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Abstract

This technical proposal aims at instrumenting thé < || < 2.4 region of the CMS forward muon
system with a Gas Electron Multiplier (GEM) detector systenmenhance the muon tracking and
triggering capabilities of CMS in the high-luminosity catidns expected after the second long LHC
shutdown (LS2). Currently, th| > 1.6 region of the muon endcaps is not instrumented with any
of the Resistive Plate Chambers (RPCs) that were origifiafyseen in the CMS Technical Design
Report; it is proposed to instrument this vacant space wighl&GEM detectors.

For the last two years, an international collaboration of £Mstitutions has been studying the ex-
pected GEM detector performance and its impact on futursipyapabilities with muons in CMS.
The collaboration has been evaluating the technologieailidity of such an upgrade with detector
prototypes and simulations. The results presented here thiad a system with Triple-GEM detectors
is a near ideal answer to the stringent muon tracking angderigg requirements in the expected hos-
tile post-LS2 environment. This is due to the good positiod ime resolutions, high rate capability,
and radiation hardness of these micropattern gas detectors

Specifically, feasibility and performance studies for tweNbstations (GE1/1 and GE2/1) installed on
the YE1 yoke disk are presented. The design, constructiwhparformance of small and full-scale
trapezoidal Triple-GEM prototypes is described. Resuttsfiiciency, space and time resolutions
of these prototypes from detector simulations, laborameasurements, and muon/pion beam tests
including measurements in a magnetic field demonstrate farpgnce fully adequate for the high
background environment expected in the CMS muon endcajrsydine high-luminosity LHC phase.
Preliminary studies on the extension of an RPC-like triggtr |n| > 1.6 using a GEM system show
significant sharpening of trigger turn-on curves and imptbirigger effectiveness compared with an
RPC-only trigger.

Based on these results, a baseline CMS Triple-GEM detestoroposed in detail for the upgrade.
Large-scale chamber production scenarios are discusskedyéd by integration and installation stud-

ies given the existing CMS muon highenvelope. The needed technical services have been studied
and the preliminary understanding of cooling, cabling aasl d@jstribution is presented. An initial de-
sign of on- and off-detector electronics for the readoutef GEM detector system is presented with

a schedule for design and production. Project schedule dledtones towards installation in LS2
(2017/2018) are projected; a budget draft and an outlaysofinees are presented. The organisational
structure of the collaboration that proposes to take onpiigect is discussed.

Given the success of the feasibility studies and with themigation of the GEM Collaboration in
place, the project is ready to move ahead. Consequentipaloreview and approval by CMS are
requested. This will permit the project to be integrated the official CMS upgrade program enabling
the participating institutions to approach their respectiational agencies with funding requests for
the project.
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1 Endcap muon system
1.1 Introduction

The CMS muon systert] is designed to provide robust, redundant and fast ideatifio of the muons traversing
the system, in addition to trigger capabilities and momentaeasurement. One of the main goals during the up-
grade phases will be to have a detector capable of fully ékpdothe increased LHC performance, and sustaining
reliable operation for at least ten years.

Here a big challenge arises, coming from the higher lumtp@sid more hostile conditions, in particular in terms
of expected rates and backgrounds in near future. The higaritaneous luminosity can confuse the CMS Level-1
trigger. To keep up with the 40 MHz rate, this uses partiahdiadm events in each beam crossing and dedicated,
custom, hardware. At very high luminosity, with 20-40 irtetions superimposed, and with only some of the event
information available the trigger performance will deggatlpgrades to the muon system (and also to the hadron
calorimeters) aim to preserve the Level-1 trigger capgtiy providing it with more and higher quality inputs.

For the initial phase of CMS, three types of gaseous detetdithnologies (see Fifj) have been chosen, according
to the different background rates and magnetic field thectiete have to withstand. Where neutron background is
relatively small and in the 1-10 Hz/Gmange, Drift Tube Chambers (DTs) are used. In the endcapnisgihere
the background rate is higher and around 100-200 Hz&md the magnetic field is more intense than in the barrel,
cathode strip chambers (CSCs) are selected.

DTs and CSCs, both with self-trigger capabilities, can e measure the momentum and time of crossing of
the muon. In addition, to assure an unambiguous bunch ag$sk) identification and to build up a robust and
redundant system, Resistive Plate Chambers (RPCs) bdtk ivatrrel and endcaps are used, providing a fast and
accurate time measurement. The muon momentum resolutextracted by combining information of the muon
track from the muon system, modulated by the Global Muongdgigvith an efficiency> 96%, complemented
with the more precise tracker measurement (including theexeonstraint). A momentum resolution down to 2 %
is obtained fopr < 100 GeV (at all pseudorapidities) and 18 % for the most forwar@¥ Mmuon measurable by
the CMS Muon spectrometer.
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Figure 1: CMS transverse section showing the existing gesdetector for muon tracking and triggering namely
RPCs, DTs and CSCs and the locations of the proposed GEMtdet€2E1/1 and GE2/1.

1.2 CSC (Cathode Strip Chambers)

CSCs are multiwire proportional chambers comprising aneie planes interleaved with cathode strip panels
where strips run radially according to CMS coordinates. Bigfipolating charges induced in the strips from
the avalanche of positive ions near a wire, a precise la#diz accuracyr5um-150pm, from low to highs is
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obtained. The angular resolutionas10mrad.

The wire signals give fast and precise time information (bwith coarser spatial resolutior6um-54um. For
high-n chambers, anode wires are rotated to compensate the Léoecgainder the 3.8 T magnetic field, avoiding
electron charge to be spread along the wires. The nominahgasre isAr/CO,/CF, (45:15:40).

1.3 RPC (Resistive Plate Chambers)

The Resistive Plate Chambetglsed in CMS are made of 2 gas gaps read out by a unique set pércepips
placed in between the two gaps. Each gas gap is made out of &kelite plates filled with a gas mixture of
CoHoF4/ iC4H, o/ SFg (95.2:4.5:0.3) with a 50 % relative humidity to keep the Bakeesistivity stable. Cham-
bers are operated in avalanche mode, ensuring proper mpeasitates of up to 100 Hz/cn

RPCs guarantee a precise bunch crossing assignment tbahkg fast response and good time resolution. 3 rings
of 4 stations each are present in the endcaps, as shown if. FHgr the low luminosity phase the innermost ring
(RE1/1) and the outermost stations (RE4) had been staged-(1.6), while RE4 stations have been up-scoped
and are under construction for installation in the Long 8bwin LS1, during 2013-2014.

The high# rings of all endcap stations have not yet been under coradidar For high momenta muons, it is
imperative that the muon system functions well so that itigbates substantially towards momentum resolution.
For forward muons, however, CMS redundancy is compromided,to the missing high-muon station and to
the high background rate in the existing ME1/1 stationgaaly at the limit of the acceptable.

1.4 Muon system redundancy and extension up tg = 2.4

In Table 1 the particle rates and expected accumulated charges feratif phases of LHC operation and its
luminosity upgrades are shown. The RPCs radiation harde@sshe limit, and the large strip pitch (1-2 cm) may
affect high-rate system performance, even with an adedjimageresolution.

Micro-pattern gaseous detectors (MPGP)4]) can reach rate capabilities up t6MHz/cm? and provide high
spatial (00pm) and time & 5ns) resolutions, with & 98% detection efficiency. They can be operated with non-
flammable component gas mixtures and finer readout gratyulddng bothn and ¢ allows for both triggering
and/or tracking.

1.5 Performance requirements for high# muon detectors

For the forward Muon RPC low eta region, extensive tests \pertormed over several years in order to validate
the RPC technology and the gas mixture for particle rates @0Hz/cm?. Bakelite RPCs are well suited for
operation at moderate rates ( kHz/cm?). The international RPC community has devoted a tremenefias

on aging studies, and mainly due to the LHC RPC R&D work at §lfzamma Irradiation Facility - CERN),
we now have much better understanding for the mechanism Gf &tferation, aging, rate capability. It has been
clearly shown that RPC performance and degradation arendieid by complex interactions among the oper-
ating conditions and the materials of the RPCs, in which tiveent, integrated charge, humidity, production of
hydrofluoric acid, etc. affect the linseed oil, graphitetarg and the bakelite itself, in complex ways that result in
degraded performance, increased dark current, reduceirify and increased resistivis}[ A sophisticated gas
system was commissioned in order to recuperate the exgeosimponents of the gas and to filter the pollutants
and contaminants produced during chamber operation. Biedarried out showed that the detectors are suitable
for operation in the lows region, while concerns remained about the possibility bf@dng stable operation with
the radiation conditions expectedat> 1.6. Thus the presently vacant high eta region of CMS RPC present
an opportunity to instrument it with a detector technololggttcould sustain the environment and be suitable for
operation at the LHC and its future upgrades and the targestallation period would be the long shutdown LS2,
in the years 2017/18. At that point detectors installed khbe able to withstand the hostile environment and
high luminosity rates at the LHC upgrade, and sustain ojpgrébr a minimum ofx ten years after installation
namely until after CMS Phase {2020 — 2030). The RE highn region presents hostile conditions, with a parti-
cle fluence of severald0Hz/cm? for an LHC luminosity ofl03*cm =251, which may go up to several kHz/ém
depending on the upgrade scenarios. In addition the ratdseohal neutrons, low energy protons apanust

be taken into consideration. Hence the most stringent reangints for a detector at highwhich can sustain
operation in the upgraded LHC are summarized in the Table
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Table 1: Performance requirements in the varigpsgctors.

Region Rates (Hz/crh) High Luminosity LHC Phase I
LHC (103*cm~2/s) 2-3x LHC (10%%cm=2/s)
Barrel RPC 30 Few 100 ~ kHz (tbc)
EndcapRPC1,2,34< 1.6 30 Few 100 ~ kHz (tbc)
Expected Charge in 10 years 0.05 Clcnt 0.15 C/cnd ~ Clcn?
EndcapRPC1,2,34> 1.6 500Hz~kHz few kHz few 10s kHz
Total Expected Charge in 10 years 0.05-1 C/crd few Clcn? few 10s C/cm

Over the past two years, an effort has been focused on lod&maptions based on Micro-Pattern Gas Detectors
(MPGDs). A dedicated R&D program was launched in 2009 toysthe feasibility of using micro-pattern gas
detectors for the instrumentation of the vacppit> 1.6 region in the present RPC endcap system. Micro-pattern
gas detectors can offer an excellent spatial resolutiomd®#rd.00um, a time resolution below 5 ns, a good overall
detector efficiency above 98% and a rate capability of ot@&Hz/mn? that is sufficient to handle the expected
particle fluxes in the LHC environment. In the case of thetsgsRPC system, the large volume, the cost of
the gas mixture, and the need to constantly remove impsifiteen the gas circuit to guarantee a stable detector
operation, make the use of a rather complex closed-loopysdsrs including filtering mandatory. For MPGDs,
their operation with a non-flammable gas mixture, &g/ CO,/CF 4, is therefore also advantageous compared to
the present RPC system.

With the enhancedl, ¢) readout granularity and rate capability of the MPGDs, onddeffectively improve the
Level-1 muon trigger efficiency and even offer both trigggrand tracking functions at the same time. In this
case, we consider to extend the pseudo-rapidity range afystem up tdn| = 2.4, to match the coverage of the
Cathode Strip Chambers in the endcaps.

1.6 Present experience with MPGDs in experiments

An investigation of MPGDs as candidate technology to imagnt the vacant zone in the high eta RPC part of
the CMS detector, namely.6 < |n| < 2.4, is undertaken. The objective is to develop the CMS detesithr
enhanced and optimized readout granulanity-(¢), and a rate capability improved by two orders of magnitude
compared to RPCs, to improve the muon trigger efficiency amabine triggering and tracking functions.

Two types of micropattern detectors have been considerelMICROMEGASs and the gas electron multiplier
(GEM). The MICROMEGAS is a gaseous detector made with a hhetalesh exploiting the exponentially in-
creasing Townsend Coefficient at very high electric fieldhie as electron multiplier on the other hand is a
thin metal-coated polymer foil perforated with a high densif holes 60 — 100/mm?); each hole acting as the
multiplication region. Single GEMs can operate up to gaifis several thousands and GEMs can be used in
tandem. Thus a double or Triple-GEM detector delimiting ¢gias volume with a drift cathode and customized
readout anode can be assembled. The operating point of eath 6EM in a Triple-GEM is thereby at a lower
gain with safe operating margin from the discharge pointitiple structures provide equal gain at lower voltage.
Both technologies have the potential for production ofdasigea detectorgfn x 2m) with cost effective industrial
processes. MICROMEGASs and Triple-GEMs have been installéde COMPASS experiment in 2002 and were
also operated for one week with a 25 ns LHC-like hadron beaitm tivé intensity on the detector & 10° pions
per spill of 5s on a surface of approximatékym?, similar to the one expected in CMS for an LHC luminosity of
1033ecm—2s~!. The COMPASS collaboration reports good performance of2B detectors, with no evidence
of deterioration. Triple-GEMs have been installed in thetfirtHCb muon station, while ATLAS is considering
the micromegas for its muon upgrade. On a COMPASS Triple-Gipkrated at the gain @f- 104, a charge of
2C/cm? has been integrated on the readout board. GEM detectorather msensitive to ageing under sustained
irradiation, at a gain of 10* with Ar/CO, (70:30), corresponding to one year of continuous run at ainmax
rate of 10°/cm?. No sign of ageing has ever been observed which implies tigatiétectors could be operated
without degradation at even higher integrated chargesrdfipa at lower gain (for exampke 8000) can further
enhance the robustness of the detector for high partias rat view of the high luminosities that may be achieved
with the LHC upgrades. For Triple-GEMs, with a gain-ef2 - 104, very good gain stability was measured up
to a photon flux of abous - 107Hz/cm?, and extensive ageing measurements have been performieel past.
Considerable improvement with respect to the/ CO, (70/30) gas mixture, which exhibits a poor time resolu-
tion of about 10ns rms, is obtained with the n€l, andiso — C4H;, based gas mixtures, which allow to reach
time resolutions better than 5ns rms with the optimum chaeibé&h is the fast & non-flammable gas mixture
Ar/CO5/CF, (45:15:40). As all gaseous detectors, GEMs have a finitegiitity of exhibiting a breakdown
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of the gas rigidity or discharge. Systematic investigagibave been carried out; the most significant study is the
measurement of the discharge probability of a Triple-GEkédr in a high intensity, low energy beam at PSI, the
beam that best simulates the conditions expected at the ltH@s been demonstrated that the detector does not
deteriorate after multiple discharges with large repmtitiates, provided that the amplifiers of the GEM electronics
are properly protected.

In the following feasibility study we have studied small dadye size prototypes to demonstrate that the Triple-
GEM detector fulfils all requirements for forward muon tranckand triggering at high eta CMS.

1.7 High-) muon detectors proposed for LS2 (2017-2018)

In Fig.2, the nose region of the first endcap disk is visible. In thisuoent, we propose the installation of the
stations called GE1/1 and GE2/1 as shown in Bigkor the GE1/1 station the chambers will be installed on the
YE1 'nose’. For the GE2/1 station, which sits exactly on tlaekside of YE1 'nose’, there will be two sets of
chambers; one long chamber and one shortened chamber theanieuitron shielding in the21 < |n| < 2.4 region.
Since there is room for long chambers in z, the 2/1 statioers# measurements points from eté < |n| < 2.1

and two measurements points frahl < |n| < 2.4. The first station GE1/1 would have 10 degree chambers
while for the second station GE2/1, 20 degree chambers amoped. In the following section we describe
the preliminary study of the impact of upgrading the CMS fardvmuon system with these detectors, on the
performance of the muon system. In Sect®the case for micropattern detectors is made based on thamast
present experience. The intensive experimental and siionilstudies with small prototypes are summarized. Full
size prototypes were constructed and tested during 2010-20d the results from laboratory and beam tests are
elaborated. The focus then shifts to the development of eetwiblogies for fabrication and construction of full
scale CMS detectors. Results from measurements in thealalgrand at the beam, with and without magnetic
field upto 1.6 T are summarised.

From simulation studies we can conclude that the GEM detstations would significantly improve the L1 muon
trigger performance over that of the originally planned R#0/ system in the forward direction| > 1.6.

Large scale production scenarios are discussed with tleendsyg procedure and work flow description. Studies on
integration and installation within the CMS high eta enpel@re presented followed by the electronics system and
other services including gas and cooling. A tentative saleeid presented for construction of the first two stations
along with preliminary budget and resources needed. Fitiad structure of the GEMs for CMS collaboration is
described towards installation in LS2 (2017/2018).

D Whenever the total charge in the avalanche exceeds a value ber@eand 108 electron-ion pairs (Raethers limit), an

enhancement of the electric field in front of and behind the primary aghiinduces the fast growth of a long, filament-like
streamer. This discharge is measured by counting the number of apiwgs that produce a current greater tham, the
current from nominal radiation being of the order of few tens of nA.
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Figure 2: The CMS Endcap YE1 disk showing the “nose”, nantedyttigh+ region.
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Figure 3: CATIA model of the CMS endcap structure for GE1/arobers (top) and GE2/1 Chambers (bottom).
For the GE1/1 station the chambers will be installed on thé Yise”. For the GE2/1 station, which sits exactly
on the backside of YE1 “nose”, there will be two sets of chamlteng and short due to the neutron shielding that
sits betweer2.1 < |n| < 2.4. Since there is room for long chambers in z, the 2/1 statifer®#% measurements
points from etal.6 < || < 2.1 and two measurements points fram < [n| < 2.4.
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2 Impact of high-n upgrade on muon reconstruction
2.1 Muon system redundancy and extension up tg = 2.4

Muon detection is a powerful tool for recognizing signatunéinteresting processes over the very high background
rate expected at the LHC. This is particularly true as thamasity increases.

