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¥¢ Introduction
% LHC & CMS detector

% Future Circular Collider (FCC)

%% Thesis work (Panjab University, India with Prof. Suman Bala Beri & Dr. Sunil
Bansal):
v¢ Gas Electron Multiplier detector: Assembly & testing of GEM detector

v¢ Physics analysis: cross section measurement of Z + b-jets process
Y Summary
% Post-doctorat work (IPHC: Dr. Jeremy Andrea & Dr. Ziad El Bitar):
» Part-1: Search for displaced top quark from a new massive particle decay in the tracker
of CMS (Ongoing)
» Part-ll: Dedicated to Future Circular Collider (Next year)
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Introduction

Y¢ SM is most successful theory to describe

cMS,/|

fundamental particles & their interactions The known world of The hypothetical world of

verified by various experiments Standard Model particles
Y¢ SM limitation:
» Gravitational force dj sj b o

» Neutrinos are considered massless but

Yo
conflict with experiment observation )

3

SUSY particles

o A
. PO @
» Dark matter/energy, matter-antimatter SANTS
asymmetry quarks squarls
. . ® leptons @ sleptons
» Why 3 particle generations & much e
@ force carriers ® SUSY force carriers

difference in masses of particles among
different generations

Standard Model particles

Y Various beyond Standard Model (BSM) scenarios developed, like Supersymmetry, which

need to be verified experimentally

% LHC experiments have been built to test predictions of SM & BSM searches

v¢ Thesis analysis work was based on one of SM measurements using data collected by

Compact Muon Solenoid (CMS) experiment at LHC
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CMS

Large Hadron Collider (LHC)

v¢ World's largest & highest energy particle accelerator (~ 50-175m deep & 27 km
circumference)

Y Designed to produced pp collision at center-of-mass energy (1/s) = 14 TeV & instantaneous
Luminosity (£) = 103*cm—2s~!

v¢ LHC also offer Heavy-ion collisions

%¢ Thesis work: analysis of data collected during 2016-2018 with total 137 fb—! recorded
integrated luminosity at 13 TeV

e cMs 7Tev CMS Integrated Luminosity Delivered, pp
@7 k) " LHCD @I LHC Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
SPS
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LHC injection series Delivered integrated luminosity
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Compact Muon Solenoid (CMS) detector

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
Overalllength ~ :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

PRESHOWER

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

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Meena
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CMS

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

Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels
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CMS /|
Particle detection in CMS detector

@ Identified by using kinematics properties & reconstructed by combining the
information from all subdetector

Silicon
Tracker
Electromagnetic
Calorimeter
Hadren ) )
Calorimeter Superconducting A 4
Solenoid Iron return yoke interspersed
with muen chambers
Muon Electron Charged hadron (e.g. pion)
——=-Neutral hadron (e.g. neutron) -----. Photon
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Future Circular Collider (FCC)

sEEEn,
% ",

.
"

Future Circular Collider +
Circumference: 80 -100 km *
Energy: 100 TeV (pp) »
>350GeV (ee) &
D)
L]
Large Hardon Collider :
Circumference: 27 km "
Energy: 14 TeV (pp) .
209 GeV (e*e) 1)
.
.

Tevatron (closed)
Circumference: 6.2km
Energy: 2TeV

*
P

-
N
"saman®

o From 2021 to 2027: feasibility study — technical & financial viability

after middle 2030s

If all ok, next steps towards final approval of this project & start of construction

First step of operations is begnning of FCC-e~e™ collider around 2045

CMS /|

@ Then FCC-hh in the same tunnel would extend research programme from the 2070s

to the end of the century

to physics beyond the SM

November 10, 2023

Would provide unprecedented precision measurements & potentially point the way
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CMS: Hardware

Thesis Part-|

IPHC Physics Seminar
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Meena

Gas Electron multiplier (GEM): Introduction

GEM is a gaseous detector that makes use of
electron multiplication to create a detectable
analog signal

CMS triple GEM detectors are made up of a
gas volume holding a stack of 3 large-area
GEM foils, embedded between a drift cathode
& a Printed Circuit Board readout or anode.

GEM foils are made by 50 um thick Kapton
coated with a copper layer of 5 um on each
side that has array of holes (140 um pitch)

It has gas gap configuration of 3/1/2/1 mm
(drift/transferl/transfer2 /induction)

High voltage applied across foil, avalanche of
electrons created through holes & drift toward
readout board where signal is registered by
readout strips

IPHC Physics Seminar
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Drift cathode

Drift

GEM essssssssssssnss
Transfer 1

GEM ueeseeeeeeeeemnn
Transfer 2

GEM 3ummsmsusssnnnnnn
1 Induction

Readout PCB /T~ === .=

Amplifier
Sketch of a Triple-GEM chamber

704m

140 ym

50 m

Scanning Electron Microscope
picture of a GEM foil

November 10, 2023
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CMS GEM: Motivation |

n o0t 02 03 04 05 08 o7 08 09 10 1

“¢ Installed in 1st station/lst ring € 843 786 730 6.7 625 575 528" 484 443 404 88" n e
(GE1/1) of Muon Endcap covering
1.6 < |n| < 2.2 to restore
redundancy in muon system for
robust tracking & triggering during
HL-LHC (2026-2038)

v¢ Time resolution ~ 8ns & position
resolution ~260 um (at R=2m) &
~340 pm (at Rmax=2.6 m)

% Single GEM chamber efficiency >
97% (> 99.9% for Superchamber—a

pair of triple-GEM) ’
Position of GEM in CMS at CERN

2% Improve L1 & HLT muon momentum resolution to reduce or maintain global muon trigger
rate

