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Large Hadron Collider (LHC)

* Largest and most powerful circular particle
collider

* Built at CERN (European Center for Nuclear
Research), Geneva, Switzerland

* Consist of 7 detectors-
ATLAS: A Toroidal LHC ApparatuS
ALICE: A Large Ion Collider Experiment
CMS: Compact Muon Solenoid
LHCb: Large Hadron Collider beauty
LHCf: Large Hadron Collider forward

TOTEM: Total Elastic and diffractive cross section
Measurements

MoeDAL: Monopole and Exotic Detector At the
LHC

Oerall view of the LHC experiments.
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Compact Muon Solenoid (CMS) Experiment

CMS DETECTOR

Total weight 14,000 tonnes N f———»{”i i SILICON TRACKER

Overall diameter 15m e Pixel(100X 150pm) ~66M Channels
Y = _ — Microstrips (80 180pm) ~9.6M Channels

Overall length 28.7 m A ey
Magnetic field 3.8T 8) -~ A
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Compact Muon Solenoid (CMS) Experiment

CMS DETECTOR _ PRESHOWER

. = vy“*‘?“‘@“éﬁ B = ey e .
Total welght 14,000 tonnes B == Silicon Strips ~137,000 channels
Overall diameter 15m / ' ‘ .

Overall length 28.7 m
Magnetic field 3.8T
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Compact Muon Solenoid (CMS) Experiment

CMS DETECTOR
Total weight 14,000 tonnes
Overall diameter 15m
Overall length 28.7 m
Magnetic field 3.8T

CRYSTAL ;.
ELECTROMAGNETIC_—" NN
CALORIMETER (ECAL) \
~76,000 scintillating PbWO,

crystals
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____—

Compact Muon Solenoid (CMS) Experiment
CMS DETECTOR
Total weight 14,000 tonnes \4

Overall diameter 15m
4 y, /

Overall length 28.7 m -y
Magnetic field 3.8T

HADRON
CALORIMETER
(HCAL)

Brass + Plastic Scintillators | LY //

) \\i 2 )

~7,000 Channels
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Compact Muon Solenoid (CMS) Experiment

CMS DETECTOR . SUPER CONDUCTING SOLENOID

B E—

Total weight 14,000 tonnes A == Niobium Titanium coil carrying ~18,000A
Overall diameter 15m P / ‘ . e ,

Overall length 28.7 m A ey
Magnetic field 3.8T ) -~ /
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Compact Muon Solenoid (CMS) Experiment

CMS DETECTOR ) MUON CHAMBERS

Total weight 14,000 tonnes e Barrel 250 Drift Tube (D'T),

Overall diameter 15m R o 480 Resistive Plate Chambers (RPC)

Overalllength 28.7m [ #Vf ~ 4 .
Magnetic field 3.8T 7 a ]?ndcap 468 Cathode strips (GSC),
| 432 RPCs
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Compact Muon Solenoid (CMS) Experiment

CMS DETECTOR —_ FORWARD CALORIMETER
Total weight 14,000 tonnes p /ffii — Steel + Quartz Fiber ~2.000 Channels
Overall diameter 15m / / | S Q )

Overall length 28.7 m A ey
Magnetic field 3.8T )y /
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Compact Muon Solenoid (CMS) Experiment

CMS DETECTOR ) MUON CHAMBERS

Total weight 14,000 tonnes e Barrel 250 Drift Tube (D'T),

Overall diameter 15m R o 480 Resistive Plate Chambers (RPC)

Overalllength 28.7m [ #Vf ~ 4 .
Magnetic field 3.8T 7 a ]?ndcap 468 Cathode strips (GSC),
| 432 RPCs
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Coordinate Systems

* X directed towards the center of LHC
* Y 1s in the upwards direction

* Z 13 along the beam line

* ®@ i151n the X-Y plane starting from X —axis

* 0 1s in the plane of Y-Z

* In CMS preferred coordinates are ®-n, where

n is pseudorapidity and defined with in terms
Y of 8as

le =l
A
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Neutral Hadron (e.g. Neutron) Photon
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Part |
CMDS Hardware Upgrade
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GEMs for the Future CMS Muon Endcap Upgrade

CMS Upgrade for LS2 .
Super-chamber = 2 triple
. @ sy 788 T 7 625 S5 528 484 43 | 44 %8 n e GEM detector (Short + LOHg)
E
14

J ~ Endcap
S Station 1

ORT AND LO
tonio Conde

V

- ECAL

Silicon

* Introducing GE1/1 station in high-n
regionl.5<|n|<2.2

*  10%super-chambers (trapezoidal triple-GEM detectors)
with long (1.5<|n|<2.2) and short (1.6<|n | <2.2) version

* 36 super-chambers in each endcap

CHAMBERS
(PER SIDE)

11/29/17 Dissertation Defense- Vallary Bhopatkar at Florida Tech




Why GEMs?

GEM-CSC Bending Angle CMS Phase-2 Simulation Preliminary
g GEM s CSC ®0018F T T T T T T T T T T
S <= = E "Far" (odd) chamber pairs  1.64<|n|<2.14 J
o magnetic |8 :0.0165— E
w field B i+ — =2 oo =
: g — ] = 0.012F =
2 E‘ L —522/5 mm 0_01f_ —muon pT =5 GeV/c —f
:-8 ~—|P _p=20GeV/e | e 0.008E- —muon p_ = 20 GeV/c =
—5 GeV/C 3+1 mm - -
=3 o 0.006 =
+ soft muons arriving to| || 0.004— =
> |YE-1/1 from IP are “bent” |_|20 cm__ o I::| - -
g by the magentic field 46 ¢m 0.002| =
— — 00 0.005 0.01 0.015 0.02 0.025 0.03
: : AG(GEM,CSC) [rad]
® ngh galn < -~ 1 O4> " CMS Phase-2 Simulation Preliminary
" Fmmm i Single T/ (2012 configuration) - ME1/13 unganging
.Sustalns a hlgh I'at€ ("’MHZ/CI’HQ) 5103: _ GEM+CSC integrated trigger with >3 stubs
2 E E
*Precise tracking and time resolution 5 107 ~ i
§ = N \\ 3
*High spatial resolution = 10 \
. . . . oy 1L o i
*In High-Luminosity (HL) LHC, pile will increase ThEa ks by
C L=4*10"cm? s
. 107
*CGSC + GEM = accurate muon bending angle by - _
reducing the multiple scattering 107 B
. . . M K=/ 1 —— E
*Discriminates lower pr muon from higher py B Tl e, :
o 107 ¢ e o E
. F «(GEM+CSG)/L1 Single Mu +, .. 3
*Lowers the global muon trigger rate 00 e ee0 20 s o

p;“‘ [GeV/c]
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GEM Detectors

* Micro Pattern Gas Detectors MPGD) €Y €Y ¢ Y

* Gem foil 1s a kapton foil coated with
copper on both sides that has an array of

a e 5 &

Triple-GEM configuration 'iv
€Y Y Y ™

holes (typically 140 pm pitch =
. . T — ‘ = ‘_um_.k
* Triple-GEM, most popular and reliable - m -
configuration 2 ORIFT 0
¢ Typlcal gas gain 10* with gas mixture GEM1 =) SO S 00S0EODOS pasmy .
Ar/CQO, 1n 70:30 proportional B O il i o+ S/ o v
GEM 2 - . e e e : |
. . Er2 TRANSFER 2 ‘ ok
* When applied high voltage across the GEM: =@ 220200 RORORE
foils, creates avalanche of electrons — & HpUCTON N -
through holes st