By the start of Long Shutdown 2, CMS will have have collectaddreds of fo! integrated luminosity at nominal
center of mass energy. Whether CMS has discovered somethima,dhe program will continue with the deter-
mination of the fundamental properties of the discoveratiglas and with searches for rare processes and high
mass new states, requiring even higher luminosity.
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Figure 4: Muon momentum resolution as a function of momentanbarrel (a), overlap (b), and endcap (c)
regions using the muon system only (blue), the inner trachinly (green) and both system together (red).

In this framework, the forward muon upgrade will provide gidaal hit measurements to obtain higher efficiency
and higher resolution for muons in certain pseudo-rapidigions, providing the necessary control on the trigger
rates, in addition to significant additional acceptancenfaons at the trigger level.
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Therefore, the physics case for addition of forward muonmdtexs is straight forward. The foreseen upgrade
for the CSC system will restore the reduced muon acceptant@ger level in the region.2 < |n| < 1.6.

The installation of new RPC chambers in the same region (RE#provide the finer timing and redundancy
for the corresponding CSC system. Upgrade in2he< |n| < 2.4 will improve the trigger capability in the
high luminosity regime, where the present ganging of sonagiéls in these chambers results in an unacceptable
number of spurious tracks.

The Muon System provides muon trigger and identificatiorabéjyy. The original CMS designed was tailored
to setup a robust system through the redundancy. So far peiment has achieved the design goals only up to
n = 1.6.

In CMS the high momentum resolution of muons is given by the/ yecise point resolution of the Tracker
system. The Muon system starts giving a sizable contributidhe highs) region, because of the reduced lever
arm of muons in the Tracker volume. In Fig.is shown the momentum resolution as a function of the muon
momentum for the reconstruction in the inner Tracker systachthe Tracker and Muon systesh[muons with

pr > 200 GeV/c improve their resolution thanks to the addition of khgon system information. For this reason,
in this n) region is particularly interesting to design a Muon systeaundant also on the tracking capability. An
additional detector system for the Muon system, with higimpesolution, would also improve over the limited
pr resolution obtained in the Muon system only, shown in theesdigure, for the benefit of the trigger L2
reconstruction in the High Level Trigger selection.

In order to study the impact of the upgrade Muon system on meonstruction performance, Monte Carlo single
muon samples with differentr have been generated. The CMS detector was simulated witiNFEAvithin the
existent CMS framework, where the proposed upgrade hasdesmibed by extending the existing geometry of
the RPC system, up fg| < 2.1. The muons transverse momenta, with respect to the beamchrisen for this
simulation study are 0.2, 0.5, 1, 2, 5 TeV/c.

2.2 Multiple scattering

The spatial resolution lower limit, set by the electromagnprocesses that muons experience in traversing the
CMS material, has been estimated from simulation and thdtsemre depicted in Fich. The left plot indicates the
dominant role of the multiple scattering with respect toeffect of the magnetic field and other electromagnetic
processes such as bremsstrahlung; the results refer taghstéition but the conclusion is valid for all stations.
The right plot shows the displacements as a function obth@n the different endcap station. In the first endcap
station the rms of the displacement of 1 TeV muonli® pm, while it reaches500 um for the fourth and last
station.
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Figure 5: The rms of the distribution of the displacement darection of the muonpr of the muon due to
electromagnetic processes. On the left the results olataméhe first station are shown for nominal magnetic
field (no magnetic field) for all e.m. processes in full ciec{epward triangles) and for multiple scattering only in
downward triangles (full squares). The right plot descitiee values for the different stations.
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2.3 Muon track reconstruction

The strip pitch of the new proposed chambers has been séfeedi several widths, each corresponding to a given
GEM spatial resolution. For the sake of simplicity, justalesions corresponding to number of readout channels
multiples of the standard 32 RPC strips reported in the maigCMS TDR are used, from 1, corresponding to 1

cm and a nominal point resolution of 3-4 mm, to 128 correspantb a nominal resolution of 2bm.

— TDR

1O4|§_ p,=1 TeV/c — TDRx2
- TDRx4
B 1% Station RE1/1 . — TDRx8
£ TDRx16
16
oy E —— TDRx32
5 =
5 r TDRx64
g - TDRx128
G 10
o)
e}
€
=)
z

10

i ik h'#.-w
1110

[
M 1
4

-2 0 2
Hit track residuals R Agp (mm)

-6

Figure 6: Muon hit residual distribution for increasing nuen of readout channel. The residuals are computed ex-
trapolating the muon track to the detector surface placddriirst ring of the first endcap disk. The displacement
is obtained as difference of the azimuthal angle times ttiardistance of the extrapolated point.

In Fig. 6 single muons spatial residuals in Disk-1 Ring-1, from wipoint resolution is derived, for different strip
widths are compared. The strips width dominates the rasaldgown to widths a factor 8 more narrow than the
TDR ones. From a factor 16 upwara £ 200.m) the distributions approach a Gaussian shape.

Muon track pattern recognition in CMS have been used to astintansverse momentum resolution. Hits from
the foreseen RPC system are added in the final fit of the muok. tlidhe impact of the GEM detector is derived
by substituting the first station or the two first station witigher resolution GEM. The resulting momentum
resolutions are shown in Fig. On the top are shown the relative resolution for the globabmalgorithm. The
right plot describes the resolution as derived from thes.of the transverse momentum distributions. Large values
are due to the tails induced by phenomena like bremsstrghltihe left plot is obtained from the variance of a
Gaussian distribution fitted in the core of the distribusio®n the bottom the same plots are shown for a dedicated
algorithm tailored for TeV muons that alleviates the effeaf the bremsstrahlung. Indeed the resolutions overall
improve especially those computed from the r.m.s. as egdedthis study shows that the muon system has still
margins of improvement in the performance of the muon reicoction. Further studies are necessary to have
a clear estimation of the performances with a more realkstiwlation of the GEM detectors and with the exact
proposed Geometry.

The major result is that GEMs, being also a tracking deviakbsws the muon pattern recognition also in partial,
and even total absence, of the CSC allowing a direct measumashthe tracking performances using two indepen-
dent muon systems. The results of a preliminary are showigirBFwhere the momentum resolution distribution
is shown on different Muon system configuration. The fullveurepresents the transverse momentum resolution
for the Global Muon algorithm where, together with the Trickhe existing CSC system and the foreseen RPC
stations are used. The role of the RPC, on this aspect isrnattgginal, indeed the similar resolution is obtained
by using Tracker and CSC as shown by the dotted histogramTiiduker and RPC only results are described by
the dashed curve and is given by the Tracker resolution.llffithee point-dashed line represents the case where
the first station is instrumented with a layer of Triple-GEMMa point resolution as extreme as pth and the
pattern recognition is performed using just the Tracker,GfEM layer and the three outer RPC stations.

The obtained results of the muon momentum resolution obtawith high resolution tracking device are very

promising. In order to obtain a complete redundancy of theiMsystem the GEM should be also capable to pro-
vide independent pattern recognition and seeding of tlek treomentum fit. This can achieved by instrumenting
the inner stations with a double layer of GEM.
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The dotted lines are the performances measured when GEMis@ddn the two inner stations and RPC are used
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3 Studies of small and full-scale GEM prototypes
3.1 Initial prototypes for choosing among MPGD technologies

As the very first step of this project, small prototypes of tdiferent MPGD types were characterized: one
Micromegas ] detector and one Triple-GEM] detector. Both prototypes were produced with an activa afe

10 ecm x 10 cm in the CERN EN-ICE surface treatment workshop and were sjulesely tested in the RD54]

lab of the CERN Detector Technology Group (DT). Using stadder/CO, gas mixtures, the two detectors were
characterized by measuring gain and pulse height spedtnaadioactive sources and Cu x-rays from a generator.
Their efficiency plateaus were measured and the optimabtipeal voltages were determined.

In October 2009, the two prototypes were put into a pion/mgshbeam at the CERN SPS H4 beam lige [n

this test, good detector performance was observed for ip&eTGEM while the Micromegas prototype showed a
substantial number of discharges and hence poorer datilyqUdie discharge probabilities of the two detectors
were subsequently measured in the RD51 lab. For the Triit+@ probability of10~% was measured for gains
up to2 - 10%, while the Micromegas was discharging with a probability@f* at a gain of less than 2000. These
results were consistent with previous MPGD studies. Basetti@se findings and given the existing expertise on
GEMs within the research group, the Triple-GEM MPGD wasdele for detailed further studies.

3.2 Triple-GEM prototypes

GEM foils are made from 5@m thick kapton sheets with a;am copper cladding on both sides. The initial small
10 cm x 10 cm Triple-GEM was constructed using the standard double-rreatinique for etching GEM foils. The
GEM foils and cathode drift foils were glued onto fiberglassries and mounted inside a gas-tight box as shown
in Figure9. The detector had 128 readout strips with a pitch of 0.8 mmo @ifferent gap size configurations
were tested to study the effect on the detector performarecedrift, transfer 1, transfer 2, induction gap size):
(3/2/2/2 mm) and (3/1/2/1 mm). For this Triple-GEM protogyp rate capability of ovei) kHz/mm? and a time
resolution of 4.5 ns (rms) were measured (see Setib:d).

-

Drift
Drift gap 3.00 mm
GEM3

1.00 /2.00 mm

2.00 mm
Induction ga 1.00 /2.00 mm

Figure 9: The standard double-mask Triple-GEM prototypsft:LDetector during assembly. Right: Configuration
of gaps between electrodes.

The stretching of GEM foils during detector assembly is asehat time-consuming procedure. An alternative
construction technique was investigated with a small EHBEM prototype where honeycomb spacers were in-
serted into the gaps between the electrodes to main theckéstdetween electrodes and to avoid the need for foll
stretching. A significant detection inefficiency was obserwhere the honeycomb “ribs” are locatdd)]and
consequently this technique has not been pursued further.

In addition to the standard double-mask GEM prototypH) am x 10 cm Triple-GEM prototype was constructed
in the same way but using GEM foils produced with the singbesskretching techniqué ], which overcomes the
problems with the alignment of the masks on either side of@iie during the photolithographic etching of the
holes. This prototype had 256 strips in each of two perpetaliairections with a strip pitch of 0.4 mm.
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3.3 Single-mask GEM production technology

The production of GEM foils is based on photolithographichtiques commonly used by the printed circuit
industry. The copper-clad kapton substrate gets lamiratdubth sides with solid photoresist of L8 thickness
that the GEM hole pattern is transferred onto by UV exposhreugh flexible masks. In order to get good
homogeneity of the hole geometry across the foil, it is vempartant to keep the alignment error between the
masks on the two GEM foil sides within 10m. However, since both the raw material and the two masks are
made from flexible material, the manual alignment procedhg@mes extremely cumbersome when the linear
dimensions of the GEM exceed 40 cm.

A natural way of overcoming this problem is the use of singigsk photolithography. In this case the GEM pattern
is transferred only to one side of the raw material, thus r@ngpany need for alignment. The exposed photoresist
is developed and the hole pattern is used as a mask to chineitzdl holes in the top copper electrode of the GEM
foil. After stripping the photoresist, the holes in the tagpper electrode are in turn used as a mask to etch the
polyimide.

Single-mask photolithography (Fif)) has been proven to be a valid manufacturing technique f&ingaGGEMSs.
This technology was used to build a prototype detector fonssible upgrade of the TOTEM T1 detector. More
recently, the production process has been refined even gieigg great control over the dimensions of the GEM
holes and the size of the hole rims during the productiongsscEffects of the hole shape are also being explored
in simulation studies (see below). Production issues haen Istudied and single-mask GEMs are compatible
with industrial production using roll-to-roll equipmenthich is a very important aspect of this new technique.
Consequently, a price reduction for GEM foils is expectemrirlarge-scale industrial production that is now
possible.

Base material 50 pm polyimide foil 3
1 copperclad

Photoresist lamination, masking,
2 exposure, development

3 Chemical etching of copper Top

4 Polyimide etching in 2 steps

Electrochemical stching of
5 copper Bot + over-etched

Polyimide etching to transform hole
6 geometry

Photoresist lamination, masking,
exposure, development to define
electrodes

;
Chemical etching of copper Top and
Bot,

Cleaning and electrical test

Figure 10: Overview of single-mask etching process for GieNsf

3.4 Test beam measurements

The Triple-GEM prototypes were tested with a 150 GeV muam/fieam at the CERN SPS H4 beam line during
several RD51 test beam campaigns. The detectors under ¢estmounted into the RD51 Triple-GEM beam
telescope as depicted in Figutg The telescope itself consists of three standard TripldiGlEtectors, referred

to as tracker GEMs, each wifl) cm x 10 cm active area and running with an Ar/G@70:30) gas mixture. They
have 256 strips in both horizontal (y-coordinate) and eatt{x-coordinate) directions transverse to the beam, with
a pitch of 0.4 mm. The telescope detectors were always @ukesat gain larger than 10This setup served as the
reference tracking device for the detectors to be tested.

The standard double-mask Triple-GEM prototypes undentese studied with different gas mixtures, Ar/g¢O
(70:30, 90:10) and Ar/CGCF, (45:15:40, 60:20:20) at a gas flow of about 5 I/hour corredpanto roughly 50
detector volume exchanges per hour. The single-mask T was operated with an Ar/COnixture only.

The readout of all detectors including the tracker GEMs wasedwith electronics boards based on VFAT2 (Very
Forward Atlas and Totem) chipd?] developed for TOTEM 3] by INFN Siena-Pisa. The VFAT2 ASIC was
designed at CERN using radiation tolerant technology. $t&h&28-channel analog front-end and produces binary
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Figure 11: Positions of small Triple-GEM prototypes (greeithin the RD51 beam telescope during tests at the
CERN SPS H4 beam line. The Triple-GEMs of the telescope aeddd “Tracker GEM”.

output for each of the channels. In addition, it can provitkes, programmable OR function on the input channels
for triggering. The chip offers adjustable thresholdsngaind signal polarity, plus a programmable integration
time of the analog input signals. The signal sampling of tiR&N2 chip is driven by a 40 MHz internal clock.

During the test beam campaign, the readout of all GEM deteetith the VFAT2 electronics was binary. The
tracker GEMs were read out in two dimensions with two VFAT2arected to the 256 vertical strips, but with
only one VFAT2 connected to 128 out of the 256 horizontapstriThe standard double-mask prototype had a
one-dimensional readout with one VFAT2 connected to thevE28cal strips, while the single-mask Triple-GEM
had two-dimensional readout with two VFAT2s connected @286 vertical strips and one VFAT2 connected to
128 out of the 256 horizontal strips. Data were acquired filwerlVFAT 2 chips with TURBO front-end electronics.

3.4.1 Data analysis and results

The results presented below for the different small TriBEEM prototypes were obtained with data taken during
the 2010 and 2011 RD51 test beam campaigns at the SPS.

Typical beam profiles for the muon and pion beam as recoristtuwith the tracker GEMs of the RD51 beam
telescope are shown in Figut@. For the track reconstruction, events were selected intwihie telescope GEMs
had only a single cluster of fired strips. Straight tracksenfdted to these tracker GEM clusters and extrapolated
to the detectors under study. The alignment of the detewtassdone relative to the first tracker GEM, using the
position of the clusters in each detector.

[ Beam profile 150 GeV muons on Tracker GEM 1 | [ Beam profile 150 GeV pions on Tracker GEM 1
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Figure 12: Beam profiles for muons and pions obtained withrteker GEMs in the beam telescope.

3.4.2 Standard double-mask Triple-GEM

The typical value measured for the position resolution fierstandard double-mask Triple-GEM is about 210

as demonstrated in Figufe3. This value includes the uncertainty on the position of tkiespolated track at the
detector, and agrees with the value of 231 (= 0.84/12 mm) expected from the strip pitch with a binary readout.
Neither detector gap size configuration, used gas mixtureperating gain were found to have a strong influence
on this measured resolution as it is mainly driven by the gitch.

The measured efficiency for the standard Triple-GEM is digpdl in Figurel4. The efficiency was determined for
different gas mixtures and gap size configurations as asaifumof the detector gain. Although for the standard
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Figure 13: Residual distribution for the standard TriplENg fitted with a Gaussian of the formy - exp(—0.5 -
((z — p1)/p2)?), plus a first-order polynomial of the forpy + p, - = to account for noise hits.
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Figure 14: Detector efficiency (left) and strip cluster si@ght) for the standard Triple-GEM with different gas
mixtures and gap size configurations.
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Figure 15: Detector timing resolution as function of theuation field (left) and drift field (right)for the standard
Triple-GEM with different gas mixtures and gap size confajions.

Ar/CO, (70:30) gas mixture a slightly better performance is obsefer low gain values, in each of the cases the
efficiency reached the same plateau at about 98 % for a gairea890. Note also the stability of the detector
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Figure 16: VFAT2 threshold scan for the standard Triple-Ge&lth the 3/1/2/1 mm gap size configuration and
Ar/CO,/CF;4 (45:15:40) gas mixture.

performance up to high gains of ab@ut10%.

The effect of the different gas mixtures and the gap size gordtions for the standard Triple-GEM on the mea-
sured average cluster size, expressed in number of destdfs, is shown in Figuré4. Clearly, the use of the
Ar/CO./CF4 (45:15:40) gas mixture gives a much better performance diagitally read out detector than the stan-
dard Ar/CG (70:30) mixture because there are fewer strips per clusiep, the configuration with the smaller
transfer gap 1 and induction gap size gives slightly be#sults.

The timing performance of the standard Triple-GEM was €ddising a custom-made high voltage divider that
allowed individual modification of the electric fields in tddferent detector gaps. For this study, plastic scintil-
lators positioned in front and behind the beam telescope wsed to generate a trigger to signal the passage of
a beam particle through the detector. The spread in ariive df the GEM signal from the VFAT2 board with
respect to this external trigger was measured with a TDC heodn these measurements one has to take into ac-
count the 40 MHz clock cycle of the VFAT2 chip, which introgta 25 ns jitter in the arrival time of the detector
signals. Note that in case of the LHC, this jitter can be agdidith a proper synchronization of the VFAT2 cycle
with the LHC clock. The obtained time resolution after a de@ution of the 25 ns VFAT2 jitter is displayed in
Figure 15. The electric field across either the induction gap or th& dep was varied while keeping the other
fields constant at (drift, transfer 1, transfer 2, inductgap) 2/3/3/3 kV/icm. The different gap size configura-
tions had no visible effect on the timing performance. Hogvethe timing performance is clearly better with the
Ar/CO,/CF4 (45:15:40) gas mixture. With this mixture, a timing resauatof 4 ns could be obtained.