Other proposed muon station upgrade in endcap: 2" & 3™ station of GEM (GE2/1
& MEQ), 3" (RE3/1), & 4*™™ (RE4/1) stations of improved RPC (iRPC) detectors
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cms, |

CMS GE1/1 upgrade project

% Each Superchamber covers 10°
Y% 144 single chamber for both endcape — 36 Superchambers (72 single chamber) in

one endcap
% Long (1.55 < |n| < 2.18) & short (1.61 < |n| < 2.18) version

Installation in LS2

Indian contribution:

Y Assembly & characterization of 20 GE1/1 detectors (8 by Panjab University)
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Workflow for GE1/1 production chamber :

@ Assembly — QC tests — Installation

Pre-assembly test on GE1/1
chambers components

QC2: High voltage test on
the GEM Foils/Gap before,
during & after assembly

QC3: Gas Leak Tightness

QC4: I-V linearity+
Intrinsic Noise Rate

QC5: Gain uniformity test

QC6: High-voltage stability

QCT7: Electronics connectivity test

QC8: Cosmic ray data taking

v' Assembled & performed quality control
tests up to QC4 of 8 production
chambers at Panjab university (PU) site
& QC5 at Delhi University

v QCT7 test performed at CERN
v' Superchamber assembly at CERN

Two well established labs set-up in Department
of physics,PU

v¢ One for pre-assembly & QC testing of
GE1/1 detector

2% Class 100 clean room for final assembly of
GE1/1 detector

| Next slides — Assembly & QC tests

IPHC Physics Seminar November 10, 2023 12 /57



CMS

Pre-assembly of GE1/1 production chamber at PU

Preparing drift Board: Left: Soldering of the HV pins, Middle: Soldering of the SMD components, Right:

Mounting of the pull-outs . .
Drift & Readout board are cleaned using a vacuum cleaner

All screws & pull-outs are cleaned with an ultrasonic bath to
remove any dust

Drift board: include placing high voltage pins, mounting resistor &
capacitor, pull-outs (top figs)

Readout board: includes mounting of brass inserts in lateral flanges,
threading of gas holes, & gluing of gas connectors (bottom fig)

Fixing gas connector
onto readout board

IPHC Physics Seminar November 10, 2023 13/57



cMS,/|

Assembly GE1/1 production chamber in clean room at PU

Left: Cleaning of GEM foil, Middle: Placing internal frame after testing, Right: Assembled GEM stack

v¢ First placed cleaned plexiglass then 3 mm cleaned spacer, then GEM1 foil, 1 mm spacer
(middle fig)

v Then in similar way GEM2 foil, 2 mm spacer, GEM foil3, 1 mm spacer are placed to form
GEM foil stack (

f

Left: Finalizing stretching of stack, Right: Final assembled detector testing induction gap

Y Placed GEM foil stack on drift board (left fig) & readout board is placed on top — QC2
test again performed on GEM foils & all gaps

Meena IPHC Physics Seminar November 10, 2023 14 /57



CMS
QC3 - Gas Leak test of GE1/1 production chamber at PU

QC3 - Gas Leak test: to check gas leak of detector by monitoring drop of internal

|

over-pressure as a function of time \ GRSty

Atmospheric
Prassurs ndicator *—> O <>cpu
Ao

Amblent
Dt incicator <

Pressure
indicator

Gas IN

Vaive Input vaive

regulator o meter

Possible leak

Gas IN for calibration Gas OUT
Fressure ! Input vaive Output valve Flow meter
regulator .

owmetr Possii esk Front view Back view
QC3 gas leak test experimental setup of QC3 Gas Leak test stand at PU
» Detector is filled with CO, & Internal F
& GE1/1 Producton Chambers
over-pressure is set to ~ 25 hPa T OT oy Coniar 063 G ek et
2 35 "
» Gas (Gas+Detector) system is validated if: £ .
pressure drop < 1 (7) hPa/h £
= i Se—
[ GETI_X S_INDIA 6007 |
15— e
Result: all detector passed QC3 test % - ol °
sH -
ol T P

0 10 20 30 40 50 60
Time [Minutes]
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CMS
QC4 High Voltage test of GE1/1 production chamber at PU

QC4 High Voltage (HV) test:to study VI characteristic of a GE1/1 detector & to identify possible
malfunctions, defects in HV circuit & intrinsic noise rate (pulses not produced by ionizing particle)

Pre-amplifier Amplifier Shaper Linear fan infout Discriminator Dual timer ~Scaler
330 pF

from G3b

100 kQ ORTEC 142PC

ORTEC 474

~

| v \ \
QC4 HV test experimental setup Data acquisition setup & assembled chamber for QC4 HV test at PU
— 14
Eg 4500 GELA Production Chambers Z. 7L ce1 production chambers
=5 uality Control: QC4 High Voltage Test £ 15[ Quality Control: QC4 High Voltage Test .
@ o [ Gas: CO,-5Lmn .
g 8o 0 accoptance imi minsic Noise Rate =100 1z at 4.9 kv
= = I = 2
= o E b *
8 3 of ° -
S £
g £ .
= SELLX_SINDIA_0002 OL - SEAixs b0l
INDIA_0008 r
INDIA_0009 4
INDIA_0010 r
INDIA 0015 Py
INDIA 0016 r .
E GE1/1_X_S_INDIA 0017 C s 2% ® eeees
ob L L L L T T T T T o L b Lo o 299907 Il Il
0 100 200 300 400 500 600 700 800 900 1000 o 100 200 300 400 500 600 700 800 900 1000
Monitored Current I, [uA] Monitored Current |, [UA]
|-V characteristics b Intrinsic Noise Rate
Result: all detectors passed QC4 test % g
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CMS /]
QC7 and Superchamber assembly at CERN

