., Transverse spin effects in hadron-pair production from semi-
inclusive deep inelastic scattering, Phys. Lett. B 713 (2012) 10–16. arXiv:1202.6150,
doi:10.1016/j.physletb.2012.05.015.

http://arxiv.org/abs/1201.2675
http://arxiv.org/abs/1201.2675
https://doi.org/10.1103/PhysRevLett.108.242004
http://arxiv.org/abs/1203.0329
https://doi.org/10.1103/PhysRevC.87.044905
http://arxiv.org/abs/2008.07531
https://doi.org/10.1007/JHEP01(2021)088
https://doi.org/10.1007/JHEP01(2021)088
http://arxiv.org/abs/1506.03078
https://doi.org/10.1007/JHEP09(2015)119
http://arxiv.org/abs/1408.5721
https://doi.org/10.1103/PhysRevD.90.114027
http://arxiv.org/abs/1104.2425
https://doi.org/10.1103/PhysRevLett.107.072004
http://arxiv.org/abs/hep-ph/0302232
https://doi.org/10.1103/PhysRevD.67.094003
http://arxiv.org/abs/0812.0611
https://doi.org/10.1103/PhysRevD.79.034029
http://arxiv.org/abs/1202.0323
http://arxiv.org/abs/1202.0323
https://doi.org/10.1103/PhysRevD.85.114023
http://arxiv.org/abs/1802.01578
https://doi.org/10.1103/PhysRevD.97.074019
http://arxiv.org/abs/0803.2367
https://doi.org/10.1088/1126-6708/2008/06/017
https://doi.org/10.1088/1126-6708/2008/06/017
http://arxiv.org/abs/1202.6150
https://doi.org/10.1016/j.physletb.2012.05.015


788 EIC Yellow Report

[577] C. Adolph, et al., A high-statistics measurement of transverse spin effects in di-
hadron production from muon–proton semi-inclusive deep-inelastic scattering,
Phys. Lett. B 736 (2014) 124–131. arXiv:1401.7873, doi:10.1016/j.physletb.
2014.06.080.

[578] C. Braun, COMPASS results on the transverse spin asymmetry in hadron-pair
production in SIDIS, EPJ Web Conf. 85 (2015) 02018. doi:10.1051/epjconf/

20158502018.

[579] A. Bacchetta, A. Courtoy, M. Radici, First glances at the transversity parton distribu-
tion through dihadron fragmentation functions, Phys. Rev. Lett. 107 (2011) 012001.
arXiv:1104.3855, doi:10.1103/PhysRevLett.107.012001.

[580] A. Bacchetta, A. Courtoy, M. Radici, First extraction of valence transversities in
a collinear framework, JHEP 03 (2013) 119. arXiv:1212.3568, doi:10.1007/

JHEP03(2013)119.

[581] J. Benel, A. Courtoy, R. Ferro-Hernandez, A constrained fit of the valence transver-
sity distributions from dihadron production, Eur. Phys. J. C 80 (5) (2020) 465.
arXiv:1912.03289, doi:10.1140/epjc/s10052-020-8039-y.

[582] A. Bacchetta, M. Radici, Dihadron interference fragmentation functions in proton-
proton collisions, Phys. Rev. D 70 (2004) 094032. arXiv:hep-ph/0409174, doi:10.
1103/PhysRevD.70.094032.

[583] L. Adamczyk, et al., Observation of Transverse Spin-Dependent Azimuthal Corre-
lations of Charged Pion Pairs in p↑+ p at

√
s = 200 GeV, Phys. Rev. Lett. 115 (2015)

242501. arXiv:1504.00415, doi:10.1103/PhysRevLett.115.242501.

[584] M. Radici, A. Bacchetta, First Extraction of Transversity from a Global Analysis of
Electron-Proton and Proton-Proton Data, Phys. Rev. Lett. 120 (19) (2018) 192001.
arXiv:1802.05212, doi:10.1103/PhysRevLett.120.192001.

[585] T. Harris, G. von Hippel, P. Junnarkar, H. B. Meyer, K. Ottnad, J. Wilhelm, H. Wittig,
L. Wrang, Nucleon isovector charges and twist-2 matrix elements with N f = 2 + 1
dynamical Wilson quarks, Phys. Rev. D 100 (3) (2019) 034513. arXiv:1905.01291,
doi:10.1103/PhysRevD.100.034513.

[586] N. Hasan, J. Green, S. Meinel, M. Engelhardt, S. Krieg, J. Negele, A. Pochin-
sky, S. Syritsyn, Nucleon axial, scalar, and tensor charges using lattice QCD at
the physical pion mass, Phys. Rev. D 99 (11) (2019) 114505. arXiv:1903.06487,
doi:10.1103/PhysRevD.99.114505.

[587] N. Yamanaka, S. Hashimoto, T. Kaneko, H. Ohki, Nucleon charges with dynamical
overlap fermions, Phys. Rev. D 98 (5) (2018) 054516. arXiv:1805.10507, doi:10.
1103/PhysRevD.98.054516.

[588] C. Alexandrou, et al., Nucleon scalar and tensor charges using lattice QCD sim-
ulations at the physical value of the pion mass, Phys. Rev. D 95 (11) (2017)

http://arxiv.org/abs/1401.7873
https://doi.org/10.1016/j.physletb.2014.06.080
https://doi.org/10.1016/j.physletb.2014.06.080
https://doi.org/10.1051/epjconf/20158502018
https://doi.org/10.1051/epjconf/20158502018
http://arxiv.org/abs/1104.3855
https://doi.org/10.1103/PhysRevLett.107.012001
http://arxiv.org/abs/1212.3568
https://doi.org/10.1007/JHEP03(2013)119
https://doi.org/10.1007/JHEP03(2013)119
http://arxiv.org/abs/1912.03289
https://doi.org/10.1140/epjc/s10052-020-8039-y
http://arxiv.org/abs/hep-ph/0409174
https://doi.org/10.1103/PhysRevD.70.094032
https://doi.org/10.1103/PhysRevD.70.094032
http://arxiv.org/abs/1504.00415
https://doi.org/10.1103/PhysRevLett.115.242501
http://arxiv.org/abs/1802.05212
https://doi.org/10.1103/PhysRevLett.120.192001
http://arxiv.org/abs/1905.01291
https://doi.org/10.1103/PhysRevD.100.034513
http://arxiv.org/abs/1903.06487
https://doi.org/10.1103/PhysRevD.99.114505
http://arxiv.org/abs/1805.10507
https://doi.org/10.1103/PhysRevD.98.054516
https://doi.org/10.1103/PhysRevD.98.054516


REFERENCES 789

114514, [Erratum: Phys.Rev.D 96, 099906 (2017)]. arXiv:1703.08788, doi:10.

1103/PhysRevD.95.114514.

[589] G. S. Bali, S. Collins, B. Glässle, M. Göckeler, J. Najjar, R. H. Rödl, A. Schäfer, R. W.
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[1176] S. Alekhin, J. Blümlein, S. Kulagin, S.-O. Moch, R. Petti, Strange and non-strange
distributions from the collider data, PoS DIS2018 (2018) 008. arXiv:1808.06871,
doi:10.22323/1.316.0008.
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[1381] K. Kumerički, D. Mueller, Deeply virtual Compton scattering at small xB and the
access to the GPD H, Nucl. Phys. B 841 (2010) 1–58. arXiv:0904.0458, doi:10.
1016/j.nuclphysb.2010.07.015.
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