* Provides good detection efficiency and
spatial resolution
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Construction of a Large-Area GEM Detector

GE1/1-1II Prototype at Florida "lech

/ Step |
' GEM foil
stack

Step lll

Close the GEM
detector with
readout board

i i

Stepll |
Stretch 1|
GEM foils 1

i 1
with inner
and-outer
frames

assembly

' [\ .. Stack of
I, GEM foils
[ "*withginner'

| % frames

ready to

place on
drift

electrode

!
!
, .
':Al,f-'JUJJJUdJJUJdJHJJJUJJJUJ.r.l.' NN

i

Total assembly time 3 Hrs 40 mins with 2 people

* Active area: ~ 99 X (28 -45) cm?

Internal gap configuration 3/1/2/1 mm

GEM foils are produced by single-mask etching
techniques at CERN

Strip pitch = 455 prad (384 radial strip per n-sector)

through 24 Panasonic connectors to 24 APV hybrids
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F NAL 'lest Beam Setup and Measurements

CMS GE1/ lr-II___el:ecqer

!' ..E Tr acker_s ‘f

aa i'--l - |
> o POOSR o " 1N ]

) vaal e~ ‘;.‘,Z
Trackelf

s~ AN ‘1' E 7 ‘.‘ -‘ ,,,."';,
Nl EA

; —\‘T*IJ\ .‘ # =
'M 7 \ S

* Gas Mixture used 1n all detectors Ar/CO,
70:30

* Beam Energies: 32 GeV mixed hadrons
and 120 GeV proton

* Four GEM trackers with 2D readout
operated at 4200V

— three 10 cm X 10 cm

— one 50 cm X 50 cm (10 cm X 10 cm active
area)

* DAQ with RD51 Scalable Readout System

e GEI1/1-III detectors measurements
— High voltage scan (2900 V — 3350 V)

— Position scan at 3250 V operating voltage
— Upper, Middle, Lower APV rows
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Performance Characteristics from FNAL Beam Test Data

Cluster Ch Distributi Cluster Si t 3250V . . .
. uster arge Distripuaon . uster dize a Detectlon Effic:lency wlth
e :,I::ss’pec"u'?;?s S ETAOSClusterSize1D Different Cuts on Pedestal Widths
8 Mean orra | 3 *°F Entries 13175 HV Divider Current [1A]
o ol . ows | I © 660 670 680 690 700 710 720 730 740 750 760
e._ 9—)50007 Mean 2'436 > 1T T TT TrTT T TT T TTT TTTT: TT T T T TTT T TT T TTTT
L [ ¥/ ndf 335.7 /122 L o 1 H I I I [ [
001 Constant 8604 +113.4 woooE- RMS 1.043 £ o9F ,4/”"‘.’/-‘ —
r MPV 311.3 £23 - g = / /n/
ool Sigma 1136 +1.1 ool = 0.85// ,‘/
soor Cluster charge g w 0.77 // /A
” distribution at 3250V 2000} = f ) /
: c - p2
fitted with Landau = 0.6 / /( e BT
200 function 100 .
: 0!5_ ‘V H : :
R 3000 o o GT'L”"L"",-L"IIW”A;” R B T 04_E // — Sigma3eﬂ:0.9708i0.0025__
Total Cluster Charge [ADC Counts] Number of Strips in Cluster 0'3 §//'/ —«— Sigma4 eff: 0.9677 + 0.0022
Cluster Size vs. High Voltage %) 700 Charge Uniformity | . ;/ ) Sigmas eff: 0.978 + 0.002
c 00¢ Detection .
o 35 C S - APV position 0.2 .
E L (@] C = UpperAPV E Em(:iency is —a— Slgma6 eff: 0.9623 + 0.002
(L) [ Mean strip ' O 600: o MiddleAPV || 0.1- 9.8,
% 3: multiplicity 8 5003 : 4 LowerAPv 0:| 111 L 111 L 111 1111 1111 1111 L 111 L 111 1111 1111
= [ increases with ' < F R 2850 2900 2950 3000 3050 3100 3150 3200 3250 3:'.’.00 3350
O 251 voltage . > ao0f .+ . o . Mo
g : = . : * Average strip multiplicity at operating voltage 1is 2.4 strips
- 35 L
) . n ‘ .
] SR . * At 3250 V, most probable values for three APV positions are
L . c n
- ] c 200 : . .
156 3 At 3250V used to determine the charge uniformity across detector
. - * Detection efficiency 97.8% (measured) with 5-sigma cut on

L L L L L L oIIIIIIIIILIIIIlIIIIIIIIIIIlIlIII
2000 3000 3100 3200 3300 3400 12 3 4 5 6 7

Drift Voltage [V]

8 the pedestal width

n-sectors
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Tracking Results
Resolution of the GLE1/1-III Detector m n-sector 5

[ ] [ ] [ ] [ )
Inclusive Residual Exclusive Residual
number of strips number of strips
-4 -3 -2 -1 0 1 3 4 -4 -3 -2 -1 0 1 2 3 4
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T > T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
c>)~ 1 I I I I [ | [ I 5700— I [ I I [ [ I [ I
c E residualEta5_phi_X_-1880.5_Y_-28.7_angle_-0.000004 c — residualEta5_phi_X_-1880.5_Y_-28.7_angle_-0.000004
g 800 :_ Entries 6447 g — Entries 6447
3700 - Mean 3.393¢-006 8600 — Mean 5.4996-006
— — — L
= — RMS 0.0001887 - —
w™t o =111 prad e ol w. F o=138 prad Avs 000022
600C . x : 500— . 2/ ndf 189.3/76
- in q) Prob 5.577e-012 — in q) Prob 12086011
— — TOl o e-
— Primary Constant 867.3 +13.3 _
= - Primary Constant 5+ 10.
500 - Primary Mean -1.958¢-006 + 1.500e-006 400 - rfmary orean 6925106
400 Primary Sigma 0.0001107 £ 0.0000010 - Prfmary Mea" +1:482-006 + 1.89¢-006
E Background Constant 5539 + 1.194 300 . Primary Sigma 0.0001379 + 0.0000013
300 :_ Background Mean 0.0001477 + 0.0000582 - Background Constant 4.96 +0.83
- Background Sigma  0.0007292 + 0.0001168 200 Background Mean 0.000153 + 0.000071
20 O :_ E Background Sigma  0.0008787 + 0.0001037
100/ 100
ST T R AN T R N VRN DU M M | I R R [T R :__L, L o | e o L | L L1 1 oy | - L

