CERN-THESIS-2023-371

@) 20/02/2024

SEARCH FOR RESONANCE IN THE PHOTON+JET FINAL STATE AT
Vs =13 TeV USING THE CMS DETECTOR AT LHC

A THESIS
Submitted to the
PANJAB UNIVERSITY, CHANDIGARH

For the Award of

DOCTOR OF PHILOSOPHY

2023

in
FACULTY OF SCIENCE

BY
JYOTI BABBAR

GUIDE

Prof. VIPIN BHATNAGAR Dr. SUSHIL SINGH CHAUHAN

DEPARTMENT OF PHYSICS
PANJAB UNIVERSITY
CHANDIGARH, INDIA






AUGUST 2023

DECLARATION

| declare that the thesis entitted “SEARCH FOR RESONANCE IN THE
PHOTON+JET FINAL STATE AT Vs = 13 TeV USING THE CMS DETECTOR
AT LHC” has been prepared by me under the guidance of Prof. Vipin Bhatnagar,
Professor, Department of Physics, Panjab University, Chandigarh and Dr. Sushil
Singh Chauhan, Assistant Professor, Department of Physics, Panjab University,
Chandigarh. No part of this thesis has formed the basis for the award of any
degree or fellowship previously.

Jyoti Babbar

Department of Physics,
Panjab University, Chandigarh

DATE:






CERTIFICATE

We certify that Jyoti Babbar has prepared her thesis entitled “SEARCH FOR
RESONANCE IN THE PHOTON+JET FINAL STATE AT Vs = 13 TeV USING
THE CMS DETECTOR AT LHC” for the award of PhD degree of the Panjab
University, Chandigarh, under our guidance. She has carried out the work at the
Department of Physics, Panjab University, Chandigarh.

Prof. Vipin Bhatnagar Dr. Sushil Singh Chauhan
Professor Assistant Professor
Department of Physics Department of Physics

Panjab University, Chandigarh Panjab University, Chandigarh

DATE:






Dedicated To My
Famaly
€9

Friends






Acknowledgement

First and foremost, I would like to give my sincerest gratitude to my super-
wvisors Prof.  Vipin Bhatnagar and Dr. Sushil Singh Chauhan, for their constant
guidance, support, and encouragement. I am extremely grateful for their dedication
and constant discussions on various aspects of the analysis and other tasks I was

wmwvolved in. They were always willing to listen and offer assistance whenever needed.

I am grateful to Prof. J.B Singh, Prof. Manjit Kaur, Prof. Suman Bala
Beri and Dr. Sunil Bansal for providing us adequate facilities in the PU FHEP
lab. Many thanks to India-CMS Collaboration and PU EHEP group for conducting

reqular meetings to discuss our work and give valuable suggestions.

I am thankful to Prof. Ghan Shyam Singh Saini, Chairman, Department of
Physics, Panjab University, for providing adequate facilities to work in the depart-

ment.

This research would not have been possible without the financial support of
the Department of Science and Technology (DST). I owe my sincere gratitude to
the European Council for Nuclear Physics (CERN) for providing me the computing
resources and hosting me at different points in time. I have thoroughly enjoyed
going through all the intricacies of acquisition, retrieval, analysis, and presentation

of experimental data.

I want to express my special thanks to Prof. Sunanda Banerjee for being such

an inspiration to me with his attitude towards work.

I am so thankful to my amazing labmates in Panjab University, most especially
Amandeep, Rajat and Sandeep Sharma, working with them was a real joy. They have

made my time at the physics department much more enjoyable.

Above all, I want to thank my family for their constant love and encouragement
these many years. I owe my thesis to them. [ would like to show my earnest gratitude
to my mother, Mrs. Manju Babbar and my husband, Mr. Harkawal Singh for

motivating me and listening to my constant jibber-jabber over phone. I would also



like to thank my brother Mr. Anmol Babbar for being there through out this journey
of PhD.

One page is not enough to thank everyone, I apologize to those whose names I
could not mention but I express my deepest gratitude to everyone for their priceless

support, encouragement and standing by me all the time.

Last, but not least I would like to thank my “Cup of Tea” to boost me enough

to continue.

Date: Jyoti Babbar



Abstract

The Standard Model, that describes the fundamental particles and their inter-
actions, is a very solid and elegant theory, verified in many independent experiments.
However there are still many reasons to believe it is incomplete. To name some: the
theory does not incorporate gravity; it does not explain the asymmetry of matter
and antimatter in the universe; similarity in three families of fermions. There are
several models of new physics that predict the existence of resonances at the TeV
scale, and therefore accessible at the proton-proton collisions of the LHC. The new
resonance searches presented in this thesis are narrow resonances decaying to a pho-
ton and a jet. If such a resonance exists, the experimental signature will be a bump
corresponding to the mass of the resonance over the smoothly falling invariant mass

distribution of photon and jet.