@ QC7 — test of electronics equipment’s if they are working fine or not. GEM equipped with
electronic components: i) VFAT3 Chip ii) FEST iii) Opto-Hybrid (OH)

(o]
o
]

JOI

OnDetector | Off Detector

=]
a
[u]

VFATS
Iz

(GEM Bectiois Boar)

[ rease) ‘
/ = CEB’ |

WICA

e AT

6B "
ocs
e

Gplical ks @ 3.260p5

Pauer Supplies

GEM electronics readout system ~ GEM with Electronics Board (GEB)

GEB + Electronics component

v¢ VFAT3 Chip: one VFAT has 128 input channels in 24 different sections, give us information

about response of channels, splits data into two paths: i) triggering ii) tracking

OH: communicate with VFATs — i)3 VTXs transmit tracking data out of detector to
off-detector electronics ii) transmit trigger data, one to GEMs & 2nd to CSCs electronics
FEST: supply voltage to VFAT & Opto-Hybrid

Phe

PAY

Meena
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CMS
QCT7 tests

QC7 tests:

@ Visibly & DAC threshold scan connectivity test: absence of hits in channels indicates a
disconnection of VFATSs from readout strips

@ Sbit scan: check no issue in trigger path by looking output from trigger link i.e number of
event from noise & threshold must < 50

© Scurve scan: represent overall response of a channel to amount of injected charge. & If
dead channel (0 eff) < 3, figure out how to fix it & run test again. In figure, y-axis:

injected charge, z-axis: no. of hits out of 100
VFAT 13: chipiD 8628

g d Ela 5 OF 1oc
€ S oL K
0 v S1OFNY 9 %0
H & 2
g | £ 3 sf
;o - @ 2 80
3 @ 3
H
H
g & 60 . 60
H 10°F
5 30 50
L " o
20|
%0 I I 2 | 30
i TR s
v
| 2 10°F 3 10 20
; 10
W T 1
o ) M [ T e e A
0 2 “ ] [ ] ....m..w....m...l.u.\.. 0 2 4 & & 0 12
VFAT chamnel 0 100 150 200 250 VFAT Channel
THR ARM_DAC
Partially unplugged VFAT Bad Sbit scan Bad Scruve
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CMS /|
QC7 tests continue... & Superchamber assembly !

@ Again performed all QC7 tests with:

@ Cooling plate ® Thermal screen

Chamber with cooling plate Chamber with thermal screen Assembled Superchamber

IPHC Physics Seminar November 10, 2023 19/57



cms, |

Summary: Part-I

GE1/1:
e Eight production chambers have been assembled & qualified quality control test at

PU site & later on at CERN
@ All chamber successfully have already been installed in CMS detector during Long
shutdown 2 & are currently taking data
o Performed QC7 test of 15 chamber for full time at CERN

IPHC Physics Seminar November 10, 2023 20 /57
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Thesis Part-1lI

Physics data analysis
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- - - - CMS i
Motivation: Z + b-jets analysis '

Y¢ Measurements of Z 4+ HF production provides important test of electroweak &
pQCD predictions

e

Provides information on b quark PDFs & help to improve modeling of b quarks
production

Provide valuable inputs for tuning & constraining model parameters of advanced MC

oW

Important background in many SM measurements & BSM searches

¢ Previous measurements showed substantial mismodeling of b quark

b
e VAVAYAVAY/ s B SV VAVAV,Y/ g
v v b Z
Syvsy > b q — v‘mro< g
b b

Z+1b-jet Z +2b-jets
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Objective: Z + b-jets analysis

cMS,/|

@ To measure integrated & differential cross sections for Z(— ll=ee/pp) + > 1 b-jet &
Z(— ll=ee/up) + > 2 b-jets

v¢ Observables in differential cross section measurements

(b-jety, b-jeta) (Z, b-jet1, b-jetz)
AR ,

Z+ > 1b-jet: Z+ > 2b-jets:
o pf o pf, Py, pr’*
o pliet o mbricti, bieta)
° ‘nbfjet‘ °

° Ad)(Z, b-jet)
° Ay(Z, b-jet)
° AR(Z, b-jet)

» These are sensitive to PDF, initial-state radiation, final-state radiation, gluon

min[AR(Z Piet) AR(Z bricta)]

Z,b-jet1, b-jeta)

AlZ:b-jet1, b-jetz) _ maxARzy, —minARgzy,
" maxARyz,+minARgy,

splitting, & multiparton interactions

IPHC Physics Seminar

November 10, 2023
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. CMS
Analysis workflow

@ Signal: Z(— ll=ee/pup) + > 1b-jet: Madgraph & Sherpa event generators are used to
simulate Z + jets process which is inclusive in jet flavors (b, ¢, & light)
o Classification Z + jets events into Z + b-jet, Z + c-jet, and Z + light-jet based on flavors
of reconstructed jets

@ Background: Z + jets, tt, WW, WZ, ZZ, W + jets

( 7

Identify signal & possible background processes

I

Optimize event selections & background estimation

N\ l )
-
Correct measured observables for detector effects
& evaluate different sources of uncertainties
N\

I

Measure integral & differential cross sections &
compare with various theoretical predictions