0 =" + & 4 1 | L 1 L " 1
-0.002 -0.0015 -0.001 -0.0005 O 0.0005 0.001 0.0015 0.002 -0(.)002 -0.0015 -0.001 -0.0005 O 0.0005 0.001 0.0015 0.002
Residual in ¢ [rad] Residual in ¢ [rad]

The resolution of the GE1/1-III detectoris obtained from the geometric mean of inclusive and exclusive resolution

0 = \[OincX Ogxc = 124 prad (27°% of the strip pitch)

(corresponding to o = 233 pm 1n azimuthal direction)
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Charge Measurements with Binary Hit Method

« VFATS front-end chip (provides binary hit After ADC to fC conversion 99 percentile charge
output) is being designed to read the output for various strip clusters calculated
from GE1/1 99% of Charge vs. High Voltage

¢ Charge induced on the GE1/1 readout strip = N7 SN B S TAUREL W S S N S S —
1s used as an input for amplifier-shaper of the - R
VFAT?) Chlp % 120__ ........... ..... : i::::s ............................... ..................................................................................
X B B 4_stip
. FOI‘ I‘etaining good quahty Of SignaI, 1t is & 100:_ ........... ..... - §>=2_smp§ [ ................ ,; ................ ................ ................
important to match the dynamic range of the SO\ N VN N N N S . T T -
induced charge to the dynamic range of the SR Y S I T e
Chlp input 60_— ........... .g ........... . ............. ..‘ ...... ................ ................
- u- g o s u H
[ ] Dynamic Charge range for the GE 1 /1 40 :._.......c........>-"".,-t:"-:-.ﬂ::.--,..-i:f-::.f:......!................:........:.......:........
detector is measured using the pulse height 2ol - LI T N N A
sensitive APV-25 chip. L L L A

2%50 2900 2950 3000 3050 3100 3150 3200 3250 3300 3350 3400

* Estimated the charge range for VFA'T3 using Voliage [V]
the data collected by APV-25 chip 99% (operating voltage) = ~115£C

99% (Max HV = ~1406C
CMS-IN-2017-001 ; CERN-CMS-IN-2017-001 o (Max HV)
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Available on CMS information server CMS 1IN -2017/001

CMS Internal Note

The content of this note is intended for CMS internal use and distribution only

05 April 2017

Measurement of the Charge Induced on the
Readout Strips of a GE1/1 Detector Prototype for
the CMS Muon Endcap GEM Upgrade

Vallary Bhopatkar, Marcus Hohlmann, Aiwu Zhang

Abstract

Early in the second phase of the LHC program, Gas Electron Multiplier (GEM) technology will be
implemented in the GE1/1 muon chambers for the region 1.6 <| 7 |< 2.2 of the CMS muon endcap.
A VFAT3 front-end chip is being designed to read out the GE1/1 detector that will provide binary
hit output. The charge that is induced on the GE1/1 readout strips by minimum-ionizing particles
is an important parameter that informs the design of the amplifier-shaper input stage of the VFAT3
chip. We have measured this charge distribution directly with a GE1/1-III prototype chamber read out
with the pulse-height-sensitive APV25 chip and exposed to a mixed-hadron beam at Fermilab. When
operating 50 V above the start of the efficiency plateau in an Ar/CO, 70:30 gas mixture, i.e. with
3250 V applied to the drift electrode, the most probable value, mean value, and 99" percentile value
of the Landau distribution of the charge induced on a single strip are found to be 4 fC, 11 fC, and
115 {C, respectively. Measurements with a more economical readout structure with 128 zigzag strips
per n-sector instead of the 384 strips per 7-sector in the GE1/1 are also analyzed. When equipping the
same GE1/1 chamber with a readout board that features such zigzag strips and operating the chamber
in the same way as before, the corresponding measured values for most probable and mean values are
7 £C and 16 fC, respectively.
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Emulated VFAT Binary Readout Results
using APV Analog Readout

Detection efficiency using different VFAT thresholds
*VFAT threshold reconstructed using HV Divider Current [A]
. . 660 680 700 720 740 760
the following conversion factors : T

: l PRURTLER ' LR LE E L |
1ADC count = 0.03172 tC
1 VFAT unit = 0.08 {C

2
()

¥

P T T [ )
——

{Sigmoid function
p2
: 1+ exp(p0 * (x + p1))

Efficienc
o ©
© ©

o
~
llllllllllIIIIIIIIIIIIIIIIIIIIIIIJ—

. . 0.6 .
*Efficiency 1s plotted for three VFAT
thresholds IOVFAT, 12VFAT, 15VEAT e
. 0A= /L :
unlts ; .| —®— Eff=97% threshold=0.98fC
7 —— Eff= 97% threshold=0.8{C
Detection Efficiency is 97% P HN S N SN S S
El | [ ] | | G . | | I i e | | ] I o | l | I I T | l | O ] P |
2800 2900 3000 3100 3200 3300 3400
“HVprin
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Resolution of the GLE1/1-III Detector m n-sector 5
with Emulated VFAT Binary Readout

Inclusive Residual Exclusive Residual
number of strips ) ] ] ) number of strips
-4 -3 -2 -1 0 1 2 3 4p T 4| T T T 3| T T T 2| T T T 1| T T IOI T T T 11 T T T T T T |3| T T |4|
> T | T T T T I T T | T T T T I T T T I T T T | T T T T | T T | T T T T | T 5500 [ | I [ | | I I | [
o o residualEta_phi_X_-1858.2_Y_-29.0_angle_-0.000107 c » residualBta’_phi_X_-1856.2_Y_-29.2_angle_0.000107
g 600— Entries 5052 % B Entries 5052
8 — Mean -9.383¢-005 EJ- - Mean -2.1146-005
T 500— RMS 0.0002128 i 400— RMS 0.0002475
— g = 1 23 prad 2/ ndf 4624/ 71 - o= 153 l.lrad 2/ ndf 58.51/77
— . Prob 0.99 L Prob 0.9423
400~ 1n q) Primary Constant 603.5+11.2 300— in q) Primary Constant 4827490
- Primary Mean -0.0001012 + 0.0000019 - Primary Mean -3.158e-005 + 2.356e-006
300 :— Primary Sigma 0.0001228 + 0.0000016 B Primary Sigma 0.0001525 + 0.0000020
— Background Constant 5.897 +1.129 200 _— Background Constant 5.568 + 1.104
2 0 0 - Background Mean 2.421e-005 + 5.654e-005 - Background Mean 9.35¢-005 + 6.11e-005
- Background Sigma 0.0007549 + 0.0001061 : Background Sigma 0.0008229 + 0.0001103
- 100/~
100— -
0: - IR T = | BT O_J_II L | [T R R B TR . S, N R [
-0.002 0 0015 -0.001 -0. 0005 0 0. 0005 0 001 0.0015 0.002 -0.002 -0.0015 -0. 001 -0.0005 O 0.0005 0.001. 0.0015 0.002
Residual in ¢ [rad] Residual in ¢ [rad]