Based on the observed noise in the detector without beamianonin VFAT2 threshold of 25 units was used for

all measurements. To check the effect of the VFAT2 thresbaldhe apparent detector performance, a VFAT2
threshold scan was performed for the standard Triple-GERraipmg at different gain values as displayed in
Figure 16. With the VFAT2 threshold set at 25 units, no impact of theesimol on the efficiency was observed

when the detector was operated at a gain larger than 10

3.4.3 Single-mask Triple-GEM

Several of the measurements as described above were alsopza on the single-mask Triple-GEM to compare
its performance to the standard double-mask Triple-GENguiiei1l7 shows the measured efficiency and average
strip cluster size for the single-mask Triple-GEM. The &amask GEM reaches a comparable performance level
as the corresponding double-mask GEM (see Figieks) albeit the efficiency plateau is attained only at a gain
level well above 16.

3.4.4 Performance summary for small prototypes

For the standard double-mask Triple-GEM, the best detgmoiormance was observed usiAg/CO,/CF4
(45:15:40) gas mixture instead of Ar/G@70:30) and with a 3/1/2/1 mm gap size configuration. Deteefo
ficiencies up to~98% and time resolutions down to 4 ns were obtained. The teseoould be operated stably up
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Figure 17: Detector efficiency (left) and strip cluster qi@ght) for the single-mask Triple-GEM.

to gains on the order ¢f - 10*. The Triple-GEM produced with the single-mask techniqudgsened similarly to
the standard double-mask Triple-GEM.

3.5 Full-size Triple-GEM prototype
3.5.1 Prototype description

In addition to the small prototypes described in Sec8dh two full-size prototypes of Triple-GEM chambers for

a CMS GE1/1 station were produced and studied. These ppaetyave a trapezoidal shape with an active area of
990 mm x (220 — 455) mm as shown in Figl8and are labeled “GE1/1-1" (April 2010) and “GE1/1-1I" (Mdic
2011).

Figure 18: The first prototype of a full-size Triple-GEM detier for CMS. Left: Completed detector. Right:
Glueing of spacer frames during detector assembly.

Their geometry followed the design for the RPCs that wereetinbtalled originally in the ME1 endcap disks in
the highest) region, i.e RE1/1. In fact, the GEM detectors were embedded in an aluminumrdmwe similar to
what was designed for the RPCs in that region. These chareberswould cover a 0azimuthal sector of the
muon endcap disks. Fig9(a)shows an exploded view of GE1/1-1, while FitQ(b) displays the general layout
and different gap size configurations of the two prototypes.

The GEM foils for both large-area prototypes were produde@ERN using the single-mask photolithographic
process described above. To limit the discharge probglitid strength, the foils are divided into 35 sectors of
about 100 cr each. The drift electrodes, made of a thicker 300 kapton foil with a solid Sum thick copper

cladding, were glued directly onto the 3 mm thick bottom dhwum baseplate of the detector cover box. The
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Figure 19: (a) Exploded view of the first full-size Triple-GEprototypes for CMS. (b) Electrode layout and gap
size configurations of the two full-size prototypes GE1(left) and GE1/1-11 (right).

readout planes provide a one-dimensional readout usirigl rsttips running in long direction of the chamber,
with a pitch varying from 0.8 mm (short side) to 1.6 mm (londejifor GE1/1-1 and from 0.6 mm to 1.2 mm for
GE1/1-1l. If the chambers were installed in CMS, the radtdps would point to the LHC beam line. The first
prototype was divided into fouy-partitions with 256 strips per partition, while the secqmdtotype had eight
partitions with 384 strips each. Due to the improvements EMaiming performance obtained with the small
prototypes, the gap size configuration for the second larg®type was changed to 3/1/2/1 mm (drift, transf.1,
transf.2, induction) from the 3/2/2/2 mm configuration fbetfirst prototype. Different steps of the assembly
procedure of the large prototypes are depicted in HigFig. 21 shows the gain curve for GE1/1-1 measured with
an x-ray gun in the RD51 lab.

3.5.2 Test beam setups

The full-scale prototypes were tested with 150 GeV muom/fieams at the CERN SPS H4, H6, and H8 beam
lines during several RD51 test beam campaigns in 2010 antl 20fe RD51 standard double-mask Triple-GEM
beam telescope (Fi@3) as described in Sectioh4 was used as a reference tracking device also in these tests.
The GE1/1-11 was installed near the RD51 telescope on acaditimovable table for scanning different points to
account for the varying pitch of the full-scale detectomgdts long axis.

Fig. 24 shows a typical profile of the muon beam as reconstructedttfGEM telescope. After alignment, the
reconstruction algorithm fits telescope hits in both dini@msproviding a track space resolution of arod0g.m.
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Figure 20: Assembly procedure of the full-size CMS protefyp(a) foil stretching in the oven; (b) gluing the
spacer frames; (c) curing the glue; (d) mounting the reaglaurte.
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Figure 21: Gain curve for the GE1/1-1 measured with x-rayh@RD51 lab.

In one beam test, the CMS M1 superconductive magnet wastegei@test the GE1/1-1l in a strong magnetic
field. The M1 magnet is a solenoid that can achieve a field of B avcurrent around 4000 A. Inside the CMS
detector, the GEM detectors would be installed in a locatibere the magnetic field can reach up to 1.5 T with an
angle between the magnetic field and the electric field insidésEM detector less thari 8In this test, the RD51
Triple-GEM telescope as well as the PMTs for the triggertiltators had to be kept 5 m away from the magnet
so that they were not adversely affected by the magnetic field
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Figure 22: (a) The GE1/1-I detector installed in the SPS Hahbéne. (b) The GE1/1-1I detector installed inside
the CMS M1 magnet at the SPS H2 beam line.
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Figure 23: The RD51 telescope used during all test beame & b1 H4, H6, and H8 beam area.

3.5.3 Prototype performances in beam test
Fig. 25 shows a few results obtained with the GE1/1-1 prototype én@ttober 2010 campaign.

With the beam pointing at the-sector of the GE1/1-1 detector with the smallest averagge gitch, i.e. 1.05 mm,
a spatial resolution of 356m was measured with an Ar/G@70:30) gas mixture. This is close to the expected
value 0f1050 pum/+/12 = 305 pm for a binary readout. The detector efficiency was measurée tabove 98%
for this prototype. The uniformity of the detector respoaseoss the GEM active area was found to be very good.

In the 2011 measurements, the noise could be substantalliced compared with the 2010 measurements when
operating the detector with VFAT2 binary electronics. Bhge the very low observed noise in the detector without
beam, the VFAT2 threshold was set to 12 ufiitand the VFAT2 internal comparator current was setdquA.

With these settings the noise was practically absent, wperating the detector with gains up1o®.

Fig.26 shows average strip cluster sizes of 1.6-1.9 strips (deépgruh they position) and a residual @91 pm
between extrapolated tracker tracks and hits measureaiGEi/1-Il. This is about 20% better than what was

2 One VFAT2 threshold unit corresponds to a charge:df.08 fC at the input channel comparator stage.
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Figure 24: Typical muon beam profile obtained with trackehGdetectors.
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Figure 25: Results obtained with GE1/1-I during the Oct.®@Hst beam campaign: (a) residual distribution; (b)
detector hit efficiency as function of the current in the HVidér, which is proportional to the electric fields in the

GEM.
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Figure 26: GE1/1-Il performance: cluster size (left) andcgpresolution (right) at high and loywmeasured with

VFAT2 binary electronics.

found with the GE1/1-I prototype. This is not unexpected &LG&-1l1 has a 25% smaller strip pitch than the

GE1/1-1.

A remarkable result is the fact that the GE1/1-1l prototypaadhes full efficiency with a gain e 7000 with
Ar/CO4,/CFy (45:15:40) as shown in Fi@7. This is in agreement with previous results on small prgiesyand
indicates that the full-size detector is performing examlly; operation at even higher gain is certainly possible,

which would add a saftey margin in terms of efficiency.

Fig. 28 shows results for the GE1/1-ll prototype that were obtaitdedng the August 2011 test beam campaign
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Figure 27: GE1/1-1l efficiency performance at high and lpends. Efficiency reaches 96.5% at gain 7000.
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Figure 28: Results for GE1/1-Il using pulse height measer@mwith APV25/SRS during the Aug. 2011 test
beam campaign: (a) strip cluster size distribution; (bledénceAx between hit positions measured with GE1/1-II
and with a reference GEM in the tracker.

when the prototype was read out with electronics that rembpililse height information. Specifically, the detector
was read out with APV28[4] chips in combination with the Scalable Readout System (GRS that has been
developed by the RD51 Collaboration. Two smElkm x 10cm GEM detectors TR and TR (see Fig.23)
were used to provide a reference measurement for the tragkkh. the GE1/1-11 prototype detector flowing an
Ar/CO,/CF,4 (45:15:40) gas mixture, data were taken with the H4 pion bpaimting at the detector region with
the smallest strip pitch, i.e. 573n.

An average cluster size of about 3 strips was found in thissaomemnent and for the space resolution an upper limit
of 103 um can be derived as shown below using the additional infdomain the charge sharing among adjacent
strips that is available with a pulse height measurements fi@sult is significantly better than the resolution
expected from a purely binary readout, k&ip pitch/v/12 = 573/1/12 = 165 um.
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Figure 29: Left: Ay distribution forT R; andT R;. Right: Ax distribution for TR, and GE1/1-II using central
tracks in a pion beam.

To minimize the impact of beam divergences in this spatisbligion measurement, tracks were selected to be
from a2 x 2 mm? spot in the center of a pion beam which is much narrower tharmthion beam. Assuming
that both TR and TR, which are constructed in the same way, have the same sgs@litions ¢,s = o) and

that the beam divergence in y is negligible in the center,28ighows that we have for the widthy, of the Ay
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distribution measured with these two tracker detectors:

Usz 20554-051 2205 1)
oAy
oy = — =953 um 2

Hit positions inz andy are computed from the mean (or “center-of-gravity”) of tteresponding strip clus-
ter using the analog pulse height information for each stlips a reasonable assumption that ~ 53 pm if

oys = 53 pm since in TR strips in x and y have the same pitch. Consequently, thewoligp upper bound on the
spatial resolution of the GE1/1-1l prototype can be estdigld in the chamber section with smallest strip pitch at
the high# end when analog pulse height information is used:

Orgpn S \/Om =103 um (3)

Equ. @) gives an upper bound value, as any remaining beam diveggene still contribute to the width of the
Ax distribution in Fig.29.

Fig. 30 shows the measured shift in the average strip cluster poditie to the presence of a magnetic field for the
GE1/1-1I prototype operated inside the M1 magnet. Measargswere performed in June and July 2011 using
the SPS H2 150 GeV muon beam, with the detector flowing an Af/CB (45:15:40) gas mixture. The angle
between the GEM electric field and the external magnetic fieldd be varied by rotating the detector inside the
M1 magnet. The data are in good agreement with a Garfield/blegl 6] simulation performed for a 90angle
between the magnetic field and the GEM electric field. The oreasent at 1.5 T was performed for an angle of
30°, which accounts for the observed small deviation betwegmatad simulation for that particular point.

More details on test beam results obtained with the two farga prototypes can be found it7].
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Figure 30: Left: GE1/1-Il cluster sizes inside a strong magnfield. Right: Comparison of measured and
simulated strip cluster position displacement in GE1/dtié to an external magnetic field.

3.5.4 Conclusion from measurements with full-size prototges

Beam tests of both full-size prototypes produced very pesénd promising results. The performance of the
large-area prototypes with single-mask GEMs was quitelairto that of the small double-mask “Timing GEM”
prototype. A significant advance was achieved with the cangbn and assembly of the second full-scale detector
GE1/1-1l even though it was technically challenging to ¢onst a large-area GEM with transfer and induction gap
sizes as small as 1 mm. Good detector performances regatdiagtion efficiency and spatial resolution were
demonstrated and the second detector behaved as expearapdrated in a magnetic field.

3.6 Present status and improved detector assembly technigu

With a GEM detector geometry similar to the RPCs in the CMScapdlisks, the smallest active GEM detector
area required by CMS is of the order of 100 cm50 cm. Depending on how many endcap disks would be
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instrumented with GEMs, the number of detectors needed K% Could be several 100’s. For such quantities,
the time and certainly the cost of the detector productiaobees an issue.

One of the most time-consuming and labor-intensive partrgfl@-GEM detector production is the GEM foil
stretching and the gluing of the spacer frames. In an attémnptoid these steps and speed up the production
process, a novel assembly procedure was tested in 2011rdiere=d to as théself-stretching” technique. The
procedure is demonstrated in FB{L showing a few photographs taken during the assembly of thielftr cmx

10 cm “CMS Proto 111" Triple-GEM prototype at CERN using thigw technique.

() (b)

(d)

®

Figure 31: Theself-stretchinglriple-GEM assembly technique: (a) GEM foil before assemfid) external frame
for foil stretching; (c) mounting the GEM foils; (d) strefolg the foils; (e) stretched GEM; (f) completed detector
including readout board.

The GEM foils are produced with a pattern of holes near theeaxfgeach of the four sides of the foil. Using

a special external frame that is placed around the assethblgletector frames are pre-tensioned in such a way
that they slightly bow inwards. The foils are then placed aletector structure which has a set of alignment pins
matching the hole pattern in the foil edges. After removadhefexternal frame, the GEM frame resumes its natural
shaps and the attached foils are stretched and finally fixddsgrews to the detector structure and thus held in
place. In the end, once the foils have been completely sdtand fixed, the readout board can be mounted,
closing the detector.

Clearly, compared to the standard assembly procedursegthstretchingechnique offers many advantages. Nei-
ther gluing nor soldering is required during the assembbcedure and, at least in the case of a small prototype,
the detector can be produced without the need to place amgispim the active area, i.e. in the gaps between the
foils. The technique is very fast; for example, the smaltgiype shown in Figgl was assembled in only one hour.
As an additional benefit, this allows for the detector to bepened if needed in order to make modifications or
repairs, or to replace a GEM foil.

The small “CMS Proto 111" prototype produced in this way wasted using an x-ray gun with a Cu target in the
RD51 lab. With an Ar/CQ (70:30) gas mixture, the detector exhibited stable opmmdtir a measured gain up to
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Table 2: Overview of all GEM detector prototypes that werastoucted and studied in this project.

Name of GEM| Mask Prod. Active Area | r/o & Pitch | Gap Sizes | Num. Prod.
Prototype Type Tech. (cm?) (dim./mm) | (D,T1,T2,l) of Site
(allin mm) | strips
Timing double | standard 10 x 10 1D 0.8 3/2/2/2 128 CERN
3/1/2/1
Single-Mask | single | standard 10 x 10 2D 0.4 3/2/2/2 512 CERN
Honeycomb | double | standard 10 x 10 2D 0.4 3/2/2/2 512 CERN
GE1/1-1 single | standard | 99 x (22 —45) | 1D 0.8-1.6 3/2/2/2 1024 | CERN
GE1/1-ll single standard | 99 x (22 —45) | 1D 0.6-1.2 3/1/2/1 3184 CERN
GE1/1-1lI single | self-stretch| 99 x (22 — 45) | 1D 0.6-1.2 3/1/2/1 3840 | CERN
CMS Proto lll | single | self-stretch 10 x 10 1D 0.4 3/1/2/1 256 CERN
CMS Proto IV | single | self-stretch 30 x 30 1D 0.6-1.8 3/1/2/1 256 CERN
Korean | double | standard 8x 8 1D 0.6 3/1/2/1 256 | New Flex

at least3 - 10*. The detector response was also observed to be very unifcoesathe GEM surface. Given these
promising results, a larger prototype with dimensions 30>ct80 cm was produced with the new technique. Its
gain curve and gain uniformity are shown in FB8. Initial tests of its performance are ongoing.
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Figure 32: Gain curve of the 30 cm 30 cm self-stretched GEM prototype detector.

As a summary of the hardware R&D described in this chaptélgists all GEM detector prototypes constructed
and tested so far. TabBgyives an overview of the performance measurements for firesatypes with and without
a magnetic field, i.e. efficiency and space and time resaisitidith different gas mixture.
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Table 3: Performance overview for all tested prototypes.

Name of GEM| Max. Gas Mixture Electr. | Effic. Space Time | Magnetic

Prototype Gain (%) | res. (mm)| res. (ns)| field (T)
Timing 60776 Ar/CO, (70:30) VFAT2 | 98.3 0.24 9.8 B=0
17943 | Ar/CO,/CF, (45:15:40)| VFAT2 | 98.8 0.24 4.5 B=0
Single-Mask Ar/CO, (70:30) VFAT2 | 97.9 B=0
Ar/CO,/CF, (45:15:40)| VFAT2 | 98.6 B=0
Honeycomb Ar/CO, (70:30) VFAT2 B=0
Ar/CO,/CF, (45:15:40)| VFAT2 | 70.5 B=0
GE1/1-1 15889 Ar/CO; (70:30) VFAT2 | 98.8 B=0
Ar/CO,/CF, (45:15:40)| VFAT2 | 99.0 0.32 B=0
GE1/1-11 15889 Ar/CO, (70:30) VFAT2 | 98.9 B=0
Ar/CO,/CF, (45:15:40)| APV <0.10 B=0

18938 | Ar/CO,/CF; (45:15:40)| VFAT2 | 97.8 0.29 B=1.5
CMS Proto Il Ar/CO, (70:30) VFAT2 B=0
Ar/CO,/CF, (45:15:40) | VFAT2 B=0
CMS Proto IV Ar/CO; (70:30) VFAT2 B=0
Ar/CO,/CF, (45:15:40) | VFAT2 B=0
Korean | 4653 Ar/CO, (70:30) VFAT2 B=0
Ar/CO,/CF, (45:15:40) | VFAT2 B=0
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4 Simulation studies

4.1 The GEM detector

The GEM detector consists of a thin metal-clad polymer foémically perforated by a high density of holes. The
polyimide used has a dielectric constant of 3.5 and the nised is copper. The GEM has a bi-conical hole, with
outer and inner radii 880 pm and50 pm respectively and the pitch isl0 pm.