IPHC Physics Seminar November 10, 2023 24 /57



. CMms. |
Event selection (1) i

Z¢ Run 2 (2016-2018) collision data with integrated luminosity of 137 fb™*

%% Single lepton triggers with pr threshold of 27, 32, & 32 GeV (24, 27, & 24 GeV) for
electron (muon) for 2016, 2017, and 2018

Y¢ Tight lepton ID and relative isolation criteria

% Z(up or ee) boson: pair of oppositely charged leading & subleading lepton with pr
> 35 & 25GeV & |ny| < 2.4, Z mass window (71 GeV < M, /e < 111 GeV)

CMS Internal 137 fb™ (13 Tev)

£ a0
s o
2 Z-hu F+Single top
] mv
I Wets
@ Good agreement between data
& MC for dilepton mass
distributions
L L Il
100 105 110
o L Stat
s 4
= oo s oo e e s v v s s T SO OSe
8 o4
0.
0.

075 80 8 90 95 100 105 110
M, [GeV]
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CMs,/ |
Z(— II) + b-jets analysis: Event selection (1) |

MET < 50 GeV — to reduce tt background

Jet: jets reconstructed with anti-kr algorithm with a distance parameter of 0.4
Tight Jet ID, pt > 30 GeV, (jet, lepton) > 0.4, PU MVA ID
b-jets: tight WP of deepCSV btagger with 50-60% b-tagging efficiencies

Various scale factors applied related to lepton & jets selection

o

\ A

@ Z+ >1b-jet: leading b-tagged jet in pr
@ Z+ >2b-jets: leading & subleading b-tagged jets in pr

cMs  Internal 137 fo (13 Tev) cMs  Internal 137 fb (13 TeV)
£ £ s Data
3 Z(~ee)+21bjet mZbijets B gk Z(-uw+=1bjet mZbijets
2 (~ee) L Z + light jets £ 10 (-1 L Z + light jets
3 WZ+cjes 3 WZ+cjes
o 10° i + Single top @ . i + Single top
v 10 v
W Jets W Jets
10°
3 Tt
@ Z 4 bjet: MC
. 10
overestimates data by
10-15% b
10° o]
50 100 150 200 250 300 - 350 400 50 100 150 200 250 300 350 400
R | ——— S Q ijfesm
s = Mhl s :
& oeeernaregt Tyt 0 e 1] 8 ooaeeerseny® "'“’,*MH'}J 1]
o8- J 08l +
0785160 150 200 250 300 350 400 0785160 150 200 250 300 350 400
#[Gev] #[Gev]
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Event yields in Z + > 1 b-jet final states

CcMS/ |

Process 2016 2017 2018 Run2

ee L ee L ee B ee Iz
Data 49481 107030 57578 118892 87377 189049 194436 414972
Z + b-jets 47214 105082 48594 99639 77670 163498 173478 368221
Z + light-jets 2114 4220 1888 3368 5774 10280 13700 29254
Z + c-jets 3907 9240 3438 7136 6354 12877 9777 17868
Total simulation 127430 57309 59306 121263 98112 204371 214727 453142
Data/Total simulation  0.84 0.86 0.97 0.98 0.89 0.92 0.90 0.91

¢ Signal (Z+ > 1b-jet) is ~ 81-84%

¢ Backgrounds: tt ~3-7 %, Z + light-jets ~3-5%, Z + c-jets ~6-7%

» tt validated using ey + > 1 b-jet

» Z+ light-jets & Z + c-jets validated with different tagger condition

IPHC Physics Seminar

November 10, 2023
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Background estimation for Z + > 1b-jet: Control region tt

Process: e+ > 1b-jet, tt-CR — eu + btag(T)
» ep+ > 1b-jet is very much clean process

» tt considered from data driven estimation

Scale factor =

Purity = [data — (non-tt bkg)]/data,

non-tt bkg = DY+single top+WJets+VV
» Scale factor applied to tt MCpy /ee in pp &

ee channel

CMS /|

data __ Nion - tt bkg

2016 | 2017 | 2018
Data/Total MC  0.98 0.88 0.88
Purity (%) 92 92 92
Scale Factor 0.98 0.87 0.87
CMS Internal 35.9 b (13 TeV)
-g E e Data
3 F oep+>1bjet W Z + bjets
2 [ tt
o Single top
a O w
F W + Jets
10° %%,
E .
E I.
[ L)
L .,
10° .
E L]
£ ®e
10 M,
il I I _& I
50 100 150 200 250 300 350 400
(E) 1227 Stat
T Mg
8 o LIt ah,
07 LARNNK)
50 100 150 200 250 3'7&'19[(3 é;)o
p. e
2016 !
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Background estimation for Z + > 1 b-jet: Control region Z + light-jet

Process: Z+ >1jet

>
>
>

Events/bin

Data/MC

L-CR1: — inclusive jets (Without b/c discriminator cut)

Purity = [data — (non-light-jet bkg)

]/data

Scale factor applied in signal region (Z + > 1b-jet) to Z + light-jet MC

CMS

2016 2017 2018
i ee pi e pp ee
Cms _Internal jggfa'h" @3TeV) ["Data/Total MC | 0.94 0096 | 0.98 098 | 0.92 0.90
Z(—pp) +21jet -é : Ili)glﬁttsjeﬁs Purity (%) 83 83 85 85 84 84
WZ+cjets Scale Factors 0.93 0.95 | 0.98 0.98 | 0.91 0.89

tt + Single top

wW
W + Jets

Stat

o 0 @  ié0 :
Teve vhevtueigeets ““”%

50100 150 200 250 300 350 400
P [Gev]

» Cross-check:

% Z + light-jet control region (CR2) — Inclusive
jets (With anti-b & anti-c tag discriminator
cut) to reject Z + b-jet & Z + c-jet events

% Scale factors in CR1 & CR2 are consistent
within 1-2%

IPHC Physics Seminar
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Background estimation for Z + > 1b-jet: Control region Z + c-jet

Process: Z + > 1c-jet

>
>
>

Events/bin

Data/MC

C-CR3 — ctag(T)= CsvL& CsvB

Purity = [data — (non-c-jet bkg)]/data
Scale factor applied in signal region (Z + >1b-jet) to Z + c-jet MC

CMS

2016 2017 2018
i ee pi e pp ee
CMs __Intenal .5%;;""‘ @37eV) ["Data/Total MC | 0.88 0090 | 1.04 104 | 1.0l 0.98
Z(-pp) +21cjet -é : Iliag;’e“tsje‘s Purity (%) 41 41 55 53 49 47
WZ+cjets Scale Factor 0.74 0.79 | 1.08 1.08 | 1.02 0.96

tt + Single top

wW
W + Jets

1.3
Stat r 11
1.2
e Y L))
0.9—e 0 +?1 1 +
0.1 T
07-55—"100 150 200 250 300 350 400

2018 P Gev]

» Cross-check:

% Z+ c-jet control region (C-CR4) — c tag &
anti-b tag discriminator (to reject Z + b-jet

events)

« Scale factors in CR3 & CR4 are consistent

within 1-2%

IPHC Physics Seminar
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CcMS/ |

Unfolding method (TUnfold package)

¢ Event properties such as energy or scattering angle are measured only with finite
precision & limited efficiency. Events may be reconstructed in wrong bin or may get
lost

Y¢ Solution is — Unfold: that correct for detector effect

o Unfolded results are useful for theoretical community & can be used for comparing
measurements from different experiments

Unfolding Procedure: C Detector level distributions )

» Background/Fake: subtracted from detector level
distribution before unfolding

[ Fake & background subtracted ]

» Response Matrix: detector level events matched at gen

level — unfold background subtracted distribution Unfolding ]
» Acceptance/Efficiency: unfolded distribution is corrected
with it to obtain final results Unfolded/Acceptance )

IPHC Physics Seminar November 10, 2023 31/57



Uncertainties on integrated cross sections

Uncertainty (%) ee pup M
Statistical 1.0 07 0.6

JES, JER 27 30 29

b tagging/mistagging 30 29 29
Unclustered energy of pR's* 28 238 28
Background estimation 22 20 21
Pileup reweighting 24 17 19
Electron selection 46 — 15
Luminosity 16 16 16
Muon selection — 06 04
Pileup jet identification 03 03 03
L1 prefiring 03 02 02

pr and pp scales 26 29 21
PDF 04 03 03

Qs 03 02 02

Meena
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https://arxiv.org/abs/2112.09659

L cMs
Integrated cross section (in Pb)

Production cross section within fiducial region (b-jet pr > 30GeV, |n| < 2.4)

PRD 105 (2022) 092014

Channel Measured MG5_aMC MG5_aMC MG5_aMC MG5_aMC SHERPA
LO LO NLO NLO
NNPDF 3.0 NNPDF 3.1 NNPDF 3.0 NNPDF 3.1

CUETP8M1 CP5 CUETP8M1 CP5
Z+>1bjet ee 6.45 + 0.06 (stat) + 0.49 (syst) £ 0.17 (theo) 6.25 6.33 7.86 + 0.52 (theo) 7.05 & 0.48 (theo)  8.05
Jup 6.55 + 0.05 (stat) + 0.39 (syst) =+ 0.19 (theo) 6.26 6.34 7.86 + 0.51 (theo) 7.02 & 0.47 (theo) 7.98
I 6.52 & 0.04 (stat) & 0.40 (syst) & 0.14 (theo) 6.25 6.34 7.86 & 0.51 (theo)  7.03 + 0.47 (theo) 8.02
Z 4> 2b-jets ee 0.66 + 0.05 (stat) & 0.07 (syst) + 0.02 (theo) 0.62 0.72 0.80 + 0.08 (theo) 0.77 + 0.07 (theo) ~ 0.84
o 0.65 & 0.04 (stat) & 0.06 (syst) & 0.02 (theo) 0.64 0.71 0.91 £ 0.09 (theo)  0.77 + 0.07 (theo) 0.84
n 0.65 =+ 0.03 (stat) & 0.07 (syst) & 0.02 (theo) 0.63 0.71 0.90 =+ 0.09 (theo) 0.77 + 0.07 (theo) 0.84

Y¢ Z+ >1b-jet: Ma5_aMC (LO) describe well data, ma5_amc (NLO, NNPDF 3.1, CP5),
MG5_amc (NLO, NNPDF 3.0, CUETP8M1), & SHERPA overestimate up to 10%, 18%, &
24%, respectively

% Z+ >2b-jets: MG5-aMC (NLO) & SHERPA generators overestimate data by 23% & 29%,
respectively

MC predictions from MG5_aMC (NLO), MG5_aMC (LO), & SHERPA are normalized to an
NNLO cross section
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Unfolded differential & normalized differential cross section distributions S
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» Shapes of these distributions are described best by MG5_aMc (L0), while MG5_aMC (NLO) &

PRD 105 (2022) 092014
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Unfolded differential & normalized differential cross section distributions

Z+ > 1b-jet (11/VI)
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deviates up to 30% in higher py region.
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Shapes of distributions are well described by all simulations, except for MG5_aMcC (LO) that
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Unfolded differential & normalized differential cross section distributions S