0 = \[OincX Ogxc = 137 purad

(corresponding to o = 233 pm in azimuthal direction)

Expected resolution from the strip pitch: pitch/ V12 =131 prad
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Abstract—Gas Electron Multiplier (GEM) technology is being
considered for the forward muon upgrade of the CMS experiment
in Phase 2 of the CERN LHC. Its first implementation is planned
for the GE1/1 system in the 1.5 <| 7 |< 2.2 region of the muon
endcap mainly to control muon level-1 trigger rates after the
second long LHC shutdown. A GEV/1 triple-GEM detector is
read out by 3,072 radial strips with 455 yrad pitch arranged
in eight 7)-sectors. We assembled a full-size GE1/1 prototype
of 1Im length at Florida Tech and tested it in 20-120 GeV
hadron beams at Fermilab using Ar/CO, 70:30 and the RD51
scalable readout system. Four small GEM detectors with 2-D
readout and an average measured azimuthal resolution of 36 urad
provided precise reference tracks. Construction of this largest
GEM detector built to-date is described. Strip cluster parameters,
detection efficiency, and spatial resolution are studied with
position and high voltage scans. The plateau detection efficiency
is [97.1 £ 0.2 (stat)]%. The azimuthal resolution is found to be
[123.5 = 1.6 (stat)] urad when operating in the center of the
efficiency plateau and using full pulse height information. The
resolution can be slightly improved by ~ 10 yrad when correcting
for the bias due to discrete readout strips. The CMS upgrade
design calls for readout electronics with binary hit output.
When strip clusters are formed correspondingly without charge-
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This report describes both the technical design and the expected performance of the
Phase-Il upgrade, using Gas Electron Multiplier (GEM) detectors, of the first endcap
station of the CMS muon system. The upgrade is targeted for the second long shut-
down of the CERN LHC and is designed to improve the muon trigger and tracking
performance at high luminosity. The GEM detectors will add redundancy to the muon
system in the 1.6 < |5| < 2.2 pseudorapidity region, where the amount of detection
layers is lowest while the background rates are highest and the bending of the muon
trajectories due to the CMS magnetic field is small. GEM detectors have been iden-
tified as a suitable technology to operate in the high radiation environment present in
that region. The first muon endcap station will be instrumented with a double layer
of triple-GEM chambers in the 1.6 < |y| < 2.2 region. The detector front-end elec-
tronics uses the custom designed VFAT3 chip to provide both fast input for the level-1
muon trigger and full granularity information for offline muon reconstruction. This doc-
ument describes the design of detectors, electronics, and services. The expected
performance of the upgraded muon system is discussed in the context of several
benchmark physics channels. The document also presents the plan - including the
project schedule, cost, and organization - for the detector construction, testing, and
integration into the CMS detector.
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Current Updates on the GEM Upgrade Project

* The beam test at FNAL was successful as the performance of the GE1/1 detector meets the
expectation for this upgrade

* These results are contributed towards the GEM Technical Design Report
https:/ /cds.cern.ch/record/ 2021453/

* With extensive R & D, GEM endcap has been approved and will be install in the forward muon
endcap region in 2019

* Total 160 1-m long detectors are being constructed and commissioned at CERN and five
external sites. Florida Tech 1s one of them

* Standard and stringent quality control protocols are created to ensure the successful production
run at all commissioning sites

¢ AtFlorida Tech, we have implemented all quality control steps and successful built the first
GE1/1 mass production module GE1/1-X-S-FIT001
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Part 11
CMS Physics Analyses

Cross Section Measurement of Z Boson
and
Search for the SM Higgs Boson Decay in
H - 11 - uu Channel
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Standard Model (SM) and Higes Boson

Electro-weak

symmetry  * Higgs Boson predicted by standard

: - force breaking
everydlmaﬁer 2 exotic matter 3 N partiCIes (maSS g“”ng) mOdel
- - Ve Ve e Scalar Particle, my = 125 GeV, Spin =0
pn (7 ~ W
(0)) 4 PYVIN > 2/3 127G 1712G a
m °,o «— charge o .
3 2 u Al C §i E:%Efg;wgorm 2 L * In SM, particle acquire masses
48 )" — : through their interaction with Higgs
x 4.8M 104M :
iﬂ/ down strange bottom g. g
LA g .
= (| N (= N [ { * W and Z Boson acquire masses
> -
52 e y U \tau i through e.lectroweak symmetry
k- Bl e “ ] breaking in gauge theory
cD o <22 <0.17M §
T 5 / V. g . .
S0 | [ e (b i} All fermions gain the mass through
92) .
= — - : Yukawa coupling
12 fermions 5 bosons
(+12 anti-matter) (+1 opposite charged W)
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Higgs: Production and Decay Modes

Production Modes Decay Modes
g 1:_|| TT | ||||||||||||||||||||||||||||||||||| I_: g
&:“ ; bb f§
€ fww —— 3
_________ 10199 8
© = -
H , @ :
Gluon-Gluon Fusion [ cc -
(GGF, ggH) 102 “ E
E YY :
10_3N
VeCtor Boson FuSion 10 _I I!.I,l!l.‘ll 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111
120 121 122 123 124 125 126 127 128 129 130
(VBE, qqH) M, [GeV]
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Higgs: Production and Decay Modes

Production Modes Decay Modes

g 1:_|| T || ||||||||||||||||||||||||||||||||||| I_: g
&:‘S ; bb f§
(@) B &
s tw |
_________ S 1 ai 08 |3

H ] c

Gluon-Gluon Fusion c
(GGF, ggH)

VeCtor Boson FuSion 10-4 _I I!.I,l!l.‘ll 1111 | 1111 | 1111 | 111 k\l 11 | 1111 | 1111 | 1111 | 111 I_
120 121 122 123 124 125\126 127 128 129 130

(VBE, qqH) \ M, [GeV]

Will be focusing on the TT decay mode
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Overview: H — TT Decay Mode

* T leptons decay hadronically and ¢ Tau decay modes with BR
leptonically

* Promising channel to study Decay Mode | BR in [%]
Yukawa couplings to leptons
. : ThadThad 42
— Highest eventyield among the
leptonic channels TuThad 23
— Lawer background compared to ToThad 23
bb decays
C. : Telp 6
* 'T'his dissertation focuses on the . ;
leptonic channel where a pair of ete
tau leptons decays into a pair of T,T, 3
HIUOTS * Challenges:

Small BR + Z — pu background
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Cross Section Measurement of Z = 1T

using GMS Run 11 2015 Data
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Motvation

* Z — 17 15 a standard candle for tau physics and dominating backgroundin H —
TT analysis

* Main focus 1s to validate the analysis techniquesused in H — 77 analysis
* Also these both analyses have similar background model

* Z /y" = pp is dominating and challenging background for Z — 17 - uu
channel. Hence, its very crucial to reduce this background to increase the
sensitivity of the signal

* Boosted Decision Tree (BD'T), a multivariate method 1s used for the background
reduction

* For final cross section measurements, di-tau mass variable 1s used to extract the

signal by performing the likelihood method

11/29/17 Dissertation Defense- Vallary Bhopatkar at Florida Tech



Cross Section Measurements

Overview Base Selection
e s=13TeV, [ Ldt = 2.3 b, 25ns bunch * 'Two muons with opposite charges

crossing

* pr> 10 GeV and |n| <2.4 with leading muon
* Single Muon Dataset 1s used (2015 RunD) pr>19 GeV

with single muon trigger HLT_IsoMul8_v2 . _ . o
* Medium Muon Identification criteria with

* QCD multjet events derived using data corrected relative isolation <0.15

* Simulated MC samples: * m; (Invariant mass of the dimuon system) <
* Signal: Drell-Yan samples with forced Z — 17 > 80 GeV

Uy events
 Background, Drell-Yan Z / y™* = uu * BDT (trained to separate Z — 77 — puu from
* Electroweak background: diboson, single top and ~ Z/y™* = uu) > 0.5

WHjets

o tt
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Signal Extraction Method

* Di-tau mass (m,,) 1s reconstructed using Secondary Vertex Fit (SVFit)
— It 15 a likelihood-based estimation of the parent boson mass

— Inputs used for the calculations are: MET, MET uncertainties and four-
vectors of the muon candidate

* Signal 1s extracted using 1-dimensional distribution of reconstructed SVFit mass
mTT

* Maximum likelihood fit 1s performed to obtain event yield for cross section
measurements
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Sional Extraction

Post Fit inclusive SVFit Mass Plot Corrections applied to MC

CMS Preliminary 2.3 fb™ (13 TeV) * PileUp reweighting

= = Observed : :

i - T,.T, é Opserved _ Signal * Lepton ID/isolation scale factors

< 4 Zy* — B ¥

= 10t = ¢ 'Trigger scale factors

= - B pomioweak|>—Backgrounds * Top quark pT reweighting

s ° = B S H(120 Gev) ) * B-tag scale factors

i Jo2L e 7Z.-recoil correction

* DY pL, mass reweighting

10 Process unar
- Z/y =T 2067 + 34
: ' : Multijet 710 £ 110
- g 156 . PostFit event fg/ T T HE ?g;g i %0
o] "EI_)_-; 1:__._..-._._._—‘—.._.“-.-.—_.M.+ .................... .
S|l& ost 7] ylelds Electroweak 293 =+ 30
B0 100 150 200 250 SM H 18 + 4
m,_. [GeV] Total expected background | 10270 £ 120
. . o Total SM expectation 12340 4+ 120
With maximum likelihood fit Observed data 12327
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Cross Section Extraction

* . * 1 Ng,lg (1 _fout)
o(pp > Z/y" tjets) X B(Z/y" - t1) = - — —

. Nf i’g Number of signal events passing selection criteria post fit
L Integrated luminosity
* four Mass window correction for events outside 60 < mfren< 120 GeV

* Bt Branchingfraction
- A Acceptance
° £ Efficiency

TyTy Channel
1.967 £ 0.121 (stat.) £ 0.092 (syst.) £ 0.037 (lumi)nb
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CMS PAPER HIG-15-007

DRAFT
CMS Paper

The content of this note is intended for CMS internal use and distribution only

2017/11/21

Head Id: 435478
Archive Id: 435480P
Archive Date:2017/11/21
Archive Tag: trunk

Measurement of the Z/v* — TT cross section in
proton-proton collisions at 1/s = 13 TeV and validation of
analysis techniques relevant for studies of T lepton
production

The CMS Collaboration

Abstract

We present a measurement of the Z/v* — 7T cross section in proton-proton col-
lisions at 1/s = 13 TeV, using data recorded by the CMS experiment at the LHC,
corresponding to an integrated luminosity of 2.3 fb . The product of the cross sec-
tion and branching fraction is measured to be o(pp — Z/7*+X) x B(Z/y* — 11) =
1848 + 12 (stat.) £ 67 (syst.+lumi.) pb, in agreement with the standard model expec-
tation, computed at next-to-next-to-leading order accuracy in perturbative quantum
chromodynamics. The measurement is used to validate new analysis techniques, rel-
evant for future analyses of T lepton production. As a byproduct of the measurement,
the reconstruction efficiency and energy scale for T decays to hadron+v; final states
are determined with respective relative uncertainties of 2.2% and 0.9%.

CMS Preliminary 2.3 fb' (13 TeV)
|—|—0—|—| Z/y* — vt (combined)
CMS:HIG 15;007 PAS :
e TeTh
|—|—0+-—| Ty
: —e : : Thth
|_|_ib_|_| ’l:e‘liM

My Contripution > o—H W

—e— Z/y* —

1.5 2 2.5
o(pp—Z/y *+jets) x B(Z/y*—trt) [nb]

Combined: 1.848 £ 0.012(Stat.) = 0.057(syst.) = 0.034(lumi.)nb
NNLO theory prediction: 1.845+201%cale) £ 0.033(PDF)nb

* Final paper reading in Collaboration is scheduled on pp = Z/y* - ee/pp: 1.870 £ 0.002 (stat.) + 0.035 (syst.) £ 0.051 (lumi)nk

December 12
* After reading will be submitted to EPJC

Combined value shows good agreement with NNLO theory prediction
and Z/y* - ee/upu measurement (based on the same data set)
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Search for SM Higgs Boson decay 1n
H - 17 - uu
using GMS Run 11 2016 Data
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Run I and Run II Overview

Run I (Results with all six decay modes)

CMS, 4.9 fb™ at 7 TeV, 19.7 b at 8 TeV

“ee
0.05+1.60

i
-0.54+1.38

en
0.90+1.03
ThTh
1.31£0.63
et,
0.31+0.55
wr,
1.01£0.41

II+LL' + I+ Lz,
-0.33+1.02

. : m,, = 125 GeV

I o———

: H-tt
’: 0.78+0.27
L

0 2 4

Best fitu

CMS H—1r, 4.9 fb! at7TeV 197fb at8TeV

o 1 T T |
_§ 107 E-_\\ 10
T‘;-w'2 20
T \ / i
=40 . \\\ \\/d 9o
10° E j
10° —e— Observed p-value
1 0'6 ........ Expected for SM H(m )
107 E %
108 —— = —— 240
my [GeV]