A very high electric field develops in the GEM hole which cangohigh as~ 60 kV/cm, when a potential
difference is applied to the two metal layers as can be se€igirB3. We use a drift field region of 3 mm, and
spaces of 1 mm and 2 mm in the transfer regions and a 1 mm sp#eiimduction field region. At CMS, the gas
under consideration is a mixture afr/CO-/CF, in a45 : 15 : 40 combination, similar to the gas that was used
in LHCb [18].

The detector is modeled using the ANSYS software, which isreegal purpose finite element modeling package
for numerically solving a wide variety of mechanical prahke It can be used for solving the electric field in
a complicated structure like the GEM. The elements are difirsing the solid modeling method. In order to
calculate the electric field, we use the free meshing meth@dNSYS. ANSYS improves on the meshing used in
the previous simulation by using curved elements, and israocurate.

One element of the GEM consists of a hole in the center with uarter holes at the edges as can be seen in
the Fig.34. The element is then extended to make a GEM detector of apybsizising the periodicity feature

in Garfield++[L6]. In Fig. 34, one can see the single GEM modeled in ANSYS and the TriplB4@Eangement
made of single GEMs, the anode and cathode plane.
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Figure 33: The electric field as seen in Garfield at the ceritdreoGEM
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Figure 34: Exploded view of a Triple-GEM arrangement (Dis&s are not to scale)

4.2 Study of the transport parameters

In this section, we present studies of the transport paemfdr two gas mixturesAr/CO,/CF4) and Ar/CO,)

in the ratios45 : 15 : 40 and70 : 30 respectively. Some discussions on transport propertigaseous detectors
can be found heré[)]. Recently GEM detectors have been operated WithCO /CF, successfully in a high rate
environment in the LHCb experimei], and withAr/CO5 in a70 : 30 ratio in the TOTEM experimentf3].We
are investigating the usage Af/CO,/CF, as this gas combines a high drift velocity along with a smalidntz
angle (almost comparable far/CO.), which will be useful for triggering and other physics sagiin the forward
region. Also, this gas was found to give a better time resmiutf ~ 5 ns as compared tAr/CO- which gave a
time resolution of~ 10 ns [18]. We do a feasibility study of these gas mixtures for the C&nario. Since CMS
has a magnetic field of 4 T in particular, we would like to stullg effect of the magnetic field and the effect of
the angle between the E-field and B-field.

When electrons and ions in a gas are subjected to an elechiictfiey move on an average along the electric field,
but individual electrons deviate from the average due tttexéag on the atoms and molecules of the gas. Scat-
tering leads to variations in velocity, called longitudid#fusion, and to lateral displacements, called transger
diffusion. The scattering process in each direction cargial approximation be considered Gaussian on a micro-
scopic scale. Electric field affects the transverse anditiodignal diffusion differently and so the two coefficients
are plotted separately in the figures. In cold gases likearadioxide for example, the diffusion is small, while
drift velocity is low and unsaturated for values of elecfi@lds which are usually used in gas detectors. Warm
gases like argon on the other hand, have a higher diffusidrnwhen they are mixed with polyatomic/organic gases
having vibrational and rotational modes, diffusion is regldiin most cases, while the drift velocity is increased.

Fig. 35 shows the diffusion coefficients for two gas mixtures as afion of the electric field. As can be seen
from the plot, the diffusion in the mixturar/CO,/CFy is lower, as expected, because of a higher polyatomic
gas component; botGF, and CO, having vibrational modes which contribute to lowering th#fugdion. CF,

is advantageous to use in a high-rate environment becaus® lafh drift velocity but it suffers from electron
attachment. Therefor€0. is used to “cool” the electrons and reduce the electron lattaat which occurs in
CFy,.
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Figure 35: Diffusion coefficient for two different gas mix&s under study in presence of magnetic field and with
angled(E, B) = 8°

In Fig. 36, the diffusion coefficients can be seen for magnetic fields Dfand 3 T. The effect of the magnetic field
is to reduce the transverse diffusion coefficient w.r.t¢alitection, while the longitudinal coefficient is unchadge
This effect is seen in the two figures.
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Figure 36: Diffusion coefficients for magnetic fields = 0T @Wwith 6(FE, B) = 90°.

In the presence of both an electric field, and a magnetic fie&electrons are deflected due to the magnetic field
and drift along a direction at an angle to the electric fieklled the Lorentz angle. It is the angle between the
electric field and drifting electron. Too large a Lorentz larlgads to worsening of the spatial resolution, although
a small Lorentz angle may give better spatial resolutiontdudharge sharing in the readout strips. Knowledge of
this angle is important in order to correct for this effectlamprove spatial resolution. The Lorentz angle can be
seen in Fig37, for the gas mixtureAr/CO,/CF, for two 0z 5y angles in order to show the expected range of
Lorentz angles we can expect in this gaseous mixture.
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Figure 37: Lorentz angles for the gas mixture/ CO, /CF, for the angle®(F, B) = 8° (left) andd(E, B) = 90°
(right) for a magnetic field o8 T.

The diffusion effect leads to variations in drift velocityn Fig. 38, one can see that the simulation results for
different gas mixtures compared with experimental LHCh besam resultg[g]. It can be seen that the mixture
Ar/CO-/CF, is a faster gas on account of addition of tHE, gas.
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Figure 38: The drift velocities for various gas mixturesnfrgimulation and the experimental values from LHCb
studies. The simulation shows a good agreement with theriexgetal results

4.3 Gain studies

When an electron enters the GEM hole, under the influence dfigieelectric field it gains enough kinetic energy
between two successive collisions to further ionize themand more and more free charges are produced rapidly.
The primary electron therefore produces an “avalancheéutiet influence of the high electric field. This increase
in the number of electrons is also called gain. In this sect#e study the gain and losses in a single GEM for
Ar/CO4,/CF4. We then compare it witthr /CO». We then study the gain for a Triple-GEM and compare it with
test beam data.

Even after 18zyears since the invention of the GEM detector, gas gainlisistivery well understood. However,

in a very recent approachf], microscopic tracking has been used, which tracks elastfoom one collision
with a gas molecule to the other using Monte Carlo methodg. élllactron-gas interaction takes into account the
processes of elastic scattering, attachment,excitatidnamization. Electrons with an energy above the excitatio
threshold can lift an electron of an argon atom to a higherggngtate. The excited states undergo radiative decay
but excited noble gas atoms are more aggressive and camadiltety de-excite by transferring their excess energy
to a quencher molecule which may even get ionized if the grteagsfer exceeds its ionization potential. We study
the effect of this process, called Penning transfi],[22],[?]. in the Ar/CO- gas. A previous papetp] has done

a detailed gain study which includes the effect of Penniagdfer inAr/CO, gas. It was shown that the Penning
transfer can play a big role. The issue under study here washehit plays a similar role ihr/CO,/CF,4 gas,
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where we have a higher percentageldf, thanCO,. A more detailed study is underway for the effect(df,
gas in GEMs and other detectors.

4.4 Avalanche simulation

The studies done here use “single-electron” avalanchetsaslascribed in the papéf]. We generate a stack
of single electrons randomly at a distance26f ;m in the z-direction, from the GEM. The plane lies in the x-y
direction. The electron is given an initial energy(®t eV and a random initial direction of motion. Then one
of the processes listed above is selected at random, welghtfgeir relative probability considering the electron
energy at the time of the collision. An additional electrgradded to the stack in case of Penning transfer or
ionization; the electron is removed from the stack in caseattached or attempts to leave the drift medium. The
process is repeated until the stack is exhausted.

The total gainG..¢ which is the total number of electrons produced in the awlandiffers from the measured

or effective gainG.¢ because the latter is derived solely from the current in tiela plane. Avalanche electrons
which terminate on the GEM electrodes or insulator do notrdmute to the anode current and herdgg; is always
smaller thanG.;. The “single-electron” avalanche simulation has beenatgakat least 1000 times for varying
GEM voltages and Penning parameters. All simulations wertopmed at standard temperature and pressure, i.e.
To = 293.15 K, Py = latm = 760 Torr.

Some of the primary electrons are lost due to attachmentet@as molecules (attachment loss) or to the metal
(geometric loss). The losses due to attachment and due togigo losses can be seen in F3§. The attachment
loss as expected is independent of the GEM potential differewhile the geometric losses decrease with increas-
ing GEM potential (or higher electric field), as electrons accelerated and sucked into the GEM hole faster with
increasing electric fields. This leads to lower geometrsés. The attachment loss\is1 2% in this gas mixture.
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Figure 39: Loss rate for primary electrons fgr = 0.6. The losses occur due to attachment to the quencher gas
molecules (left) and due to the electrons hitting the serfafccopper metal or polyimide walls (right)

The electrons which make it into the GEM hole give rise to thalanche. All of these secondary electrons do
not contribute to the signal as some are lost on hitting thiéswe& the polyimide or hitting the copper metal and
some are lost due to attachment to the gas molecules. Thesldas to attachment and due to geometric losses can
be seen in Figd0. The geometric loss increases with increasing GEM potentieause the electrons exiting the
hole are attracted back by the lower copper metal which igipesvith respect to the upper copper metal plate.
The secondary attachment loss reduces &% as the electrons gain energy inside the GEM hole due to the hig
electric field inside the hole.
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Figure 40: Loss rate for secondary electrons. The lossag dee to attachment to the quencher gas molecules
(left) and due to the electrons hitting the surface of coppetal or polyimide (right)

The overall loss of the primary and the secondary electrande seen in the Figl.
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Figure 41: Overall Loss rate for primary (left) and secogdaight) electrons for penning parameigr= 0.6

If I, andl, are the primary and secondary electron losses, then we & dee collection efficiency (which is
the efficiency of the electrons to make it into the holekas = 1 — [,,, and the extraction efficiency (which is the
efficiency of secondary electrons to make it out of the GEMehase i = 1 — L.

The effective gain@.y ) is then defined as :

Geff = €coll X €egtr X Gtot

The effective gain and total gain can be seen in &) .It is shown for different values of the Penning parameter.
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Figure 42: Effective gain(.s ) and the total gain(;..) for different penning parameters.

A comparison of the effective gain withr/CO, can be seen in Figl3 for one penning parametep = 0.6. As
can be seen, the effective gain reduces considerably inatbe @fAr/CO- by a factor ofl /2. However, we are
usingAr/CO,/CF,4 becaus€F, being a fast gas gives fast response and an improved timleitieso The time
resolution obtained in the case Af/CO,/CF4 and Ar/CO, can be seen in Figls. The average time in case
of Ar/CO./CF, is 23 ns with a resolution di.5 ns while forAr/CO,, it is 33 ns with a resolution of.2 ns.
However, the figures id5 do not show a realistic time resolution because we have no¢ doprimary particle
ionization simulation and it just shows the effect of us{tig, gas.
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Figure 43: Effective gain comparison far/CO,/CF, andAr/CO- for penning parameter of 0.6

In order to study the Triple-GEM, we simulate three singleM&Eand the overall gaity, 4., is defined as :

Gtgem = G1 * G2 * G3

, WwhereG1, G, andGj3 are the single GEM gains. The Triple-GEM results compareith tie gain obtained

in GE1/1 prototype Il of CMS is seen in the Figd for the different penning parameters. As can be seen, for a
penning parameter ef> = 0.6, a good agreement is obtained for the different overallpaits of the Triple-GEM
configuration as compared to data.
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Figure 44: Triple-GEM effective gain compared with data
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5 Muon triggering with GEM detectors in the high-7 region

One of the main objectives of the proposed GEM detector Byf&do provide an additional muon trigger source
redundant with the CSC trigger to ensure robust triggerimdooward muons at the high luminosity LHC and
beyond. In this section, we give a brief overview of the eRgtRPC trigger system followed by initial results
from an GEM trigger emulation study, which is derived frora #xisting CMS RPC trigger emulation.

5.1 Trigger emulation

The Resistive Plate Chamber (RPC) trigger is one of the Lg\ell) muon subtriggers used in the CMS experi-
ment. The goal of the L1 RPC trigger is to identify higlh muons produced near the interaction point, determine
the bunch crossing they originate from, estimate theirswvarse momenta, and provide information on how good
this momentum determination by calculating a “muon cangidaality” figure-of-merit. Muon candidates found
by the RPC trigger are sent to the Global Muon Trigger (GMT)iclt matches candidates sent by RPC, CSC, and
DT triggers.

The RPC trigger identifies muons by comparing RPC hits wiglpfined sets of patterns using Pattern Comparator
(PAC) chips. The number of planes in which a measured pattetnhes predefined patterns determines the muon
candidate quality; matches in higher number of planes mgdrehquality. Since a single muon may be found by
different (neighboring) PAC chips, a procedure called “gthasting” is applied to remove extra (“ghost”) muon
candidates leaving the one with the best momentum measntginee only the muon candidates with the highest
quality are kept.

Since multiple muons may be produced in the interactiontpama since the RPC trigger is supposed to send
no more than eight muon candidates (four for the barrel regiad four for the endcap regions), an additional
procedure called “sorting” is needed for selecting the bregins. This selection is based on muon candidate quality
and assigned momenta. Sorting and ghostbusting procedigefone simultaneously by a sorting/ghostbusting
tree at different levels in RPC Trigger Board Sorters, TeigGrates Sorters, two Half Sorters, and a Final Sorter.
Further information on RPC Trigger logic and its implemeiotain hardware can be found i2J].

GEM chambers are characterized by very fine readout gratyulgor this first simulation, we make the assump-
tion that the trigger is to be derived by the same or a verylamtiigger hardware system based on PAC chips as
the current RPC trigger. Since the PAC chips have limitetepatcapacity, the RPC trigger would then have to
receive signals from GEM chambers that are logical OR'’s v neighboring GEM strips. We are not neces-
sarily proposing to make this a requirement. Alternativ€liiS could consider designing a new L1 GEM trigger
system fully tailored to GEM capabilities. However, we use &xisting RPC trigger geometry and logic and the
RPC trigger emulation as our starting point for the GEM tegstudies.

In addition to the basic analysis presented below, two oreneyers of GEM-like chambers in one muon station
may provide an independent precise measurement of a l@zM bending angle. Benefitting from full GEM
chamber resolution locally available to a GEM-based tniggech a measurement may be used at the end of the
trigger logic to further constrain the momentum of recamstied track candidates. This kind of improvement
applies mainly to station GE1/1, but it can be also used iergplarts of the muon system where the muon trigger
has difficulties. A substantial gain in momentum resoluthe trigger level may be obtained by replacing the
RPCs in RE1/2 and RE1/3 with GEMs. In addition, an extra lafeBEM-like chambers in the pseudorapidity
rangel < |n| < 1.6 placed justin front of or behind the CMS coil may substahti@mhprove CMS muon triggering
capabilities. However, these more advanced potentiahsidas of GEM usage in the trigger are not included in
the initial studies described below.

In order to fully benefit from the bending power of the magnégld between the two innermost stations (GE1/1
and GE2/1), the muon quality definition was optimized. Muandidates built from patterns matching in all four
muon stations are preferred, with the quality value set ttf fhe pattern matches in the first two layers GE1/1
and GE2/1 and in either one of the two outermost layers (3A/Dr; the muon candidate receives a lower value
of quality (1). In all other cases, when the pattern matchékriee planes, the muon candidate receives the lowest
value of quality (0). If the pattern matches in fewer thareéhplanes, no muon candidate is found.

Patterns used in this study were generated using the sthpdacedure, i.e. the same as used for pattern gener-
ation for data taking, independently for all tested geoynesriations. In order to avoid negative effects due to
reconstruction of lowp with low quality with high assigned transverse momentumyalé” pattern was inserted

to all pattern sets (for all tested geometry variations)aAssult, all muons that left hits in all fours planes and that
do not have any pattern matching in all four planes, will bsigreed the lowest transverse momentum possible.

43



.07 0.27 0.44 0.58 0.72 0.83 0.93 1.04 1.14
‘é“ 800 B T T T I T T T I T T T I T T I T T T I T LT ]
§ I 1 2 3 4« S5 e 7 8 9 1124
o« i 4 4 4 4 4 ! i
700 i P 0 Bl
i | ‘ e
600 B 3 3 3 3 3 4 . “".‘ 2 ¢ “ 1 N
sl i S LA o M L 121 e
E i ‘ 1 -I 1 Il 1 - i .. 1 - ! .. ‘ .' 3 | 15 E 173
400 - | e I O
i 1 z 6 N 15 i e
300 : i b 0 20
200 - .
100/ /e e
0 L L | L L L | L L L | L | i
600 800 1000 1200
Z (cm)

Figure 46: Longitudinal view of the current RPC trigger tos/é one quadrant of the CMS detector. Chambers
in areas marked with green (RE1/1, RE2/1) were modified te frasreased number of strips to simulate the use
of GE1/1 and GE2/1 GEM stations in those locations.

Extensive information on pattern generation can be fourjd6h

5.2 GEM geometry

The RPC trigger emulation in the standard CMS experimemivsoé framework (CMSSW2p]) was used without
major changes. During trigger emulation, the RPC trigggidavas enabled only in trigger towers 13-16, which is
the region were the RPC geometry was changed to a GEM-likegtep. A modified version of the baseline TDR
CMS detector geometn2[/] was used, with four fully instrumented chamber planesme the endcap regions
with |n| coverage up to 2.1. The potential range extension up|te= 2.4 as discussed above has not yet been
implemented in the emulation as this extended range wasanbbpthe original design geometry for the RPCs.