In this thesis, proton-proton collision data collected by CMS experiment corre-
sponding to an integrated luminosity of 138 fb™" is used. The potential backgrounds
are estimated using data-driven techniques and excess of events above the standard
model background predictions are investigated. No evidence for the existence of new
particles is observed relative to expectations from the standard model. Hence, up-
per limits on production cross-section times branching ratio and lower limits on the
mass of excited quarks and Quantum Black Holes, predicted by the BSM models,

are placed at a 95% confidence level.

The thesis also presents the installation of Gas Electron Multiplier (GEM)
in CMS muon system, as an upgrade of CMS detector for HL-LHC. The GEM
detectors are installed in the forward region of the muon system to improve the
muon reconstruction and the trigger rate. The Panjab University participated in
the assembly and testing of the GEM detectors for muon upgrade. A brief summary

of the assembly procedure and testing setup is presented in this thesis.
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Chapter 1

Introduction and Motivation

For millennia, humans have attempted to comprehend the nature of matter and
everything else in the universe. This inquisitive mind of scientists inspired them
to deeply observe and study physical phenomena on the basis of their fundamental
constituents. As a result, this led to the emergence of the field of particle physics
in the 20th century which describes the behavior of particles at the shortest distant
scales. Many scientists around the world devote their time to find new particles
and understanding the law of particle interactions. For a start, John Dalton in the
19th century concluded that atoms are the elementary particles and everything is
made up of atoms. However, towards the end of the century Dalton’s theory was
discarded and several other theories were brought forth, indicating that atoms are
not fundamental but rather are constituted of more particles. The discovery of the
first elementary particle started with discovery of “electrons” [1] by J.J Thomson
through his experiments on cathode rays. Later in 1911, Rutherford through his
scattering experiments [2| concluded that mass of the atom is concentrated in a
small core, which we call the “nucleus”. This further led to the discovery of another
elementary particle, “proton”. In 1932, the picture of the atom became clear when
James Chadwick announced the discovery of charge-less “neutrons” [3]. Around that
time in couple of decades, many new particles such as muons, pions, neutrinos were

discovered. Fig. depicts the discovery of several new particles in different years
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Figure 1.1: An illustration of particle discoveries across different years

starting with the discovery of electron. At this point, the scientists were caught
up in determining the structure of all newly discovered particles. This problem
was eventually solved in 1964, when Murray Gell-Mann [4] and George Zweig [5]
proposed the “Quark Model” stating that quarks are the fundamental particles and
all hadrons are made up of quarks. This model was further verified by numerous
experiments after the discovery of various bound states of baryons and mesons. With
tremendous effort by physicists to describe all elementary particles, a model was
formulated, now known as the “Standard Model”. It is the greatest model developed
gradually over a century of research work that successfully explains almost all the
fundamental interactions. The standard model has been validated up by various
experiments, and the agreement between the standard model predictions and the

experimental observations is extraordinary [6].
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Figure 1.2: The SM particles, spin-1/2 particles known as fermions in pur-
ple(quarks) and green(leptons). The three columns represents three generations
of the fermions. The spin-1 vector boson in orange color, and the Higgs scalar
boson in yellow.

1.1 The Standard Model

The standard model (SM) is a robust theoretical framework that describes the prop-
erties of fundamental particles and their interactions through three fundamental
forces: electromagnetic force, strong force, and the weak force, excluding gravity.
Mathematically, the SM can be defined as a gauge invariant Quantum Field Theory
(QFT) [7]. The QFT describes the particles as quantum fields, and the dynamics
of these particles is represented by a Lagrangian term £ [8]. In general, each funda-
mental particle is associated with a quantum field. The following section describes

the particles and their interactions in the SM.

1.1.1 Elementary particles

The SM comprises of two types of elementary particles, fractional spin-1/2 particles

known as fermions and integral spin-1 particles known as bosons.

The fermions are the basic building blocks of matter, and the bosons are
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exchange mediators between these building blocks. There are in total 12 fermions
divided in two categories: leptons and quarks each constituting three generations.
The first generation of the leptons consists of electron (e) and its corresponding
neutrino (2, ), the second generation consists of () and its neutrino (1,), and finally
the third generation consists of tau (7) and its neutrino (1). Similarly, quarks come
in three families, namely up (u) and down (d) quark comprising the first generation,
charm (c) and strange (s) comprising second generation, and top (t) and bottom
(b) quarks comprising the third generation. Within each generation of quarks, the
former carries charge +2/3 while the latter carries charge -1/3. Each of these 12
fermions has further their “anti-particles”. The anti-particles possess the same mass
as their particles but opposite quantum numbers. The first generation of quarks
and leptons with lighter masses are more stable than the other two generations.

Figure [I.2] depicts an overview of the SM particles.