¢ CMS obtained evidence at 3.20 with signal strength
g =0.781% 0.27 [JHEP 05(2014) 104]

o CMS + ATLAS combined results shows evidence at 5.5¢ ¢ Submitted to Phys. Lett. B (CMS-HIG-16-043;

[JHEP 08 (2016) 045]

11/29/17

Run II (Results with T, Tp, T,Th, TeTh, TeTy)

35.9 fo™ (13 TeV)
—

35.9 fo' (13TeV)

| CMS

+0.40
n= ‘36 0.35

|
p-value

Local
o
n
|
m
x
©
D
Q
D
o
|

mh
e 38
e,

h=058 055 ]
e

n=0.68 *0.£9

Combined

+0.27
u=1.09 * 0.26

110 115 120 125 130 135 140 145
my (GeV)

L Lo
> 3 105

Best fit u = G/GSM

* GMS observed evidence at 4.70, with signal strength
relative to SM 1 = 1.0979-57

CERN-EP-2017-181)
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SM H - 7T > pp Analysis
With
Run II 2016 Data
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Event Selection

* Bunch crossing 25ns

Run II full 2016 dataset RunB-H
Vs =13 TeV, [ Ldt = 35.9 {b!

Single Muon Data used with HLT

single muon trigger HLT_IsoMu24 V

d,, < 0.045cm

d, <0.2cm

* AR(p*,p) = 0.5
* AR rellso <0.15

11/29/17

Channel Specific Selection
* 'Iwo muons with opposite charges

pr> 10GeV and |n| < 2.4

Leading muon pr > 25 GeV and

match HI'1' muon objects with
AR <0.5

Must satisty medium Particle Flow
(PF) muon 1dentification criteria
for ssmulated events and for data

from Run G-H
Special 2016 (ICHEP) medium PF

criteria for data from Run B-F

Visible mass m...>20 GeV

VIS
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Events

obs/exp

10"

107

Event Categorization

35.87 b (13 TeV) Three event categories based on the jet
Private Work multiplicity are considered for signal

-@- Data

@z extraction:

O
B weets Backgrounds 0-jet Targets the gluon-gluon fusion

production (ggH) (0 jet multiplicity)

[ electroweak

[Jaco

— ggH
— qqH

Signal
* Boosted Targeting ggH events with the
Higgs recoiling against an additional jet

and qqH events that fail the di-jet cut

(jet multiplicity is | or 22 with di-jet

mass m;<300 GeV)

* VBF 'Targets the vector boson fusion

jet multiplicity

8 10 (qqH) via di-jet cut (jet multiplicity 1s
exactly 2 with di-jet mass m;>300 GeV)
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Data/MC Corrections and Event Weights

Generator event weights applied to all MC samples on the event-by-event basis.
Pile-Up (PU) reweighting applied to all MC samples (minimum bias xsec 69.2 mb).

Lepton ID/Iso scale factors obtained using “l'ag and Probe” method using
Z — ppu MC samples and applied to all simulated events.

Trigger Efficiency applied to all MC events.

DY reweighting cvaluated separately for each jet category in bins of dimuon p, 1,
and mass and applied only to the DY events with mass > 50 GeV.

Recolil corrections applied to DY, W+jets, and Higgs MC samples
Top pr reweighting applied to tt events.
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Events / 10 GeV

obs/exp
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10°
10°
107
10°
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Kinematic Plots for VBF Category
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—qqH
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200
leading muon P, [GeV]

up 35.87 fb" (13 TeV)
> AL L AL L L L
@ 1 CMS
10"
O Private Work
© 10 --Data
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_.g 108 Ez_—> T
7 tt
<]>J 10 EW+Jets
L 108 [l electroweak
5 [JacbD
10 —ggH
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10°
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o
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o i
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Events

obs/exp

10'°
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108
107
10°

0.5

Kinematic Plots for VBF Category
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leading muon

Events
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Discriminating Variable Plots for VBE Category
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Boosted Decision 1rees

Ending nodes are
called leaves

Tree 1s formed

through this
For each branch will process
repeat the step and
form further two
branches Go through all input

variable and find the
best variable and
value to plot the
cvent
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Boosted Decision Irees (BD'1)

* BD'Is are trained and evaluated independently for each jet category using Higgs
signal samples ggH ( 0-jets and boosted category), qqH (VBF category) and
Z — pu and Z — 1T background samples.

* The variables used in the BD'I' training are:

— Idimuon 1'he pseudo-rapidity of the dimuon system.

pr(2p)/ [pr(p*)+pr(p’)] The ratio of the transverse momentum of the
dimuon system to the scalar sum of the transverse momenta of the positive
and the negative muon.

E7'"® The missing transverse energy of the system.

AP (ut, pT°>°) The azimuthal angle between the positive muon transverse
momentum and the missing transverse momentum.

cos(07) The polar angle of the p* in the rest frame of the dimuon system
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BD'1 continued ..

— D¢is defined as the difference of the
projection of the visible transverse
momentum of the T decay products
plus missing transverse momentum
and wvisible transverse momentum of
the T decay products on the ( axis
which 1s the center line between visible
momenta.

- pr*°t(only for boosted category) Total
transverse momentum of the system.
- my; (only for VBF category) Di-jet

Imass

HIG-16-043
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BD'l" Input Varnables tor 0-jet Category

Signal Background
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BD'T" Input Vaniables for Boosted Category
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BD'l" Input Varnables tor VBF Category

CMS _Simulations Private Work CMS _Simulations Private Work CMS Simulations Private Work CMS Simulations Private Work
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BD'I" Response tor Fach Gategory (M VA

0-Jet boosted VBF

TMVA response for classifier: BDT TMVA response for classifier: BDT TMVA response for classifier: BDT
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Backeround Estimation

* The dominating background for this
channel 1s DY and this background 1s
estimated using the simulated MC
events after applying all required
corrections.