Fig. 46 shows the RPC trigger tower segmentation in a longitudir@i\of one quadrant of the CMS detector

as given in the original Muon TDR. The geometry descriptibrcltambers RE1/1 and RE2/1 marked by green
rectangles was modified by increasing the number of strighe@se layers to emulate the higher granularity of
GE1/1 and GE2/1 GEM chambers. For this study, the numberipgsh the RPC chambers in the third and fourth
endcap layer (RE 3/x and 4/x) was not changed since the bgpdimer of the magnetic field is small in this region

when compared to the region where RE1/1 and RE2/1 are lacated

In total 4 different strip readout geometries were tested:

base- baseline RPC design geometry as outlined in the Muon TRR)([

2x - geometry with two times higher number of strips in RE1/1 R&P/1

4x - geometry with four times higher number of strips in RE1/8l &E2/1

8x - geometry with eight times higher number of strips in REXitl RE2/1
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5.3 Simulated chamber properties

The trigger studies were done in two stages. In the first stagempact of changes in geometry was tested while
assuming perfect chamber operation, both for GEM and RP@lbes, i.e. no noise, no clusters (charged patrticle
always fires exactly one strip), and 100% chamber efficiereythe “ideal” chamber model. In the second stage,
chamber effects were included in a “realistic’ chamber nhobiere the simulated chamber efficiency was taken
as 95%, an average cluster size of two was used for RPC chambde for the GEM chambers the clustering
remained disabled. The latter choice was motivated by thenagtion that the RPC trigger will not use the full
GEM chamber granularity. In this model, the simulation afecstill remained disabled for both types of chambers
since it is hard to estimate expected noise in the GEM chasrdighis point.

5.4 Results

Fig. 47 and48 show the dependence of GEM+RPC L1 trigger output rates op-ththreshold for all simulated
geometries. The shape of the single-muon input rate asifumatpr is generated based on the shape in R&f] |
and normalised ta0%>*cm—2s~! luminosity. Results sum trigger rates for trigger towers td -13 and 13 to 16.
The overall rate is dominated by muon candidates with lowaatity 0. This effect is visible for all geometries;
it is higher for the realistic chamber model when comparethéideal one. This is not surprising since due to
the definition of “quality” the muon candidates with qual@yuse only one muon trigger station for momentum
measurement and do not benefit from increased spatial tesollConsequently, only contributions from muon
candidates with qualities 1 and 2 will be considered furthewur discussion.

The most important result observed in these plots is thatateefor muon candidates with higher qualities 1 and
2 flattens out abover = 26 GeV/c for the RPC-only “base” geometry. By contrast, in the, 4x, and 8«
scenarios that make use of GEM chambers, the rate continugsctease with increasingr threshold. This
indicates that a L1 trigger upgraded with information frofaNb chambers allows continued use of the trigger
threshold as a powerful tool to control muon trigger rates.

We also find that the higher the strip readout granularity|diver the muon trigger rates for a given threshold.
Fig. 49 shows the total L1 GEM+RPC trigger output rate as a functibdifferent geometries for differentr
thresholds and for both chamber simulation models. Theriboibn from muon candidates with low quality O
is not included here. The biggest relative improvement mcethen going from the base geometry to the
geometry. A further increas in the number of strips loweesrtte further, but the relative improvement is smaller
due to a non-linear dependence. The number of trigger pattgows with the number of strips used. Since the
existing PAC chips have limited capacity, a full upgradelsf PAC system, in the future, could match the GEM
installation schedule in such a way that it exploits the béjtes of the combined system.

Fig. 50-53 show the simulated trigger turn-on curves for trigger tod@?, i.e. the L1 trigger efficiencies for all
geometry variations and for three differgnt thresholds (16, 50, and 1@?1) as a function of the true muon
transverse momentum. The efficiency curves get worse inrgkioe higher tower numbers due to the decreasing
bending power of the magnetic field. The turn-on curves becamch sharper as the GEM strip granularity
increases. The higher thg: threshold, the more dramatic the effect. For instance, wﬁho% threshold, the
current “base” RPC trigger accepts typically over 80% ofallons with a momentum of just 6@? or higher,

i.e. the RPC trigger rejection with this high threshold ituatly very ineffective. This is because the current RPC
pattern trigger has difficulties distinguishing the monaeait very straight tracks from each other due to its coarse
granularity. For the 8 GEM+RPC geometry, this 80% point with a 149¥ threshold moves up to 120-148Y
making the L1 trigger rejection much more effective.

From these first simulation studies we conclude that the GEtdador stations would significantly improve the L1
muon trigger performance over that of the originally plash®PC-only system in the forward directiof > 1.6.

%) Results for trigger towers 14-16 can be found in appeiidix
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Figure 47: Simulated L1 GEM+RPC trigger output rates summet trigger towers -16 to -13 and 13 to 16 vs.
pr cut for ideal chamber model (top left: base, top right;, Bottom left: 4x, bottom right: 8« strip granularity).
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Figure 48: Simulated L1 GEM+RPC trigger output rates sumawed trigger towers -16 to -13 and 13 to 16 ps.
cut for realistic chamber model (top left: base, top right;, Bottom left: 4x, bottom right: 8« strip granularity).
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Figure 51: L1 GEM+RPC trigger efficiency curves in triggewés 13 for 2< geometry. Rows correspond to 3
differentpr thresholds of 16, 50, and 14%“;1, respectively. Left column shows results for ideal chanthedel,
right for realistic chamber model.
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Figure 52: L1 GEM+RPC trigger efficiency curves in triggewés 13 for 4< geometry. Rows correspond to 3
differentpr thresholds of 16, 50, and 14%“;1, respectively. Left column shows results for ideal chanthedel,
right for realistic chamber model.
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Figure 53: L1 GEM+RPC trigger efficiency curves in triggewés 13 for 8< geometry. Rows correspond to 3
differentpr thresholds of 16, 50, and 1@‘;1, respectively. Left column shows results for ideal chanthedel,
right for realistic chamber model.
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5.5 Assembly laboratory (TIF - Tracker Integration Facility , building 186)

TIF (Fig. 54) is a laboratory located at CERN Meyrin site in building 186has one of the largest clean rooms
(class 10000) and is planned to be used for assembly theeT@RIMs for stations GE1/1 and GE2/1.

=)

Figure 54: Building 186 view.

In Fig. 55is shown the tentative plan of the assembly laboratory wiigart of the big clean room. For GEi/1
project we have 90#ifrom the total laboratory area. It has special entrancesacoeeded for the clean room
conditions and also a big transport portal suitable for kzig$portation needs for materials and chambers deliveries
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Figure 55: TIF clean room view.

We intend to host two main activities: production and testie have several tables and cupboards needed those
purposes, for istance we have two optical tables large éntfit the full size detector as shown in Fib.

For future production and QC procedures in building 186dtae ten gas lines to be installed (Fig) which

will provide: Ar, CO,, CF,, N, Ar/CO, premixed and five additional spare lines. All the gas cylisdeill be
placed outside the building where there is the delivery gaistpTo connect the external gas point to the lab ten
stainless steel gas pipes of 10mm and an exhaust line of 22Zmforaseen. Inside the lab there will be the main
gas distribution panel from which the gas supply will be pded to six small panels across the lab.

GEM foils will be handled in the TIF clean room to avoid any tamt with dirty environment. The detector
assembly will be performed following a new solution whicltsimple and cost-effective, imperative for a large-
scale production. Theelf-stretchingechnique is described in Secti8n

The TIF assembly facility will host the GEM assembly and thalgy control of each assembled detector.

Once detectors are assembled gain uniformity measuremwéhbe performed to validate the chamber response
using a cosmic stand facility, before the chambers will bagported to CMS for installation.

Similar facilities exist in some participating institutaad once approved, detailed plan and sharing of work for
large scale production will be drawn out.
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Figure 56: TIF gas system.

5.6 Production of GEM foils and assembly of GE1/1 detector

The CERN TE-MPE-EM fine pitch printed circuit board (PCB) Wwsinop provides know-how and production
facilities for the development of MPGDs. It is presentlydted in the building 102 and consists of an area of about
1000n? equipped with machines for rigid and flex PCB production. iRfiestructure is well sized for prototyping
and limited series productions. Large area gas detectahs®&EM and Micromegas technologies became a real
perspective for detectors upgrades as technology imprentesallowed increasing in size and implementing more
compact structures, with enhanced geometrical accuratg@st reduction. This trend called for an improvement
of the equipment infrastructure in the PCB workshop, in otdée able of processing larger PCB sizes. Together
with the support of RD51, the workshop established a maahpgeade project. The project started in 2010 with
the agreement of the CERN management to finance 785kCHFda@upply of ten key machines for large PCB
size processing up to 1m in width. All machines orders hawnlmmmpleted in 2011 and the last batch of three
machines will be received and installed in January 2012 réws hext year the workshop will be capable to process
GEM foils of sizes up to 2m0.6m, where the limitation of 0.6m is imposed by the avalighdf the raw material.

At the end of 2013 the whole TE-MPE-EM section will be movea teew building facility (building 107), hosting
together the design office, the fine pitch PCB workshop ancd#isembly workshop. The new working area will
be located at the place of the building 174 and will also exXtento part of the present parking place. The new
area will consist of 1400/ allowing a better installation for the working stationspyiding better separation of
equipment types into different dedicated rooms and impgthe handling of larger PCB sizes.

Figure 57: New building 107.

In the new building, in particular, it is planned to imprometservice of detector development and qualification by
providing two additional areas, one for the MPGD assemb#rf3 and equipped with test stations and another
one with tool machines (35t for the manufacture of mechanical parts. The project ferdévelopment of GEM
dedicated test station will start in January 2012 with thapsut of an AIDA fellow joining the MPGD team for two
years. Limitation to the detector production volume in th@kghop is mainly given by knowledgeable manpower.
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Two actions have been taken in 2011. The first one consistetimring team competence by opening two strategic
LD positions in the MPGD domain (one technician for desigd ane technician for construction). The second one
is to initiate a program of MPGD industrialization, withimet framework of the RD51 WG6 (production) working
group. A technology transfer program for GEM foil manufaitg has been established with NewFlex, a flex PCB
Production Company located in South Korea. They were alpedduce the first GEM foils of 6cm6em, which
have been assembled in a detector and successfully quatfie&ERN. NewFlex has recently performed a new
production of 20 samples of 10cndi0cm GEM foils, which will be tested at CERN in January 2018ualify the
production stability. If successful, the program foresémesmanufacturing of larger size GEMs of 30gB80cm
and later in 2012 of a real CMS size. Regarding the CMS needSHE®M detector in the highyregion, the TE-
MPE-EM workshop plans to make available its know-how andlifees for the development and supply of the
GEM detectors. The CMS planned quantities and deliveriedisted in the Tabld.

Table 4: Summary table which lists quantities and delivgerie

Station | Num of Module Total number of | Total foil area | Manufacturing
modules area modules w/ spares (Triple-GEMSs) | plan

1 18x2x2=72 | ~0.55n% (1037x526)| 80 132n? Yrs 2013+2014

2 36x2x2=144| ~1.6n? (1301x1251)| 160 768n7 Yrs 2015+1016

Station 1 could be produced at the CERN workshop at the ptmfucate of about 12 GEM foils/month and 4
modules/month. The minimal needed manpower will consi2 6&ld support units (FSU) people to be 100%
devoted to the CMS Moun upgrade project, one for the GEM faihafacturing and one for the detector assembly
and test. One dedicated test stand has to be built. Addiljo8MS shall make available a clean room of about
40n? for the assembly and test of the detectors. As the workshpjaisied to move to the new building 107, it
may be possible that additional clean room facility couldbared for this production batch during 2014. Station 2
needs the contribution of industry for the mass productfdateM foils. It should be planned a minimal production
rate of 24 GEM foils/month and 8 modules/month. The workstmyld take care for the detector assembly. Two
FSUs have to be 100% devoted to the assembly and test presediihe test stations need to be duplicated
to sustain the production rate and to provide backup in casepair of modules and in the event of test stand
breakdown.

In addition, industrial contact has been established arttht@ogy transfer of fabrication of GEM foils to a firm
“New Flex” in Korea has been completed. Twenty GEM foils proed in Korea have been delivered to CERN
and are in the process of validation test in a detector. Atdihéevel, the quality controll was passed and full-scale
foils are in the pipeline. Once the project is approved CM&ebae detector will be built by “New Flex”, Korea,
setting up redundancy in the production.

Details about the installation sequences, integratiohisi€MS and its services can be found in the Apperilix
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6 Electronics system
6.1 Introduction

This chapter discusses the electronics system currenthgden for the control and readout of GEM detectors
within CMS. At the most basic level the system can be divided two main regions; the “on-detector” region
and “off-detector” region, the latter being located in tloeiating room. All electronics located in the on-detector
region have to be resistant to the radiation. This typicedlyuires custom made electronics components whilst
electronics located in the counting room can typically bgigleed using relatively inexpensive and available “off
the shelf” components. Communication between the on-tteteegion and off-detector region will be done via
optical fibres which also need to be resistant to radiatiog. 38 shows a block diagram of the main elements of
the system.

On-detector Region Off-detector Region
Interface and
GBT driver board Trigger
FE AsIC O ,| GLB Custom || bAq

Ser/De: FPGAs

Optical link @ 3.2Gbps DCS

Firmware

—s
E-link [ FE Tig. Daia Eink ] & TTC

i Software |[*—
Elinks

<10 FE chips / GBT @ 320Mbps
1 <20 FE chips / GBT @ 160Mbps Counting room
<40 FE chips / GBT @ 80Mpbs

Figure 58: Block diagram showing the main components of aateinic control and readout system suitable for
GEMSs within CMS.

Many LHC High Luminosity systems variations are on this tleesmd hence common needs exist between sub-
detector systems. Areas that are typically similar betwdd@ upgrades are power regulation and fibre optic
transmission/reception. Generic developments, sucleaSBT [28], Versatile Link [29], and DC/DC BQ] projects

are aimed to satisfy the “on-detector” common needs and@hgB” [ 31] project addresses common off-detector
needs. The CMS GEMs electronic system intends to make fallofishese generic projects as far as possible
to minimize duplication of effort and ensure that desigroteses within the project are focused on the project
specific designs needed. In addition the GEM detectors afgieg and the exact detector implementation within
CMS is not yet fully defined. This means that any electronjctesn under design has to be flexible to changes
in this respect over the coming years. The overall GEM abaits system is hence designed with the following
philosophy:

1. Take full advantage of current generic developments.

2. Flexibility in terms of system configuration and segmentatn.

In the follow sections the main components of both the omatet and off-detector electronics will be discussed.
The segmentation of the GEM system has many implicationgs&limplications will be explained and show a
possible segmentation option suitable for the CMS regio/GHn addition the road map for the evolution of the
electronics systems from now until the final system will bevgh.

6.2 On-detector electronics

In this section we will begin by looking at the GEM detectaorfr an electrical perspective before going on to
examine the requirements and design specifications foreime-énd ASIC.

6.2.1 The GEM chamber (from an electrical perspective)

A number of large Triple-GEM prototypes have been built aasted by the collaboration. One such example is
shown in Fig.59. This prototype has been split intodegions, each one divided into 256 strips. The chamber is
designed to cover and arc with increasing area per eta regiare radiate out from eta region 1 to region 4.

The GEM electrical model is of vital importance to the readslectronics. Fig60 shows the schematic diagram
of the detector showing the biasing of the 3 GEM foils and theagpitic capacitances between them. The readout
strips are shown at bottom of the induction gap below GEM &sé¢hare directly bonded to the input channels of
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Figure 59: Strip dimensions for GEM prototype GE1/1.
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Figure 60: The electrical characteristics of GEM protot@tel/1.

the readout ASIC. The front-end ASIC used to readout thisntdea was the VFAT2 chip (capable of reading 128
channels per chip) requiring 8 chips to readout all chaniéis interstrip capacitance was measured at 37pF and
the strip to ground plane at 11.7pF giving a total capacloeel of approximately 59pF for each channel.

6.2.2 The front-end ASIC development - VFAT2 to VFAT3 and Gd®

The functional requirements on the system (and indeed td-énd ASIC) are to provide both triggering and
tracking information. These are similar basic requirera¢mthat needed for the TOTEMZ] experiment currently
using the VFAT2 B3] chip to readout both silicon and gas detectors. The VFATR isthence the front-end readout
chip of choice for initial prototype systems using the la@feM detectors. The need to operate at very high particle
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rates and the need for compatibility with the GBT mean thagwa ASIC will be required for the future. In the
following we provide an overview of the VFAT2 chip before dtéag on to the design requirements for a new
front-end chip (VFAT3/GdSP).

VFAT2 The VFAT2 chip (Fig.61) is a trigger and tracking front-end ASIC, initially deseghfor the readout

of silicon and gas sensors of the TOTEM experiment. It hasmam functions; the first (Trigger) is to provide
programmable “fast OR” information based on the region efgansor hit. This can be used for the creation of a
trigger. The second function (Tracking) is for providingpise spatial hit information for a given triggered event.
The possibility of these two functions plus internal inpubtection for use with GEMs make VFAT2 the ideal

Figure 61: VFAT2, A 128 channel front-end ASIC with triggardatracking capabilities. This ASIC is currently
used for the prototype systems.

Fig. 62 shows the block diagram for VFAT2.

Analog Digital
8 Sector O/Ps
128 channels (LVDS) -
Hamming
. Enc. & Dec
?;gnm Sync& / 74 —_—
Comparator Monostable
Analog input Data

SRAM1 SRAM2 —{ Formatter D
Preamp and shaper ::I)_z\a/tgg;n
Contains:

Calibration Column data

BC
:
ChiplD

12C checksum
Receiver and
Registers

onll O s T

™
(LV1A, ReSync, CalPulse, BCO )

Control Logic

Figure 62: The VFAT2 architecture, shown for 1 channel.