Z+ > 1b-jet (111/VI)
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» Shapes of these distributions are well described by all simulations
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IPHC Physics Seminar November 10, 2023 36 /57


https://arxiv.org/abs/2112.09659

Unfolded differential & normalized differential cross section distributions

Z+ > 1b-jet (IV/VI)
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» Shapes of distributions are well described by SHERPA

» MGH_aMC NLO & LO both provide similar agreement for shape, although agreement

is somewhat better for higher A¢ values than lower values
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Unfolded differential & normalized differential cross section distributions S

Z+ > 1b-jet (V/VI)
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» Shape of SHERPA prediction agrees with data

» MG5_aMC LO shows largest deviation from data in high Ay(Z’b’jet) region, which is
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» Shapes of these distributions are well described by SHERPA

» MG5_aMC LO shows largest deviation from data in high AR(Z; brjet) region, which is

significantly improved with NLO prediction by MG5_aMC
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Cross section ratio measurement

%% Measure cross section ratios o( Z+ > 2b-jets)/o(Z + > 1 b-jet)

¢ Systematic uncertainties:

CMS

» For correlated uncertainties (JES+JER, p%iss, b tagging, lepton selection, PU, L1
prefiring): vary uncertainties up & down simultaneously for Z+>2b-jets & Z+>1

b-jet cross sections to obtain uncertainty on ratio

» Background estimation uncertainty: summed in quadrature

» Theoretical uncertainty (PDF, renormalization & factorization scales): summed in

quadrature
PRD 105 (2022) 092014

Channel Measured MG5_aMC MG5_aMC MG5_aMC MG5_aMC SHERPA

Lo Lo NLO NLO

NNPDF 3.0 NNPDF 3.1 NNPDF 3.0 NNPDF 3.1

CUETP8M1 CP5 CUETP8M1 CP5
Ratio ee 0.102 =+ 0.008 (stat) & 0.008 (syst) + 0.004 (theo) 0.100 0.113 0.113 + 0.016 (theo)  0.110 =+ 0.013 (theo) 0.104
e 0.100 =+ 0.006 (stat) & 0.006 (syst) + 0.004 (theo) 0.103 0.112 0.116 + 0.016 (theo) 0.110 =+ 0.013 (theo) 0.105
I 0.100 + 0.005 (stat) 4 0.007 (syst) + 0.003 (theo) 0.102 0.112 0.114 + 0.016 (theo)  0.110 + 0.013 (theo) 0.105

» Measurement is in agreement only with MG5_aMc (LO, NNPDF 3.0, CUETP8M1) &

SHERPA
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Unfolded differential cross section ratio distributions of

Z+ >2b-jets & Z+ > 1b-jet

CMS

CMS 137 fb (13 TeV) 0.25 CMS 137 fb1 (13 TeV)
= e T T T T 3 = O. T T
B E < Data(pp - Z+=2bjets) . kol o e 'Data(pp - Z +=2 b jets) 7
o 0.5 + S!allsucal Unc. a F + Slausllcal unc. ]
o £ C—— Theoretical syst unc 7 = E C——2 Theoretical syst unc. 1
N r &ZZ=2 Total unc. = A 02— &ZZZz Total ul -]
& ouf. —=— MG5_aMC (NLO, NNPDF 3.1, CP§ = N E EZZ22 G5 aMC (NLO, NNPDF 3.1, cps) E
5 40 —=— MGS5_aMC (NLO, NNPDF 3.0, CUETP8M1) —] 5 o —=— MG5_aMC (NLO, NNPDF 3.0, CUETP8M1)
= F — & MG5_aMC (LO, NNPDF 3.1, CP5, 3 = o —a— MG5_aMC (LO, NNPDF 3.1, CP5) ]
) F —~— MG5_aMC (LO, NNPDF 3.0, CUETP8M1) @ 015~ —¥— MG5_aMC (LO, NNPDF 3.0, CUETP8M1) ]
@ g3 —e— Sherpa T, E —+— Sherpa B
= E —— = C ]
N E : 3 = 3 = -
A F == 3 N oafF—d 3 . 3
& 02— ngi: ¢ — % 9
5] E . B 5 ]
0.1 = 0.05 -
Eeo 1 .
Co1 L L L L L L L J L L L L L L L L L L .
15

Pred.
Data

40 60 80 100 120 140 160 180 200
p\:amng Piet [Gev]

[ PDF O scales [ a, [ PDF [ scales g

b &
T T T

P
«
T

0.5 ] PDF

~
—

0 0.2 0.4 0.6 0.8

1 1.2 14 1.6 1|.8d 2h 2.2 2.4
I [Gev)

» Ratios increase as a function of leading jet pr. They are independent of leading jet |7|

» MC predictions are consistent with data within uncertainties
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v¢ Z + b-jets analysis

>

>

CMS,/ |
Summary: Part-I| '