* The QCD multijet background is
estimated from the same-sign (SS) data
events, and then normalized by
applying the extrapolation factor
derived from the ratio of the opposite-
sign events to same-sign events

11/29/17 Dissertation Defens

* Diboson, Single top, and
W+jets together are referred to as
the “Electroweak” background.
It 1s estimated directly from MC
after applying all the necessary
corrections and reweighting,

e tt background is estimated from
the MC events after applying the
top pr reweighting

* Events yield for respective
backgrounds are derived from the
prefitplots.
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Events

obs/exp

BD'l" Response for Each Category

0-Jet
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: ————T——
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1
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1
1.5F ! '
0.5k e
-1 -0.5 0 0.5
BDT response for Ojets category
°
upperlimit on W= o/agy
)

Events
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10'2
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102

boosted
up 35.87 tb” (13 TeV)
. T T T T T T T ems.
5;: IL Private Work
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1

—qqH

0.5&

0.4 -0.2 0 0.2
BDT response for boosted category

Events

obs/exp

VBF

0 uu 35.87 b (13 TeV)
10 o S CcMS
108 5§: 'L Private Work
Ott 1
107 [ W+Jets 1
I k
10°F Qoco BDT>0.92
—ggH
10° —qqH

10*

-0.5 0 0.5 1
BDT response for vbf category

BD'T cuts are optimized by maximizing the sensitivity for signal and minimizing the

For SVFit calculation a loose cut on the BDT is applied
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Signal Extraction Method

H - 1T 13 TeV * Di-tau mass (m,,) 1s reconstructed using
» 0.18F 1 .
2 - CMS Simulation “m,, Secondary Vertex Fit (SVFit)
; 0.16 Preliminary m — It is a likelihood-based estimation of
© 0.14f the parent boson mass
E 0.121- — Inputs used for the calculations are:
0.1~ MET, MET uncertainties and four-
0.08f- vectors of the muon candidate
0'06;_ * Signal 1s extracted using 2-dimensional
0.04r distribution in the plane of
0.02f reconstructed SVFit mass m_, and
A=l Lol . T Q7
% 50 100 150 200 250 visible mass my,

H—tt mass distribution (GeV)
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100

150 200

m,,, [GeV] for bdt_0jets>0.27
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2-D Mass distribution (0-jet)

After applying all selections

CMS Simulations Private Work 13TeV CMS Simulations Private Work 13TeV ‘ CMS Simulations Private Work 13TeV
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2-D Mass distribution (boosted)

After applying all selections
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2-D Mass distribution (VBF)

After applying all selections
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Uncertainty Model

Normalization Uncertainties Shape Uncertainties
* Luminosity 2.6% * Muon momentum scale 1%
(conservative)

* Identification/Isolation Efficiencies o
2% for each muon * lop prreweighting

* Background (Systematic uncertainties DY reweighting

on the sideband) e b-tag efficiency

* QCD multjets 20%

. t7 79 * Jet Energy Scale (JES)

* Electroweak 15% * Missing Iransverse Energy response

These uncertainties are used as nuisance parameters in likelihood function. The
expected and observed limits are extracted by maximizing the likelihood function for
each bin of the unrolled mass.
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Likelihood Function

* nis observed number of events, b 1s expected number of events

* N s total number of bins

. p(éj |6.) is PDF for nuisance parameter 6, where éj 1s consider the default value of the
parameter and reflects the degree of belief on what the real value of parameter 6
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toys

(Goodness of Fit
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toys

Using 1000 toy runs
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refit and Postfit Plots for O-jet Category

Prefit

Postfit
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Prefit and Postfit Plots for Boosted Category
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Prefit and Postfit Plots for VBI Category
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Posthit Plots

* The eventyield in the H — 77 signal and respective background eventsin this
channel in the data corresponding to the integrated luminosity 35.9 {b-!

Prefit Postfit

Process 0-jet boosted VBF Process 0-jet boosted VBF
Z—TT 20502 £ 156 | 2585 & 37 | 171 + 12 Z —TT 20851 + 144 | 2585 £ 51 | 167 £ 13
7 — [ 288856 £ 928 | 2027 £ 37 | 155 £ 11 Z — pp 283967 £ 533 | 2044 £ 45 | 134 £ 12
Multijet 1900 £ 150 | 182 +36 | 22410 Multijet 1973 £ 45 194+ 14| 265
tt H1+£7 1266 23| 60=£5 tt 110 £ 11 | 1248+ 35| 59+ 8
Electroweak 560 £ 7 240 £ 7 | 16 2 Electroweak 550 + 23 229 £ 15| 16 =4
Total Expected Background | 312495 £ 561 | 6336 &+ 80 | 425 £+ 21 Total Background | 308032 £ 555 | 6332 & 80 | 402 £ 20
Signal H — 77 86 + 3 +2 | 6+£0 Signal H — 77 86 + 3 28 & 2 6+0
Data 308013 6 342 405 Data 308013 6 342 405
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Fitted Signal Strength and Limits

Slgn al Strength Cate gory Best Fit Post fit deviation from SM
relative to SM 0-jet 12.1£13.0 0.90 T
boosted -2.312.8 0.80
VBF 0.4+1.9 0.20 ™
Combination -1.0£1.7 0.60
Upper 95% CL limits on the signal strength i1n mumu channel

Category -20 -lo exp. +1lo +20 | obs.
0-jet 12.7 17.0 23.8 33.6 45.8 34.9
boosted 2.8 3.8 5.3 7.4 10.0 4.0
VBF 2.1 2.8 4.0 5.7 8.0 4.2
Combination 1.7 2.3 3.2 4.6 6.2 2.7
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Limit Plots

Run I (7,7, Channel) Run II (7,7, Channel)
2016, 35.9 ft?" (13 TeV)

CMS Preliminary, H-tt, 4.9 fb" at 7 TeV, 19.7 fb"' at 8 TeV
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=0 N » O O
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Summary

* Successfully implemented Single BD'T method to suppress the DY dominating
background 1n each event category.

* The signal strength in H = 77 = pp channel relative to SM 1is

fi=0/0gy=—1.00 + 1.7 (Run II)

* The expected and observed 95% CL limits on signal strength in the combination category are

3.2 (Exp.) and 2.7(Obs.)

Thanks!!!!
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Publications

*Direct Contributions:

* CMS Collaboration, “Validation of analysis techniques relevant for studies of 7 lepton

production and application to measurement of the Z/y*->7TT cross section in pp collisions at
VS = 13 TeV*” CMS PAS HIG-15-007 (submitting soon to EPJC)

* Bhopatkar, V., et al. “Measurement of the charge induced on the readout strips of a GE1/1
detector prototype for the CMS muon endcap GEM upgrade®, CMS IN-2017/001,
http:/ /cms.cern.ch/iCMS /user/noteinfo?cmsnoteid=CMS % 20IN-2017/001

* CMS Collaboration, “CMS Technical Design Report for the Muon Endcap GEM Upgrade,”
CERN-LHCC-2015-012/CMS-TDR-013

e Zhang, A., et al. “Performance of a Large-Area GEM detector Read Out with Radial Zigzag Strips”, Nuclear
Instruments and Methods in Physics A, 811(2016) pp. 30-41 http://dx.doi.org/10.1016/1.nima.2015.11.157

* Bhopatkar, V., on behalf of CMS GEM collaboration, “Performance of a Large-Area GEM
Detector Prototype for the Upgrade of the CMS Muon Endcap System”, Proc. 2014 IEEE
Nucl. Sci. Symposium, Seattle, WA IEEE, 8-15 Nov. 2014,
http:/ /dx.doi.org/10.1109/NSSMIC.2014.7431249