It has 128 analog input channels each of which are equippddawery low noise pre-amplifier and shaping
stage plus comparator. A calibration unit allows delivefontrolled test pulses to any channel for calibration
purposes. Signal discrimination on a programmable thtdshimvides binary “hit” information which passes
through a synchronisation unit and then stored within SRAMSI a trigger is received. The storage capacity
enables trigger latencies of up to 6.4 and the simultaneous storage of data for up to 128 triggearests. Dead
time free operation with up to 100kHz Poisson distributégber rates is ensured. Time and event tags are added
to the triggered data which are then formatted and read fhanchip in the form of digitized data packets at 40
Mbps. The programmability is achieved through at@ interface whilst the fast ports are LVDS.
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VFAT3 The VFAT architecture is the baseline front-end ASIC asttiire for the CMS GEM system. However,
the requirements for the system, whilst very similar to ¢ho6TOTEM, differ in some very important ways that
make the design and optimization of a new front-end ASIC @&ssity. The main differences are listed below:

1. Operation at high particle rate using large GEM detectors
2. Precise and clean trigger information at very high rat2.8BMHz/chip)
3. Large detector capacitance 20 - 60pF
4. Relatively long signal charge collectierBOns
5. Interface required : slvds elinks to GBT (as opposed@®and LVDS)
6. Integrated calibration, bias and monitoring functions,
VFAT3
Comparator
TOT, SRAM Data Controller
Sync.
& &
Preamp  Shaper Trigger
Logi i
128 channels ogic Control Logic
CBM Unit |
(Calibration, Bias & Configuration Registers E-Port :
Monitoring)

Figure 63: VFAT3 architecture.

The block diagram for VFAT3 is shown in Fi§3. Similarly to VFAT2 it will have 128 channels of preamplifier
shaper and comparator. The shaping time and gain will berpnogable in order to optimize the signal charge
collection from the GEM detector whilst maintaining exeall timing resolution £4.5ns rms for VFAT2). A
longer shaping time will result in improved signal to nois¢io when used with GEM detectors due to reduced
ballistic deficit. This in turn will reduce sensitivity to beline pedestal jumps which can otherwise contribute to the
noise. However increased shaping times come at the cosyoddiag time-resolution due to increased time-walk.
To avoid this degradation of time resolution we are studyirgimplementation of digital “Time Over Threshold”
(TOT) techniques to compensate for time walk and restoretiginal time resolution. The binary “hit” data and
associated time tag are then buffered in SRAM memory befeigglreadout in data packets at 320Mbps via the
e-port. Slow control functions also communicate via thénk-to the outside world. The CMB unit provides
internal circuitry for the slow control functions of caldtfon, biasing and monitoring. This avoids the need for an
additional slow control ASIC.

GdSP The GdSP architecture is very similar to that previouslycdbed for VFAT3 with the same resulting
data packet content. However instead of using a comparhtsM®T, the GASP incorporates an ADC to digitise
samples from the preamplifier and shaper. Until recentlyatld have been unthinkable to have an ADC per
channel due to the ADC power demands. However, very rapidragvof ADC design techniques in recent years
now make it possible to design ADCs with an order of magniteds power than 2-3 years ago. It is hence now
possible to have an ADC per channel on a 128 channel chip wit@ fower consumptior: 4mW / channel.
Once samples have been digitized by the ADC, digital signatgssing and filtering can be employed to reduce
common mode effects and background artifacts. This in tmabkes very clean signal discrimination for the
creation of a trigger.

The block diagram for the GASP chip is shown in FEd. Note that VFAT3 and GdSP share most of the important
building blocks, differing only with respect to comparatof OT verses ADC+DSP.
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Figure 64: Gdsp architecture.
6.3 Off-detector electronics

The off-detector Electronics provides the interfaces fthendetector (and front-end electronics) to the CMS DAQ,
TTC and Trigger systems. The design foreseen for the “GEMleféctor Electronics” is based on FPGAs and
Multi-GBit/s links that adhere to the micro-TCATCA) standardB9]. This is a recent standard that has been
introduced for the Telecom industry and aims at high datautinput (2 Thit/s) and high availability (with very
low probability of interruption atz 10~5). Itis compact, hot swappable and has a high speed serighlaae. This
standard helps ensure compatibility with other CMS suledtet developments as is used by the GLIB common
project and other CMS subdetector upgrade developmentsasuthe calorimeter trigger upgrades [ 8].

The off-detector Electronics will be designed with a higheleof flexibility. This is assisted by design based
on Advanced Mezzanine Cards (AMC) used together withifhi€A standard. Compatibility is also extremely
important in that it must be able to integrate GEM data to tineent RPC PAC trigger system as well as being
able to perform local trigger functions as required. Fléditiband compatibility is therefore key to the design of
the system.

The existing RPC PAC trigger system is one of the three mugger subsystems of the CMS experiment. Its
detailed description can be found ifi[[34] and [35]. Itis, in itself, expandable however the integration of th
GEM system with the RPC PAC trigger requires an additionaiface due to GEMs higher granularity and higher
optical link bandwidth.

To date we have considered 3 possibilities that need to bsidened in the trigger integration of data from the
high-n GEM detectors. The three options include interfacing todineent RPC PAC trigger boards, integrating
the trigger boards into theTCA crate and allowing for a possible future update of théremPC trigger system.
These 3 possibilities are explained below, they assume2kM detectors are used in the higlpart of the first
and second endcap muons stations (GE1/1 and GE2/1), whiteithird and forth endcap muon stations have
RPC chambers.

Option A: interfacing GEMs to the existing RPC PAC Trigger Boards In this option, shown in Fig66, the
trigger algorithm is performed by Trigger Boards (TB), iraely the same way as the current RPC PAC TB. Vacant
slots in the current RPC Trigger Crates (TC) could be usethismpurpose. The data from the GEM detectors are
transmitted (via previously described GBT optical linkgri the Underground eXperimental Cavern (UXC) to
the GLIB boards and dedicated CA crate located in the Underground Service Cavern (USChhat crate the
trigger bits corresponding to the GEM strip signals wouldXed (both in; and¢) to the granularity required by
the PAC algorithm. The data would then be converted to thedbused in the RPC link system (zero-suppression
multiplexer) and transmitted via 1.6 Gbps optical linkseTptical signal would have a similar format to the signal
produced by the Gigabit Optical Link (GOL3§] serializer, currently used on the Link Boards of the curiRRC
trigger system, so that the fibers can be connected to thenturBs. The preprocessing and conversion of the
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GEM data would be performed on a custom mezzanine placededBltiB board.
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Figure 65: Off-detector Electronics option using the coriRPC PAC trigger.

The number of optical links would depend on the GEM segmimtatHowever, it is important to note that the
standard TB has got 18 inputs for the optical links and comararc of 30. Eight of these optical link inputs are
used to receive data from the RPC chambers in the RE3/1, RR3/2 and RE4/2 region3}]. The structure of
these optical links is an integral part of the RPC system@B#/ interface would need to adhere to this structure
to ensure compatibility. Thus 10 optical link inputs areiade in each TB for receiving data from GEMs in
GE1/1 and GE2/1.

The custom AMC board would encode the data to be compatikite tve existing RPC PAC trigger. This uses
effectively 21 bit/BX in one optical link. The data codinggatithm, used in the PAC trigger syste3s], divides
channels into partitions and transmits channels hit wigigrtitions plus a time stamp with the following code bit
allocation:

1. 8 bits of the partition data,
2. 9 bits of partition number,
3. 3 bits of partition delay,

4. 1 bit end-of-data

One further requirement for compatibility with the curr@&®C system is that the maximum latency of the GEM
data at the input of the TB cannot exceed the current lateh¢fieoRPC data. The maximum latency would
therefore be 42 BX, this includes: muons time of flight, deie@and front-end electronics signal processing,
optical transmission from the UXC to the USC, processingié&LIB and transmission from GLIBs to the TBs.

Option B: Design of integrated GEM Trigger Boards (GemTB) in the uTCA crate In this option, shown

in Fig. 65, the trigger algorithm is performed on a new GEM Trigger Bb@emTB) placed in the TCA crate
together with the GLIB boards. The GEM data from the GLIBstaaasmitted to the GemTBs through the crate
backplane. The advantage of this system is that full graityldata can be transmitted providing the trigger
algorithm can profit from it. It is likely that multiple TCA crates would be needed to cover the full phi-range of
one detector side. Therefore the possibility of data exgbdoetween adjacent crates would be provided in order
to assure the logical overlapping of sectors. Additionalig GemTBs would receive data from the RPC chambers
RE3/1, RE3/2, R4/1. and RE4/2 via the current RPC opticéklinThe muon candidates found by each GemTB
would be collected by a GBSort board in which local ghosttibgsand sorting of trigger candidates is performed.
Muon candidates would then be transmitted to the TriggetedreC) and introduced into the TC GBSort chip for
additional ghost-busting and sorting. Interface Boardegd in the slots originally foreseen for the higi-Bs
could be used for this purpose.

uTCA (‘.rat: a9

Front-ends
VFAT/GASP ) From TC splitters (RE3
and RE4)

TriggerBoard | 1o Final
Interface Sorter
“boe | BOard
towers 13-16

3
E
Z
ot

DAQ TIC Trigger Crate Sectorn
Detector Counting room

Figure 66: Off-detector Electronics option using new AMCIGErigger Boards (GemTB).

The detector region covered by one GemTB in principle dogesage to correspond to the PAC logical sector,
but can be smaller. The choice would be driven mainly by tlgiarity of the data used in the GemTB trigger
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algorithm, the GemTBs input data bandwidth and the numbersire of FPGAs used for executing the trigger
algorithm. If the GEM chambers are doubled (to form supeardbers) in the first and second station, then the
trigger algorithm can use a delta phi between the hits in thbkkd layers of the same station to improve the muon
momentum measurement. For that, the full granularity ofGlE#s would be needed. This cannot be performed
by the current RPC TBs, as in option A, because it would notdssiple to transmit full granularity GEM data to
the current TBs. Therefore option B (or C) would be the pref@ichoice in the case of superchambers.

The maximum latency of the highimuon candidates at the input of the Trigger Crate GBSort chimot exceed
~70 BX.

Option C: Updating the entire RPC PAC Trigger System Recently, discussions within the CMS Collaboration
have started about possibly updating the entire triggetmleics around the year 2020. While a discussion on the
new PAC Trigger system is premature and out of the scope sfdbéument, the GEM off-detector Electronics
system must also provide for the possibility of a new RPC 8gktem also built using the GBT-GLIB concept
with the trigger algorithm performed in new electronicstiedsin apTCA crate. This system would hence be very
similar to the one for the high-GEMs in the option B, except that the muons candidates franetttire system
would be ghost busted and sorted in a new Final S@f€2A crate.

6.4 System considerations

6.4.1 General system view

. PAC Trigger | Trigger
Front-ends Counting room

VFAT/GdSP
g

GBT Interface and
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Figure 67: Block diagram for the electronics system (cdranal readout) as foreseen for the CMS forward high-
region.

Fig. 67 shows the block diagram for the system. A brief summary okfrstem is as follows:

1. One GEM chamber is segmented into different eta regiodsalumns creating GEM segments.
2. Each GEM segment is subdivided into 128 strips or channels

3. One front-end ASIC (VFAT3/GdSP) is used per GEM segmergadout the charge deposited in each GEM
channel.

4. Power is delivered to the GEM chamber by electrical catilesal DC/DC regulators condition the voltage
to the levels required by the on-detector electronics.

5. E-links (electrical SLVDS pairs) connect the front-en8I18s to the GBT chipset.

6. The GBT chipset multiplexes to and from the front-end ASHd receives/transmits data between the inner
and outer detector regions via optical fibres.

7. The off-detector electronics within the counting roors ha interface and driver unit providing the interface
to the CMS trigger, DAQ, DCS and TTC systems as well as allgwiitegration to the existing PAC trigger.

This basic system is highly flexible to different GEM georretrand segmentation configurations. For the GE1/1
region of CMS, each GEM chamber will cover an arc of approxélyalO degrees, therefore there will be 36
chambers in aring. In the case of a double layer using suanisérs there will be 72 GEM chambers per ring.
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6.4.2 Segmentation
The GEM chamber is sub divided into columns and eta parsitasshown in Figs8.

GEM chamber segmentation
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/

GBTs
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Figure 68: The GEM segmentation into columns and eta pamti

The segmentation of the GEM chamber has many implicatibesnain ones are noise, rate capability, power and
cost. One can summarise the general effects as in Table

Table 5: Summary table

Increasing Eta Partitions Increasing columns
Area cover by one chip \ N
Strip area and capacitance ¢ AV
Noise N AV
Strip pitch - AV
Rate capability Ve 2\
Power Va Va
Cooling needs N N
Cost ya Va

The optimal balance between all of these factors is a delistatdy which is not yet completed. For GE1/1 we

have so far considered columns-eta partitions of 3-4, 3éB3ah6 creating 12, 24 and 48 sectors respectively. A
fourth possibility of 3-10 is also under consideration as firovides the optimum usage of bandwidth of the GBT.
This is because (at the maximum GBT E-Link frequency of 32p8Jlihe GBT can communicate with up to 10

front-end chips. Hence a 3-10 configuration requires one @I one optical fibre per column with 10 front-end

ASICs per column. Initial studies of rate capability shoattbperation with a 3-10 configuration with a hit rate of

< 10kHz/cm? is possible.

6.4.3 Electronics power consumption for a 3.0 chamber.

The chamber is designed as an individual element in orddtaw or flexibility in terms of number of chambers
and number of layers in a system. Here the power and costiglatdd for a single 3-10 single chamber. A double
layer super-chamber is also double the power of a single bharfiables shows the estimated power consumption
of the principle electronic components used. These nundaerde considered an upper limit.

6.5 Project planning

Time planning The design of the front-end ASIC can be broken down into 4 @has detailed in Tablé Phase
1 covers the specification phase. This phase began in 2014 erpgected to be complete by the second quarter of
2012. Phase 2 is the design of the individual electronic resdwhile phase 3 is the integration of these modules
into a complete chip. Following fabrication phase 4 covhesgrototype testing phase. Talflgives the estimated
man months for the different elements and phases totaliegtémated 8 man years for the project. These numbers
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Table 6: Power estimate for the main components of a singlebler with 310 segmentation.

Element Number \oltage Power per Power per Power per
of units V) chamber (W)| chamber (W) | chamber (W)
GdSP 30 15 GdSK1 GdSK10 GdSR<30W
(6.7A at 1.5V)
VFAT 30 15 VFAT <0.6 VFAT <0.6 VFAT <18W
(4A at 1.5V)
GBTXx 3 15 4.242W at 1.5V
GBTIA 3 2.5 2.25W at 2.5V
GBLD 3 2.5
DC/DC 7 (2 per column+ | In: 12
regulators 1 for the GBT 2.5V)| Out: 1.5/2.5
LDOs
(on or off chip)
Total GdSR51W
(12V, 4.25A)
VFAT <34 W
12V, 2.8A)

are consistent with previous experience of the VFAT2 andE&d] chip designs.
Table 7: Silicon fabrication cost estimated for differel@ments and phases.

Main Tasks Estimated man month
Phase 1 “Specification” | Technology Choice 2

DSP functionality & simulation 6

Identify IP components, vendors & collaborators 1

Specification (memory sizes, data packet structure et8)
Specification document

System high level simulation

Phase 2 “Module design”| Preamp + shaper

Comparator + Sync

ADC

DSP

CBM unit

SRAMs

Digital control

GBT interface

Verilog AMS modelling

Phase 3 “Full chip design] Buy IP blocks if needed & simulate, DRC check
Assembly of full chip

Checking (DRC/LVS) of full chip

Verilog and verilog AMS simulation of full chip MPW
MPW 1
hline Phase 4 “Testing” | testing 12

Sub total 95

8 man years
Phase 5 “Production” Engineering run submission 9

O|ROINOOBRORBROIN KOS

The Readout System development will continue throughautifsign period of the front-end ASIC . The goal of
the prototype readout systems is to both provide readoctrelécs for GEM prototype studies and to develop the
final readout system. We can break this down into 3 periodsna; tPresent, Medium Term and Final. These are
visualized together with the FE ASIC design as a timelineign 9.
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FE ASIC Readout systems

Define electronics system for TP, 2011 Present: VFAT2, Turbo hardware and Labview
Formation of design teams. DAQ software

ASIC design to start
2012 Medium
term: VFAT2 + SRS

FE ASIC design
team

- Approx. 8 man

years of design

time needed

uCTA (off detector
electronics development)

Submission of FE AISC (VFAT3/
GdSP) 2014

From
~2014 Future :  VFAT3/GDSP + GBT + uCTA off
detector electronics.

2015

System running with all final components

Figure 69: Time line for the front-end ASIC development aeddout systems.

The Present readout system is based on the VFAT2 chip wotkipether with the Turbo readout board. This
system has been in use throughout 2011 and expected to wenmito 2012. The SRSLp] readout system has
been commonly used for small prototype systems for GEM tmtetevelopment. An SRS system compatible
with VFAT2 is foreseen for the medium term to enable collabors easy access to electronics for GEM detector
development. In addition the development of the final otiedtor system will take place during this medium term
period occupying 2012 and 2013. The time scale is such teaFEhASIC, GBT chipset and off-detector uCTA
readout system should be ready for the assembly of the fistéérsyby 2015. The production of components
should be started from 2015.

A one year production period is reasonable while a two yesgrably period should be anticipated.