Cross sections measurement of Z + b-jets processes performed using 20162018 pp
collisions data at /s = 13 TeV
o(Z+ >1b-jet) = 6.52 £ 0.04 (stat) £ 0.40 (syst) = 0.14 (theo) pb
o Well described by both Mma5_amc (LO, NNPDF 3.0, CUETP8M1) & mc5-amc (LO, NNPDF
3.1, CP5) simulations
e Mch.aMc (NLO, NNPDF 3.1, CP5), mG5-amc (NLO, NNPDF 3.0, CUETP8M1), & SHERPA
overestimate data by ~10%, x18% & =~24%, respectively
o( Z+ >2b-jets)/o(Z+ >1b-jet) = 0.100 £ 0.005 (stat) 4 0.007 (syst) + 0.003
(theo)
@ Well described by MG5_amc (LO, NNPDF 3.0, CUETP8M1) & SHERPA calculations but
overestimated by Ma5_amc (NLO) predictions
Shapes of various kinematic observables are well described by SHERPA prediction but
are not completely described by MG5_amc (LO) and mc5_amc (NLO) predictions
@ This differences between Ma5_amc (NLO) & MG5_aMc (LO) results could be attributable to
variations in shapes of observables & settings (parton distribution functions, MC tunes,
matching schemes) used in those simulations

Present measurements can be used as an input for further optimization of simulation
parameters & b quark PDF to improve MC

This work has been published in PRD 105 (2022) 092014 & presented in various
international conferences
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CMS/ |

Ongoing work

Physics data analysis: Search for massive long-lived particle (LLP) decaying
to a top quark in pp collisions at 13 TeV
Group: Daniel Bloch & Jérémy Andrea & Paul Vaucelle
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CMS$
Looking for displaced top quarks + prompt leptons !

Based on a phenomenological study[l] to look for displaced top quarks, we focus on the

RPV process with a Bino-like neutralino production from slepton decay
[1] : J.Andrea, D.Bloch, E.Conte, D.Darej, R.Ducrocq, E.Nibigira, arXiv:2212.06678 (2023)

smuon pair production Neutralino decay
q j i
1 # =0 t*
N 5((1) e~
7* - Coq0
_ +
q ur W )
qq’ orly
® Br(ji — pxi) =1
@ 2 long-lived neutralinos ° )\;/12 RPV Coupling
@ Two prompt muons @ Displaced top and stop — 6 to 10 jets

o Trigger on muons

THATE iyt S Rz 1), 2P
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@ smuon pair-production has a cross
section of the order of few fb

@ Lower limit on Mass i due to previous
experimental results

@ Upper limit for the signal to be
observable or to put limits on it

CMS /|

~0

7 =B&m =350 GeV
1

1075,

1 | Ll |
200 220 240 260 280 300 320[(39%?0

m
s

4 . ~
@ 315 vs Mass §9 for a given Mass ji

o Constraint our search to the tracker
volume (black lines)
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. CMS,/|
Event selection '

@ 2018 collision data (later 2016 & 2017...)
@ Double || Single lepton triggers with pr threshold of 17 || 24 GeV

o Offline selection of dimuons: Two muons with Tight ID + TklsoTight are required
pr1 > 25GeV, n < 2.4, & pr2 > 10GeV |dy| < 0.1 cm & |d;| < 0.2 cm (prompt),
My, > 10 GeV (remove low-resonances)

X ~ 75% of signal (~ 12% of tt — Il+jets) events pass through triggers + offline
selection

@ AK4PF jets: Tight Jet ID with lepton veto, pr > 20GeV, n <2.4

% In signal region dominant background is tt estimated in ey channel (WIP)
o One muon: Tight ID + TklsoTight, pf > 25GeV, n < 2.4, |[Dfy| < 0.1 cm &
|df| < 0.2 cm (prompt)
o One electron: Tight ID, p$, > 10GeV, 1° < 2.4, excluded 1.442< || < 1.566,
Barrel— dO (dz) 0.05 (0.10) cm, Endcap— dO (dz) 0.10 (0.20) cm
e Mye > 10 GeV (remove low-resonances)
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Analysis Strategy

Analysis
Strategy

-— BDT 1
-— Cut-based Sel.

VO Car

Remove tracks that
belong to different Nuclear Interactions

backgrounds Photon Conversion

Multi-Variate BDT 2
Analysis to select
displaced tracks Define Tight WP * *
Event reconstruction Bets
Multi-step vertexing AVF & IAVF
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. CMS,/ !
Track pre-selections '

o First tracks are removed coming from different sources such as VO(K? — (x7n7),
A — (pr~) or (pr)) candidates, photon conversions & other nuclear interactions

o Preselection cut: Tracks with p; > 1GeV & x?/dof < 5 & |;%| >5

» ~95% of the tracks from generated neutralinos are kept

~90% of the bkg tracks are removed (from primary vertex or pileup or fake tracks)

\/

» ~94% of the tracks from ttf are rejected
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Data vs MC Validation in tt control region

CMS Private work
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cMS/ !
Summary '

WIP:
@ Data/MC agreement with Run2 data & estimating dominant background from data
Future:

@ Started an Analysis Note

@ Hopefully officially register in Cms Analysis Database Interface (CADI) line before
the end of the year for internal review in CMS
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“Measurement of Z+b jets cross section in proton-proton collisions at /s = 13 TeV"”, CMS
PAS-20-015 (2021).

“Measurement of distributions sensitive to double parton scattering using Z bosons
produced in association with jets at 13 TeV", CMS PAS-SMP-20-009 (2021).

“Level-jets and energy sums trigger performance with full 2017 dataset”,
CMS-DP-2018/004 (2018).

“Measurement of the production cross section for Z 4 b jets in proton-proton collisions at
/s = 13 TeV”, PRD 105 (2022) 092014.

“Benchmarking LHC background particle simulation with the CMS triple-GEM detector”,
JINST 16, P12026 (2021).

“Measurements of Z bosons plus jets using variables sensitive to double parton scattering in
pp collisions at 13 TeV" JHEP 10 (2021) 176.

“Interstrip capacitances of the readout board used in large triple-GEM detectors for the
CMS Muon Upgrade”, JINST 15 (2020) P12019.