*Indirect Contribution

e Zhang, A, et al. “R&D on GEM Detectors for Forward Tracking at a Future Electron-Ion Collider”, Proc.
2015 IEEE Nuclear Sci. Symposium, San Diego, CA, 310ct-7Nov. 2015,
http://dx.doi.org/10.1109/NSSMIC.2015.7581965

e All other CMS publications
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Conferences

Oral Presentations:

*APS DPF meeting 2017, Fermilab, Batava, IL, USA, “Search for SM Higgs Boson in the
H—tautau—mumu decay mode with the CMS experimentat 13TeV”

*[EEE Nuclear Science Symposium and Medical Imaging Conference (NSS/MIC) 2014 IEEE, Seattle, WA,
USA 8-15 Nov 2014, “Performance of a large-area GEM detector prototype for the upgrade of the
CMS muon endcap system”

*April Meeting of the American Physical Society APS2014, Savannah, GA, USA 5-8 Apr 2014, “Beam test of
a large-area GEM detector prototype for the upgrade of the CMS muon endcap system”

78" Annual Meeting of Florida Academy of Sciences(FAS) at Indian River State College, FIL, FAS2014,

“Construction and beam test of a full-size GE1/1 gas electron multiplier (GEM) prototype
detector for the CMS muon detector upgrade”(Outstanding Graduate Student Oral Presentation)

77" Annual Meeting of Florida Academy of Sciences at Barry Uniwversity, Miami, FL USA FAS2013, “Gain

Measurements of the triple gas electron multiplier (GEM) detector with zigzag readout strips”
(Outstanding Graduate Student Oral Presentation )
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Conferences

Poster Presentation:

38" International Conference on High Energy Physics 3-10 August 2016, Chicago, IL, USA “Search for a
neutral MSSM Higgs Boson decaying into a Pair of Tau Leptons at 13 TeV with the CMS
Experiment” (received ICHEP 2016 travel grant award)

*CMS Week Dec 2014, Miami, FL, USA, “Performance of a GE1/1-1II Prototype GEM Detector for
the Upgrade of the CMS Muon Endcap System”

*CMS Upgrade Week CMSUP2014, Karlsruhe, DE, “Beam Test of a large-area GEM detector
prototype for the upgrade of the CMS muon endcap system”
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ompact Muon Solenoid (GMS) Experiment

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
7 Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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Compact Muon Solenoid (CMS) Experiment

CMS DETECTOR 4 STEEL RETURN YOKE
Total weight 14,000 tonnes — — _— 125,000 tonnes

Overall diameter 15m S

Overall length 28.7 m
Magnetic field 3.8T
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Ethciency Measurements

*Studied the hit distribution, charge distribution and cluster size for HV scan and
Position scan

*Evaluates the etficiency from cluster multiplicity(CM)

N1
(N — N2)

Efficiency =

Where, N1: No. of events with CM 21 for given sector
N: Total no. of events

N2: sum of the no. of events with CM=1 for other sectors
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GLEL/1 Tracking Analysis

*I'racking is done in three steps:

*Step I - Alignment: By iterating the shift parameters in X and Y, we center all detector residuals
on zero and then with respect to the first reference tracker, we rotate the remaining three trackers
until the residual widths are minimized

*Step II - Conversion from (x,y) to (r,¢) coordinate system: Since we are dealing with radial readout
strips in the GE1/1, it 1s more appropriate to use (1,¢p) coordinates for tracking.

r=Jx2+ y%2  @=atan (y/x)
*Step 111 - Calculate final residuals (inclusive and exclusive)

*We measure both exclusive and inclusive residuals for GE1/1 detector and then calculated the
resolution (Geometric mean of inclusive and exclusive residual) o= \/(J_incxa_exc )
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Iracking results

Beam profiles with first tracker

REF1 Hit Map
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Non-Linear Strip Response Correction

The resolution of the same detector with a zigzag-strip readout board can be improved by ~30%
Hence, we implemented the same correction to find the corresponding improvement in the resolution of
the standard GE1/1 detector discuss here

n _4qiSi

Strip cluster position 1s reconstructed via cluster barycenter (centroid): S, = 2.;24 P where q; is charge
total

of the i strip, s; is strip number; and q;,.4; is total cluster charge

For cluster size N > 1, we define nn = s, = Spax » Where s, 1s the strip with maximum charge value. Then
we plot exclusive residuals against nyfor N =2 and N = 3

Corrected resolution 1s obtained by subtracting the exclusive residual means as function of nyfrom the
original residuals

Scatter Plots of Exclusive Residual vs. ny using combined HV scan data

residual_eta residual_eta
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Non-Linear Strip Response Correction

FOI' N= 2 and N =3 Em::idua‘ ei:mo resk?ual eta_after
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Overall resolution is improved by < 8% after correcting the non-linear strip response
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CMS Simulation
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BD'l" Input Vanable for Z Cross Section Measurements
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BD'T Distmbution for Z Cross Secton Measurements

TMVA response for classifier: BDT
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Impact Parameter Plots for VBF Category
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Kinematic and Impact Parameter Plots for O-jet Category
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Discriminating Variable Plots for

0-jet Category
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Discriminating Variable Plots for Boosted Category
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Overtraimning check

0-Jet boosted VBF

TMVA overtraining check for classifier: BDT

TMVA overtraining check for classifier: BDT

TMVA overtraining check for classifier: BDT

B HI signal (testsample) ' | | ® Signal (training sample) - 3 24 7] sighal (test fample) | | | s Signal (training sample)l = 3 [I07] Signal (testsample) | | | « Sighal (traihing sample) | |
S /) Background (test sample) ® Background (training sample) > 22 + ] Background (test sample) | | * Background (training sample)—| = 10 ') Background (test sample) | | * Background (training sample) |
2 7 EKoImogorov-Smlrnovtest: signal (background) probability = 0.122 (0.392) ] ; 20 EKolmogorov-Smirnov test: signal (background) probability = 0.212 (0.063) — % ;Kolmogorov-Smirnov test: signal (background) probability = 0.019 (0.186) B
< e = 18p T 8p 7

= 16 | " .

= L c 2 % 2

F s e S 6 g

= s 12 ; 77; e

= 2 10 2 2 S

- S = 2 £

3E = = s ‘7 =

C S E b= | =)

21— & 6 — = o @

- ¢ sE ) 2p o

S 13 e g g

» ok U G AL G i h el il il alroti gt atai ol gl aioit ool St O B 5 0_ ™ . =}

0.8 -0.6 -0.4 -0.2 0 0.2 0.7 06 05 _0.4 03 02 0.1 0 1 0.8 06 -0.4 -0.2 0 02 04 06 038

BDT response

BDT response BDT response

11/29/17 Dissertation Defense- Vallary Bhopatkar at Florida Tech




Background rejection versus Signal efficiency
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