6.6 Cost:
6.6.1 On-detector costs

FE ASIC silicon costs: The technology currently foreseen for the fabrication &f ffont-end ASIC is a CMOS
130nm process. The reason for this choice was largely tetatthe existence of device libraries and many useful
building blocks and cost. The cost of fabricating a desigh36nm is approximately half that of fabricating in a
more advanced 65nm process. ASIC designs can be submitted foundry either as an (Multi Project Wafer)
MPW run or as a dedicated engineering run. MPW runs sharesiliben mask cost with other projects and hence
have reduced cost. This is ideal for prototyping small égtecand modules. The engineering run is for production.
In an engineering run one project is submitted yielding mawaye chips. Tabl& summarises the current cost of
an MPW run and an engineering run in this process.

Table 8: Silicon fabrication cost of an MPW run and an engiimgerun in this process.

Run Type Cost Number of chips Use
MPW Run $ 3.25k/mn?, (~50K) 40 Prototyping
Engineering Run $ 400 + $3k/wafer 6480 Production
(min quantity = 24 wafers) therefore $522k(assuming a slightly larger
area compared to VFAT2

In order to make an estimate of the price per front-end clopnfan engineering run we have to make a few
assumptions on number of chips per wafer, yield, dicing astkaging cost. Hence assuming 300 chips per
wafer, 90% vyield, packaging cost at $ 20k + $ 2/piece the fwiak per chip is $ 78 with a minimum investment
of $506.4k .
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Cost for components for 310 chamber (single and super)The estimated cost of the main electronics elements

for a single chamber is shown in Tal8le

Table 9: Estimated costs of the electronics components $orgde chamber

Element No. of elements| Cost/element ($) Cost/element (CHF) Cost per GEM
Single Chamber (CHF
GdSP/VFAT3| 30 78 69 2070
DC/DCreg. | 7 80 90 632
GBT 3 88.6 100 300
Optical Link | 3 265.8 300 900
Cables 2 886 1000 2000
Total 5902

All the estimates are very preliminary and subject to chaegyéheir individual developments projects advance.
Having made the cost estimate for a single GEM chamber. lowe straight forward to calculate the estimated
cost for a Super Chamber and then for a system. A Super chdmbssentially a double sided single chamber
and simply has double the components except for the cablasdthe table for a super chamber is as in Table

Table 10: Estimated costs of the electronics components $oper chamber.

Element No. of elements| Cost/element ($) Cost/element (CHF) Cost per GEM
Super Chamber (CHF

GdSP/VFAT3| 60 78 69 4140

DC/DCreg. | 14 80 90 1264

GBT 6 88.6 100 600

Optical Link | 6 265.8 300 1800

Cables 2 886 1000 2000

Total 9804

6.6.2 Off-detector: components for g.TCA crate

For the off-detector electronics, we plan to use standai@A crates which can host up to 12 double width AMCs,
such as the GLIB. The GLIB board, equipped with a mezzaniag, receive data from up to 8 optical links.

Table11 shows the cost estimate of the different components thabeilised for the off-detector electronics. All

the estimates are very preliminary and subject to chandee@tsimdividual developments projects advance.

Table 11: Cost of the off-detector components

Component
GLIB/AMC
uTCA crate

Cost (CHF)
2500
6200

Assuming the architecture B for the off-detector Electcsnia possible arrangement would be that pi€A
crate receive the data from a®18ector of GE1/1 and GE2/1. After data compression the datangpfrom three
uTCA crates corresponding to 3 subsequentddrtors would be transmitted through a fast link to a fouiCA
crate that would receive the data from & 3gctor of RE3/1, RE3/2, RE4/1 and RE4/2. On this crate the dat
from a highn 30° sector would then be processed by a GemTB and local ghostgus well as the sorting of
trigger candidates could be performed. TabBshows the cost estimate for a°3fector equipped with single
GEM chambers.

For super chambers, one additional GLIB board per cratedvoelneeded to handle the additional optical links.
Table13 shows the cost estimate for a°3§ector equipped with super chambers.
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Table 12: Estimated costs of the off-detector electronizamonents for a 30sector equipped with single GEM
chambers.

Element No. of elements| Cost per 30
sector Single Chamber (CHF)
GLIB/AMC 12 30000
uTCA crate 4 24800
Optical Link between crates 5 360
Total 55160

Table 13: Estimated costs of the off-detector electroniesmonents for a 30sector equipped super chambers.

Element No. of elements| Cost per 30 sector Single Chamber (CHF)
GLIB/AMC 15 37500

uTCA crate 4 24800

Optical Link between crates 5 360

Total 62660

6.6.3 GEZ1/1 system cost estimate (on and off-detector)

The GE1/1 system is comprised of an 36 super chambers in og@er endcap. For the two end caps there will
be two rings hence a total of 72 super chambers for the orcideteart. Tablel4 shows the estimated cost of the
GE1/1 system in both endcaps. The cost of the power suppl@so included assuming one super chamber is fed
with separate channels of low and high voltage for each ditleecsuper chamber.

Table 14: Estimated costs of the electronics componenis $oper chamber.

Element No. of elements GE1/1

72 super chambers

(36 in each endcap) (CHF)
GdSP/VFAT3 4320 298080
DC/DC reg. 1008 91008
GBT 432 43200
Optical Link 432 31104
Cables 144 144000
Power supplies | 144 HV & LV ch. 405162
On-detector total 1082538

At the time of writing the GE2/1 system segmentation is sbilbe defined so the on-detector electronics cost for
GEZ2/1 cannot be done at present. The off-detector elecsdmwever combines data from GE1/1 and GE2/1
together. For this reason provision has been made for imgudhta from GE2/1 in the off-detector electronics
design cost estimate. Tallé shows the cost estimate of the off detetor electronics compis assuming 72 super
chambers for the GE1/1 and making provision for links form2@EE

Table 15: Estimated costs of the electronics components $oper chamber.

Element No. of elements GE1/1
72 super chambers
(36 in each endcap) (CHR)

GLIB/AMC 360 900000
uTCA crate 96 595200
Optical Link between crates 120 8640
Off-detector total 1503840
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7 Cooling, gas and cabling services

7.1 Gas

The GEM detector system for the CMS experiment has a totahwelof about 3.4th The chambers are operated
with a three component gas mixture made of AriCF, (45:15:40). The basic function of the gas system is
to mix the three components in the appropriate proportiomsta distribute the gas mixture into the individual
chambers. The expected flow regime is 5 volume changes pezglayalent to about 700 nl/h. The gas system
for the GEM detector will re-use part of the infrastructueetlaey were foreseen for the innermost RPC end-cap
station, in particularly the distribution racks locatedhie experimental cavern. The detector volume, the required
gas flow and the use of a relatively expensive gas mixture makased-loop circulation system highly favorable.
The system proposed consists of several modules, whichesigreed using the standard adopted in all the gas
system for the LHC experiments. The gas system will be rumoim PLC and it will be controlled/monitored
using the standard PV$Sinterface.
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Figure 70: Layout of the mixer unit.

Primary supply The gas system will be connected to the existing primary lsupgtwork for Ar, CQ;, CF, and
N, (the latter it is mainly used to control pneumatic valvested inside the experimental cavern).

Mixer The mixer unit will be located in the SGX5 building. The flowlseach gas component will be metered
by mass flow controllers (MFC). The mixing ratio will be adjed and monitored by the software control running
on the PLC. The mixer unit will contain two sets of MFCs: thaffitalled run will be used for normal operation,
while for a fast filling of the detector a second set (fill) witlyher flow capacity will be employed. Fig? shows
the drawing of a typical mixer unit, while an approximatecprguotation is given in Tabl&6.

Closed-loop circulation In order to reduce the operational cost, the gas is ciradiiata closed loop circuit. The
circulation loop is distributer over three different areas

1. Purifier (optional), gas input and exhausted gas cororegtire situated in the SGX building;

4 Process visualization and control system
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2. Pressure controllers, pre-distribution system (i.éwben negative and positive endcap) and pump compres-
sor (Fig.71) are located in the UGC and therefore accessible anytime;

3. The manifolds for the final gas distribution and the flow @ngtare mounted in the distribution racks on the
detector.

The GEM gas system will re-use the pressure controllergraglistribution system and the final distribution racks
already available since they were installed as a part of € Bas system. The amount of work needed to adapt
the present installation to the new system needs to be agdluaut it is certainly a clear economical advantage.
The available distribution rack (Fig.2) has 13 channels that can be used by the GEM detector. Eaohaiha
is equipped with input and output flow-meter and a basic flayulation system. Tabl&6 gives an overview of
the modules needed for a closed-loop gas system for the GEddtde An approximate cost estimate for each
module is also given. The extra-cost due to the new moduledatkfor a closed-loop gas system with respect to an
open-mode gas system is about 70 kCHF and it will be easilypemated during the first 6 months of operation. At
the present stage, the Purifier module remains as an optexdic&ted test during R&D and detector construction
phase will indicate if an extra module for@nd H,O removal is really needed.

CF, recuperation The CMS experiment will be soon equipped with a,GEcuperation system. The advantage
of such a system is to allow controlling the, doncentration in the detector since it is basically impassio
filter N from the gas stream. Future test will be carried out in ordarderstand if the GEM gas system will
benefit from this plant that presently is under commissigrand, at the moment, it foreseen to be used only by
the CMS-CSC.

Conclusion The CMS-GEM detector will be equipped with a closed loop gestesn as the extra-cost needed
for this solution will be easily recuperated during the fgisth months of operation. Tablk6 gives an overview
of the price quotation for each module (material and manppwehe GEM gas system will also need two new
stainless-steel pipes from the SGX5 building to the UGC rodhe cost for this item is not included in the present
evaluation. Also the piping on the disk needs to be verifigatésent and/or reusable.

Table 16: Summary of the new and existing modules needetiédCMS-GEM gas system.

Module Location | Status Approximate price quotation (kCHF
Primary supply SGX5 existing module| -
Mixer SGX5 New module 30

Chamber pre-distribution systemUGC55 | existing module| Minor modifications
Chamber distribution system | UXC55 | existing module| Minor modifications

Pump UGC55 | New module 25
Purifier (optional) SGX5 New module 35
Exhaust SGX5 New module 10
Connection to existing SGX5 existing module| To be evaluated

CF, recuperation plant

7.2 Cooling

This chapter discusses the needs and the foreseen solfdgiahe GEM cooling system. The GEMs only heat
source is the one dissipated by the electronics mountedeadtetiector surface. As in many other gaseous detectors,
the temperature of the chamber affects the operation of Edd$z:nd the optimal working conditions are met when
the chamber volume is kept between 18 anti24As per design, the uniformity of such temperature shatidteer
than+1°C over the whole chamber volume. Stability of the tempegasinall be kept below°L. For this reason,

the heat dissipated by the electronics shall be conveyed &ztive cooling system and the transmission of such
heat to the chamber shall be as much as possible limited. Glermissipation depends on the electronics design
chosen. In case VFAT electronics is implemented, each otleeof2 chambers will dissipate 34W, for a total of
about 2.5kW. In case the GASP electronics design is adogaieti,chamber will dissipate 51W, for a total of about
3.7kW.
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Figure 71: Layout of the pump compressor.

The baseline design of the detector on-board cooling fesesecopper pipe serpentine routed on the chamber
surface between the electronics components. Optimizatidine pipe routing is still under development to fine-
tune the heat dissipation in the best possible manner. Tdieromtact between the pipe and the electronics shall
be optimized and tests must be performed on a prototype asasoavailable.

Considering the location of the GEMs chambers, a very pralatiption for the cooling design would be to use the
existing Endcap cooling circuit. Such system is presemgding with demineralized water the existing CSC and
RPC chambers. On such chambers, the cooling is now distdiitough 6mm inner diameter copper pipes (to
be cross-checked with lan Crotty for RPC and Armando Lanar&SC). On such system, some power could be
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Figure 72: Layout of the gas distribution rack.

available for the cooling of the GEM chambers, provided #guirements of water purity, stability and DT does
not exceed the one initially foreseen for the RPC chambeYd&af
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Figure 73: Endcap cooling system.
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Figure 74: Endcap cooling system, main manifolds.
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Figure 75: Endcap cooling system layout.
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8 Schedule and milestones toward GE1/1 and 2/1 installation in LS2

The overall schedule for the production of two stations GElld GE2/1 is presented (next page) as a function of
months and years from the approval of the construction ptoj& is assumed that the production of GEM foils
will take place at CERN in the surface treatment workshogx@dained in Secb.4.

The two stations will be launched as soon as the project isoapd and it is estimated that assembly tests and
quality control procedures will be completed in two yearsgiation. We will have two assembly lines in the new
workshop and the TIF. Detector tests with final electronidkhe done after the delivery of the final electronics in
a final stage before installation in LS2.

Distributing the detector assembly in different sites amtiiutions to optimize time and resources has been con-
sidered. Detailed plan of sharing the tasks will be made aftgect approval.

The major milestones are shown in Tallé

Table 17: Summary of milestones.

Milestones | Activities Time (months) | Time (years)
Milestone 1| Baseline detector validation 11 0.9
Milestone 2| Construction of 36 GE1/1 SuperChambers (S&8 2.3
Milestone 3| Construction of 36 GE2/1 SuperChambers (SG32 2.7
Milestone 4 | VFAT final validation 24 2

Milestone 5| Board production 19 1.6
Milestone 6| Assembly and QC 28 2.3
Milestone 7| Final QC 27 2.3
Milestone 8| Installation 40 3.3
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9 Budget and resources

The budget and resources are shown in Tal@ldéor the construction of 160 Triple-GEM detectors. The price
of the GEM foils has been largely reduced recently due torteldgical advances in the last two years. With
most of the fabrication taking place at CERN using the neverasdy and production facilities being prepared
(see Sectio’.4), the drift planes, readout planes and the complete detastembly will be done under one roof
lending an optimization of the resources shown under thdihgé&Detectors”.

The quality control of the detectors will be done as expldimeSection5.4 and the relevant cost is shown under
the heading of 'Chamber QC’. The installation of the twoista and services namely gas and cooling, comprise
a large fraction of the costs as explained in items 3-6. Thests are extrapolated from the actual costs incurred
in the installation and commissioning of the RPC stations.

The total cost is 7.5 MCHF, of which 4 MCHF is the cost of elentcs. The number of channels that have been
considered is 270 K for the GE1/1 station and 2.5 million fag GE2/1 station to enhance also the tracking and
triggering option in the best possible manner, as discussgdctions. The cost for number of channel is marginal
once the initial cost for electronics developments have leeurred.

The participating institute await the approval to approtiehr respective funding agancies for commitment to the
project and initial indications are positive. In comparigshe present RPC system readout is 70 K channels for the
barrel and 40 K channels in the forward system.
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Table 18: Budget and resources based on previous experidfechave considered approximately 2.2 MCHF for
the electronics; this includes approximately 522 kCHF i@ front-end ASIC silicon cost.

Item | GE1/1 80 detectors GE1/1 GE2/1 GE1/1 & GE2/1
GEZ2/1 160 detectors [KCHF] [KCHF] [KCHF]
Deliverables price/detector | total station | price/detector | total station | total price

1 DETECTORS 5 400 5 800 1200
Readout circuits 0.4 0.4
GEMs and drift planes | 3.6 3.6
Drift board 0.5 0.5
Frames 0.05 0.05
Detector assembly 0.3 0.3
HV, connectors 0.05 0.05
Testing 0.1 0.1
2 CHAMBER QC 500 500 1000
Infrastructure at site 220 220
Assembly consumables 100 100
QC tools 130 130
Shipments 50 50
3 INSTALLATION 350 350 700
Consumables 50 50
Mechanics / tooling 100 100
Commissioning 150 150
4 GAS SYSTEM 50 50 100
5 COOLING 50 50 100
6 POWER SUPPLIES
7 HV&LV systems 170 220 390
Cables 100 120
Signal 20 30
HV&LV DCS 20 30
LB Fiber 10 10
HV connectors
/ components 10 20
LV connector
/ components 10 10
8 ELECTRONICS 2147 1955 1852 3999
Electronics developmen 1240 1048 2288
Chips 4.8 51 1.2 51 102
Optoelectronics 51 51 102
Electronics cards 557 660 1320
Crates, Test Boards 66 66 132
Control 30 30 60
Pool rental 48 48 96
GRAND TOTAL 7489
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10 Collaboration structure

The proto-collaboration pursuing the GEM upgrade projectGMS described here constituted itself during the
CMS week in March 2011 as the “GEM Collaboration (GEMs for QR8Ve anticipate that the collaboration will
rename itself simply as CMS GEM Collaboration (in analogyhtte CMS DT, RPC, and EMU collaborations) if
this technical proposal is accepted and the project movesfd. This international proto-collaboration currently
comprises 20 institutions and 120 collaborators with 19 of the 20 institutions full CMS titistions and one
associated institution. Ten additional CMS institutiomsd signaled their interest in joining the collaboration by
signing this technical proposal.

An overview of its current organizational structure is shdwthe organigraf in Fig.77.

GEM Collaboration (GEMs for CMS)

Collaboration / Institution Board

Institutions:
Bari (INFN & Univ.), Bejjing, CERN, U Delhi, Florida
Tech, Frascati, Gent, Kolkata, Napoli, Mumbai (BARC &
TIFR), NCP (Pakistan), NISER (India), INFN Pisa/
Siena, Wayne State, Warsaw.

Interim CB/IB Chair: Marcus Hohlmann, Florida Tech
Interim Deputy Chair: TBD

Interim publication & Conf. Interim Project Manager:
Board: A. Sharma (CERN) Interim Resource Manager:
Stefano Bianco (Frascati) Interim deputy: Michael Tytgat (Gent)
Marcus Hohlmann (Florida Tech) Michael Tytgat (Gent)

_—

Interim Detector Interim Software
Coordinator Coordinator
A. Sharma / A. Marinov M. Maggi

Interim physics Interim Data-
Interim Test Beam Interim Electronics Interim CMS simulation analysis
coordinator: coordinator: Trigger Liason: coordinator: coordinator:
A. Marinov P. Aspell K. Bunkowski M. Abbrescia / T. S. Colafranceschi /
Moulik W. Li

Figure 77: Current organigram of the proto-collaboration.