“Performance of the CMS Level-1 Trigger in proton-proton collisions at 13 TeV”, JINST 15
(2020) P10017.
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. CMS
Conference proceedings

© "Study for vector bosons production in association with heavy-flavor jets in proton-proton
collisions”, Springer Proc. Phys. 277 (2022) 161.

@ ‘“Recent jet and jet substructure measurements at the LHC, and ML based tagging”,
SciPost. Phys. Proc. (2021).

© “Experimental measurement of Heavy Flavors and jets”, PoS LHCP 2021 (2021) 087.

@ “Fabrication and Characterization of Gaseous Detector for the identification of High Energy
Particles”, IOP Conference Series: Materials Science and Engineering (1033) 012055

(2021).

© Quality Control Testing of GEM Detector, Proceedings of the DAE Symp. on Nucl. Phys.
(62) 2017.

@ "“Production of vector bosons in association with jets in CMS”, submitted in Zenodo, in
April 2022.
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CMS
Presentations at Conferences and Workshops '

@ "Azimuthal correlation measurements from Z+jets and dijets”, in REF22: Resummation,
Evolution, Factorization 2022, 315¢ October-4t" November 2022, University of Montenegro,
Montenegro.

@ ‘“Vector boson associated with jets in CMS"”, in 30" International Symposium on Lepton
Photon Interactions at High Energies, was held on 10tP-14*" January, 2022 at the
University of Manchester.

© Poster presented on “Recent measurement of heavy flavors jets with CMS detector” in
Posters@LHCC on 18" November, 2021.

© “Recent jet and jet substructure measurements at the LHC, and ML based tagging”, in
50" International Symposium on Multiparticle Dynamics (ISMD2021), held on 12th-16th
July, 2021.

© “Experimental measurement of Heavy Flavors and jets”, in The Ninth Annual Conference
on Large Hadron Collider Physics - LHCP2021, held on 7th-12th June, 2021.

“Vector boson plus heavy-flavor jets measurements at CMS”, in Pheno2021:
Phenomenology 2021 Symposium, University of Pittsburgh, Pennsylvania, held on 24th-26th
May, 2021.

@ “Study for vector bosons production in association with heavy-flavor jets” in 24th
DAE-BRNS High Energy Physics Symposium 2020, Bhubaneswar, India held on 14tP-20th
December, 2020.

@ “Study Of Z+ Heavy Flavor Jets In Proton Proton Collision” in 14*® Chandigarh Science
Congress (CHASCON), held at Panjab University, Chandigarh, India on 17tP-19th
December, 2020.
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https://cms-mgt-conferences.web.cern.ch/conferences/pres_display.aspx?cid=3036&pid=23067
https://cms-mgt-conferences.web.cern.ch/conferences/pres_display.aspx?cid=3036&pid=23067
https://cms-mgt-conferences.web.cern.ch/conferences/pres_display.aspx?cid=3036&pid=23067
https://cms-mgt-conferences.web.cern.ch/conferences/pres_display.aspx?cid=2955&pid=22230
https://cms-mgt-conferences.web.cern.ch/conferences/pres_display.aspx?cid=2955&pid=22230
https://cms-mgt-conferences.web.cern.ch/conferences/pres_display.aspx?cid=2955&pid=22230

CcMS/ |

Presentations at Conferences and Workshops

@ “Fabrication and Characterization of Gaseous Detector for the identification of High Energy
Particles” in International Conference on Integrated Interdisciplinary Innovations in
Engineering held at UIET, Panjab University, Chandigarh, India held on 28tP-30t" August,
2020.

@ “Study for Z boson production in association with b-jets in proton-proton collision at 13
TeV" in 23"4DAE-BRNS High Energy Physics Symposium held at IIT Madras, India on
100 - 14*h December, 2018.
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Identification of b-jets

Jets:
@ Due to color confinement of parton (quark & gluon),

hadronization takes place & produces colorless hadrons in
cones of outgoing particles called jets
b-jets:
@ |Initiated by b quark with characteristic lifetime (1.5 ps) of b
hadron, will travel ~1cm (at energy in lab frame
~10-100 GeV) before decaying to several particles form new

vertex (secondary vertex)
Identification of b-jets:

@ Reconstructable secondary vertex, time of flight

@ Displaced tracks with respect to primary interaction vertex
(PV)

@ Sign of impact parameter (positive if track minimal

approach to jet axis is downstream PV along jet direction)

@ Soft lepton information
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Unfolding method (TUnfold package)

¢ Unfolding of full Run 2 data:

CMS

» Unfolding of full data is done with a single response matrix
» Background/Fake subtracted for each channel & year before combined unfolding
» Acceptance estimated from a combination of channels & years
» Binning chosen on basis of resolution, purity, fake rate, & stability
» Detector-level binning are about twice that of particle-level distributions bins
» Performed MC truth validations (statistically independent tests), checked effect of
regularization, & studied feasibility to combine muon & electron channels
CcMS 137.110" (13 TeV) CMS  Preliminary 137 fb™ (13 TeV) CMS  Preliminary 137 fb™ (13 TeV)
g s ‘ ‘ " —wes_awcnio ? —No Reg ? |— Electron
= — NGS5 aMC Lo EIES —Reg 8% —Muon
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8 =t =t
3 | - -1
S0l b il o 1077
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E T v z(‘gm 3 05 TTTTTIs T I 3 B X W R ST
AP e [rad] AID[Z biet) A‘DLZ‘D‘M)
g 1oF p———— gt ; g% —
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