An interim management board was formed at the time of canigtit that comprises the interim project manager,
Archana Sharma (CERN), and her interim deputy, MichaeldiytGent), and the interim chair of the collaboration
board (Marcus Hohlmann, Florida Tech). Duccio Abbaneo (NE&erved as interim deputy chair of the collabo-
ration in 2011, but cannot continue due to other obligatainSERN. A new interim deputy chair is to be named
by the proto-collaboration in early 2012. Technical wotkigroups on detector issues and software issues were
formed that report to the project managers. Financial ssekated to production and testing of prototypes are
being overseen by a resource manager. A Publications ani@@ace Board coordinates review and submission
of abstracts and proceedings to relevant conferencese/i@Ms CINCO system. In 2011, the collaboration con-
tributed presentations to eight international confersrared published six proceedings papers. Project managers,
resource manager, and Publication & Conferences Boardtripite institution board.

%) For this document the author list has been broadened to include coliaisongno support the proposal and may join the

project in future, while the structure and size of the collaboration thatdraied out the feasibility studies so far is described
here.
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Atwikipage https://twi ki .cern.ch/tw ki /bin/view MPGY Cns GEMCol | abor at i on) has been
set up to facilitate communication within the proto-cobiadtion. It provides, for example, links to the conference
contributions and publications produced by the protoatmiration.
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11 Summary and conclusion

Based on the results of the detailed R&D work presented ereonclude that a radiation-tolerant GEM detector
system represents a desirable and viable option for upgyakdel.6 < |n| < 2.4 region of the CMS muon endcap
system for the era of the high-luminosity LHC. Adding the GEMbsystem improves momentum resolution
for high-pr endcap muons in the TeV region and increases the robusthéss muon trigger by providing an
independent second trigger path for the forward muon regiigger turn-on curves will be much sharper for
the GEM system than for the originally planned RPC systenesélattributes of the proposed GEM system wiill
strengthen the ability of CMS to control its muon triggeresain the ever more challenging running environments
of the future.

Extensive prototyping has demonstrated that the step froall prototypes to full-size GEM chambers as needed
for CMS is clearly feasible. The full-size prototypes a#ki¢he required efficiencies and resolutions. Integration
and installation studies show that the GEM chambers carthbe integrated into the given CMS higlenvelope.
Our studies indicate that there are no known show-stoppiihsrespect to needed services, i.e. cooling, cabling,
and gas distribution. A first design of on- and off-detectectonics for the readout of the GEM detector system
addresses the major readout and trigger concerns. Thigndeskes much use of ongoing generic electronics
developments for the LHC upgrades within the community.

The ground work for launching into industrial GEM productibas been laid. The projected chamber production
and infrastructure schedule and milestones will allow th&tesn to be installed during the second long LHC
shutdown LS2 (currently anticipated for 2017/2018). Budggtimations and resources outlay show that two full
GEM stations (GE1/1 and GE2/1) could be produced and conomisg at an equipment cost of 7.5 MCHF. An
organisational structure is well in place for the multitingional collaboration that is proposing to take on this
upgrade project.

Consequently, we conclude that this project is ready to nfiomgard and request that this proposal of a “GEM
detector system for an upgrade of the CMS muon endcaps” vexagah This will allow the project to be integrated
into the official CMS upgrade program, which in turn will alldhe participating institutions to approach their
respective national agencies with funding requests foptbgct.
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thors that are members of the CMS Collaboration would likexplicitly thank the RD51 Collaboration for its
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A Parameters describing the GEi/1 systems

In this appendix we describe the parameters of the two pegpsiations GE1/1 and GE2/1 in terms of mechanics,
electronics and technical specification of services.

Table 19: GE1/1 Mechanics

Long side 440mm
Short side 220mm
Height 990mm
Area 0.32n?
Chamber volume 2.2869I
Super Chamber volume 4.57I
Gas flow per chamber | 0.48l/h

Table 20: GE1/1 Electronics

Eta partition 10
Phi columns 3
Chamber consumption (VFAT) 34W
Chamber consumption (GdSR)51W

Total chips 30VFATs
Channels per chamber 3840ch

Channels per super chamber| 7680ch
Area/chips 10.8910—3m?/chip

Consumption/channel (VFAT)| 8.8510~*W/channel
Consumption/channel (GdSP) 13.2810—3W/channel

Table 21: GE1/1 System overview

Surface 23.5224mM
Gas volume 165I
Electronics ch. 276480ch

Power consumption (VFAT) 2.448kW
Power consumption (GdSR) 3.672kW
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Table 22: GE2/1 Mechanics

GE2/1long

Long side 1250.7mm
Short side 576.8mm
Height 1911mm
Area 1.74n?
Chamber volume 12.22|
Volume super chambefr 24.441
Gas flow per chamber| 2.54l/h
GE2/1short

Long side 1250.7mm
Short side 799mm
Height 1281mm
Area 1.31n?
Chamber volume 9.18I
Volume super chamber 18.37I
Gas flow per chamber| 1.91l/h

Table 23: GE2/1 Electronics

GE2/1long

Chamber consumption (VFAT|

182w

Chamber consumption (GASR)

273W

Total chips 160VFATs
Channels per chamber 20524ch
Channels per super chamber| 41049ch

Areal/chips

10.89102m?/chip

Consumption/channel (VFAT)

8.8510~3W/channel

Consumption/channel (GdSP

13.28103W/channel

GE2/1short

Chamber consumption (VFAT|

137W

Chamber consumption (GASR)

205w

Total chips

121VFATs

Channels per chamber

15431

Channels per super chamber

30862

Areal/chips

10.8910~>m?/chip

Consumption/channel (VFAT)

8.8510—3W/channel

Consumption/channel (GdSP

13.28103W/channel

Table 24: GE2/1 System overview

Surface

125.72n4

Gas volume

1542|

Electronics ch.

2588781ch

Power consumption (VFAT

23kW

Power consumption (GdSP

) 34KW
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B Integration and installation within CMS high- n envelope

This section describe the studies of integration and ilagtah of detectors and services at CMS. This includes
project documentation.

B.1 Scope

The design, dimensions and positioning for the GEM chamtoebg mounted in the YE1 nose has been studied
and preliminary results are presented in this seétion

B.2 General description

The mechanical structure is divided into 2 circular sectore located in ME1/1 and the other one in +ME1/1.
There are 36 Super-Chambers per sector, each one covéfingthe circle. One SC is composed of 2 trapezoidal
chambers. There are 2 types of SC: all chambers are striethtical but they are joined via 2 different types of

holders, this in order to match SC between them and to haveod geerlap (6.5mm) of the active area of the

GEMs, while allow them entering in the narrow space (100nmiet confirmed if possible in the next opening of

the detector) existing between the Back-Flange and the Milmmbers, volume where the SCs will be mounted
(Fig. 78). All screws and materials are not-magnetics. Heli-caiésreot foreseeing in principle. The 3D modeller

used is CATIA V5, standard at CERN. Few drawings have bearigutifor the first prototypes. Final execution

drawings to be produced.

B.3 Documents
Table 25: System overview: Endcap disks 1

GE1/1 RE1/2 | RE1/3

Chambers 182.2=72
7 segments 8
® coverage 20

stripsh segment | 384
Channels/chamber 3072

Table 26: System overview: Endcap 2

GE2/1 RE2/2 | RE2/3
Chambers 36-2:2=144
1 segments 8
® coverage 10
stripsh segment | 384
Channels/chamber 3072

Table 27: System overview: Endcap 3

GE3/1 RE3/2 | RE3/3

Chambers 182.2=72
n segments 4
® coverage 20

stripsh segment | 384
Channels/chamber 3072

6  Adopted Acronyms: AD Applicable Document; PR Reference drawirg;r&ference document; CMS Compact Muon
Solenoid Experiment; SC Super-Chamber; CoG Centre of Gravity; TB®€Tconfirmed; TBD To be determined; PA
Applicable drawing.
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Table 28: System overview: Endcap 4

GE4/1 RE4/2 | RE4/3
Chambers 182-2=72
n segments 4
® coverage 20
stripsh segment | 384
Channels/chamber 3072

Table 29: System overview: Dimensions

Station| R; (mm) | R, (mm) | A(mm) | B (mm) | C (mm) | D (mm) | Thickness| Z position detector
11 1363 2396 1037 526 345 1033 36 5651

2/1 1960 3241 1301 1251 799 1281 36 7865

3/1 2435 3241 819 1251 966 806 36 9775

4/1 2655 3241 595 1251 1044 586 36 10676

B.3.1 Applicable documents
B.3.2 Drawings

Figure 78: According to the integration studies there isugimospace to insert a sandwich of two Triple-GEM
detectors (Super-Chamber).

B.3.3 Reference documents
B.3.4 Super-chamber characteristics

Chamber weight : 18.2 kg (electronics & services not inct)d€entre of Gravity location : TBD Chamber
referential definition: See drawing below

B.3.5 Super-chambers referential definition

The following sketch provides the definition of X, Y, Z direwts and phi, eta angles:
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integration/figures/integration1.eps

Figure 79: Installation sequence studies.

B.3.6 Envelope and location
B.3.7 Assembly sequence of a chamber

The geometry of the available volume where the chamberdwilhstalled is a flat bored cylinder with an internal
diameter of 2480mm, an external diameter of 4960mm, a mimirthickness of 100mm and a distance to the
Interaction Point of 5641mm in Z direction. The distancerfrihe beamline to the axis of the pivoting parts of the
chambers is 1274mm in Y direction.

B.4 Assembly and installation
The overall dimensions of a chamber are in mm : 1038x530x@7f {Zu count the chimney).

The overall dimensions of the SCs, are in mm: 1170x530x9&#higher SC (or straight SC) and 1170x530x80
for the lower SC (or pivoting SC).
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integration/figures/integration2.eps
integration/figures/integration3.eps

Notice that pivot and feet must both be mounted with a rotatib180° with respect to the chimney, depending
on the type of SC. If better mounting precision would be nédetiee central screws of the feet can be replaced by
pins. Similar solution for pivots

Due to the weight of each SC, a jig could be necessary for tertion. The one which was used for the Muon
chambers could probably be adapted for that purpose {8Jg. The rails with T-grooves, for sliding and then
stopping (eventually rotating) the SC, are already moumtekle back-flanges of CMS.

B.5 Preliminary considerations GE2/1

Based on the work accomplished for GE1/1, we have begunestwiith the purpose of also installing GEM
chambers in the zone ME2/1, more exactly on the backside af(¢&mpression side).

This zone was in principle foreseen for containing RE2/Intdbers but they have never being mounted there. In
fact, only RE2/2 and RE2/3 were installed. In the followirgpo, the red painted circle on the yoke would be the
place to be used for GE2/1 chambers:

In each side of the detector the set consists of 18 GE2/1 obanbach spanning° in ¢ angle. As seen in
GE1/1, the GE2/1 chambers overlap to provide continuousrege ing. There are 2 possible geometries to be
envisaged. They depend on the possibility of cantileverragfaach chamber on top of the neutron shielding of
YE/1 disk (short version in blue, long version in grey). Auytan see above, the distance from the beamline to
the bottom side of the chamber is 1960 (short version). Hieneiés shown the distance from the IP to the backside
of the yoke (7869mm), but the gap between the yoke and thelmfrans not definitely determined yet.
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C Project organization

In this appendix we describe the organization of the pragact its services for documentation and retrivial pur-
poses

C.1 Project organization for retrieval & DB

Project: GEM Project
State: Active
G / Wor kspaces/ ¢/ cnsi nt egr ati on/ CMSi nCATI A/ Pr oj ect s/ GEMPr 0j ect

Project Role(s)

Project Manager: SHARMA Archana 164875

Engineering Supervisor: CONDE GARCIA Antonio 160859 and.BX Stephane 162854
Production Supervisor. CHATELAIN Jean-Paul 160903

Time Line
2011 0816 Done (Gas System Diagram, Cooling System Diadt&eutronics System Diagram)

2011 0817 Requested (Cooling 3D/2D Design Retrieval) Bballgprovide CATIA models from Racks to Periph-
ery Patch Panels

2011 0817 Requested (Cooling 3D/2D Design Retrieval) Bb&llgprovide CATIA models of Manifold

Q&A

Where do | find documentation about the as-installed Gas RE&#ign?
Document 810786 v.1 YE+1 - AS BUILT GAS DRAWINGS
Document 826202 v.1 YE-1 - AS BUILT GAS DRAWINGS

These documents require COVERT TO CATIA process!

Where do | find documentation about the as-installed Cooling RE1/1 Design?
empty

Where do | find documentation about the as-installed Electronics REligiires
empty

C.2 Task(s)
Meeting(s), Workshop(sht t ps: / /i ndi co. cern. ch/ cat egor yDi spl ay. py?cat egl d=1865

System(s) involved

System Role(s)

RPC Detector Gas: GUIDA Roberto PH/DT 162146

Water Detector Cooling: FRANK Norbert PH/CMX 163618 and TROPEAI®464999
Electronics: ASPELL Paul PH/ESE 168526

Low Voltage: MARINOV Andrey PH/UCM 71656

High Voltage: ASPELL Paul PH/ESE 168526

Signal: ASPELL Paul PH/ESE 168526

Temperature/Humidity Sensor: COLAFRANCESCHI Stefano 162881

C.3 Electronics system
System Diagram (Physical)
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G:/Workspaces/c/cmsintegration/CMS in CATIA/Projects/GEM Project
https://indico.cern.ch/categoryDisplay.py?categId=1865

C.4 Product(s) involved

1. GE 1/1 Single layer Chamber
2. GE 1/1 Double layer Chamber
3. GE 2/1 Chamber

G / Wor kspaces/ c/ cnsi ntegrati on/ CM5_Upgrades/ RE_1_1 GEM

Products are described by a 3D model (CATIA file format). Optionallydal#e Acrobat (pdf) file can be generated to ease the
manipulation/visualization/measuring of such model.

GE 1/1 Single layer Chamber
Dimensions: 1 mx 2 mx 10 cm
Mass: 10 kg

Version(s): A, B

State: Obsolete, Released

Product Model

GE 1/1 Double layer Chamber
Dimensions: 1 mx 2 mx 10 cm
Mass: 15 kg

Version(s): A

State: In Work

Product Interface

Physical Interface | Logical Interface
Gas 1 Supply + 1 Return Idem
Cooling 1 Supply + 1 Return Idem
Electronics 1 High Voltage ?
1 Low Voltage ?
6 Signal ?

Product Model

GE 2/1 Chamber
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G:/Workspaces/c/cmsintegration/CMS_Upgrades/RE_1_1_GEM

D Full simulation results for trigger studies with GEM

Fig. 80-91 show simulated trigger turn-on curves for trigger towerd@4ke. the L1 trigger efficiencies for all geometry
variations and for three differepir thresholds (16, 50, and 14@’;1) as a function of the true muon transverse momentum.

Similar results for trigger tower 13 can be found in chapter
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Figure 80: L1 GEM+RPC trigger efficiency curves in triggewés 14 for base geometry. Rows correspond to 3
differentpr thresholds of 16, 50, and 1@21, respectively. Left column shows results for ideal chanhedel,
right for realistic chamber model.
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Figure 81: L1 GEM+RPC trigger efficiency curves in triggewés 14 for 2< geometry. Rows correspond to 3
differentpr thresholds of 16, 50, and 1@’;&, respectively. Left column shows results for ideal chanedel,
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Figure 82: L1 GEM+RPC trigger efficiency curves in triggewés 14 for 4< geometry. Rows correspond to 3
differentpr thresholds of 16, 50, and 1@’;&, respectively. Left column shows results for ideal chanedel,
right for realistic chamber model.
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Figure 83: L1 GEM+RPC trigger efficiency curves in triggewés 14 for 8< geometry. Rows correspond to 3
differentpr thresholds of 16, 50, and 1@’;&, respectively. Left column shows results for ideal chanedel,
right for realistic chamber model.
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Figure 84: L1 GEM+RPC trigger efficiency curves in triggewés 15 for base geometry. Rows correspond to 3
differentpr thresholds of 16, 50, and 1@’;1, respectively. Left column shows results for ideal chanedel,
right for realistic chamber model.
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Figure 85: L1 GEM+RPC trigger efficiency curves in triggewés 15 for 2« geometry. Rows correspond to 3

differentpr thresholds of 16, 50, and 1@21, respectively. Left column shows results for ideal chanedel,
right for realistic chamber model.
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Figure 86: L1 GEM+RPC trigger efficiency curves in triggewés 15 for 4< geometry. Rows correspond to 3

differentpr thresholds of 16, 50, and 1@21, respectively. Left column shows results for ideal chanedel,
right for realistic chamber model.
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Figure 87: L1 GEM+RPC trigger efficiency curves in triggewés 15 for 8« geometry. Rows correspond to 3
differentpr thresholds of 16, 50, and 1@21, respectively. Left column shows results for ideal chanedel,
right for realistic chamber model.
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Figure 88: L1 GEM+RPC trigger efficiency curves in triggewés 16 for base geometry. Rows correspond to 3

differentpr thresholds of 16, 50, and 1@’}, respectively. Left column shows results for ideal chanedel,
right for realistic chamber model.
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Figure 89: L1 GEM+RPC trigger efficiency curves in triggewés 16 for 2< geometry. Rows correspond to 3
differentpr thresholds of 16, 50, and 1@’}, respectively. Left column shows results for ideal chanedel,

right for realistic chamber model.
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Figure 90: L1 GEM+RPC trigger efficiency curves in triggewés 16 for 4< geometry. Rows correspond to 3

differentpr thresholds of 16, 50, and 1@’}, respectively. Left column shows results for ideal chanedel,
right for realistic chamber model.
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Figure 91: L1 GEM+RPC trigger efficiency curves in triggewés 16 for 8< geometry. Rows correspond to 3

differentpr thresholds of 16, 50, and 1@’;&, respectively. Left column shows results for ideal chanedel,
right for realistic chamber model.
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