There are two types of spin-1 bosons : vector bosons and scalar boson. The
vector bosons are the force mediators in the SM : gluons (g) are the mediators of
strong force, photons (7) are the mediators of electromagnetic force and W /Z bosons
are the mediators of weak force. Gluons and photons are massless and electrically
neutral, whereas W and Z are heavy, with the W boson having an electrical charge
of +£1 and Z boson being a neutral particle. The only scalar boson, the Higgs boson
has a large mass of 125.35 GeV and is responsible for providing the masses to all
particles in the SM. The discovery of Higgs boson (H) was announced only a decade
ago by the ATLAS and CMS Collaboration on 4th July, 2012 [9] [10], and the Nobel
Prize for the discovery was awarded in 2013. The properties of the bosons listed in

the SM are given in Table [L.1]

Name Symbol Interaction Charge Mass (GeV)
Gluon g Strong 0 -
Photon y Electromagnetic 0 -
Gauge Bosons W bosons W Weak +1 80.37
Z boson Z Weak 0 91.18
Scalar Boson  Higgs boson H — 0 125.25

Table 1.1: The properties of the vector and scalar bosons in the SM
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1.1.2 The SM particle interactions

The SM is a non-abelian gauge theory described by symmetry groups of strong and

electroweak interactions.

SUB)e  © SU@2), U1y (1.1)
—— N ~— _

Strong Interaction  Electroweak Interaction

where SU(3)¢ is the gauge symmetry group of strong interactions, with “C”
representing the color. The SU(2);, ® U(1)y is the unified gauge symmetry group of
electromagnetic and weak interactions. Here “L” stands for left-handed interactions
of SU(2) group, and “Y” stands for the weak hypercharge (Y = B + S where B
is the Baryon Quantum number and S is the Strangeness). A brief introduction of

these interactions is given below:

e Strong interactions : The strong force is responsible for binding the quarks
together to form nucleons and also binds nucleons to make nuclei. It is a very
short ranged force acting up to a distance of 10™*° m. The theory that describes
the strong interactions is called “Quantum Chromodynamics (QCD)” [11]. It
explains the interactions between gluons and quarks and follows the SU(3)q
gauge symmetry where C represents the color charge existing in the state
red(r), green(g) and blue(b). Quarks can carry any one of the three color
charges with their anti-particle carrying anti-color charge state, while glu-
ons simultaneously carries color and anti-color charges. Gluons can have
eight color charge states and they are: RG, RB,GR, BG,GB, BR, \%(RR —
GC:’),\%(RR—&— GG — QBB). These color charge quantum numbers assigned to
gluons make them self interacting particles. Furthermore, gluons can only be

absorbed or emitted by colored particles.

Quarks hold together to form colorless particles known as hadrons. The
hadrons are further categorized depending on the number of “valence quarks”,
that determine the quantum numbers of hadrons. There are two types of

hadrons : baryons and mesons. Baryons are made up of three valence quarks
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for example, the protons are constituted of two up and one down quark, and
the mesons are made up of two quarks as pions. Furthermore, hadrons can
have an indefinite number of virtual quarks (also known as “sea quarks”),
anti-quarks and gluons but they do not contribute to the quantum numbers
of the hadrons. The coupling strength of the QCD interaction is dependent
on the energy scale () and is defined by

12
a, = — (1.2)
(33 = 2ny)in(z)

where () is the momentum transferred, ny refers to the number of quarks ac-
tive in pair production, and A is defined as the chromodynamic scale. When
Agep ~ 200 MeV ie. QCD scale, the coupling constant increases such that it
becomes impossible to isolate the quarks and gluons inside hadrons. There-
fore, as a result of this phenomena, known as “confinement” | quarks and gluons
are always observed in bound states. Additionally, when Q* — oo, the cou-
pling strength between quarks decreases and vanishes asymptotically. This
demonstrates that quarks exhibit asymptotic freedom, or the behavior of free

particles at high energies.

Electromagnetic interactions : The interactions between the charged parti-
cles are described by quantum electrodynamics (QED) |12] [13]. The mediator
of this force are neutral massless photons, and unlike gluons they don’t inter-

act with themselves. The QED field theory is represented by symmetry group
U1y

The electromagnetic interactions has infinite range obeying inverse square law,
similar to gravity. The strength of the electromagnetic interactions is given by

coupling constant

ge = Vima (1.3)
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where a being the fine structure constant and is defined as

e’ 1
= —~— 1.4
“The T 137 (14)
where e is the unit charge and % is the reduced Planck constant defined as %

e Electroweak interactions : A theory was proposed by Glashow, Weinberg
and Salam unifying the weak interactions with the electromagnetic interactions
and calling it as “Electroweak Theory”. The Electroweak Theory [14] is defined
by the symmetry group SU(2);,®@U(1)y. Here L represents the left handedness
and Y stands for weak hypercharge (Y = 2(Q — I3)), with @ the charge and

I; the weak isospin.

The symmetry group SU(2) introduces three fields, two charged and one neu-
tral, whereas the group U(1) give rise to gauge field B,. These four fields
thus generate four bosonic fields associated by W*, Z’ and photon. The
gauge invariance of this symmetry group expects gauge bosons to be massless.
However by experimental observations, masses of W and Z bosons are mea-
sured precisely to be 81.4 GeV and 91.2 GeV [6], respectively. To explain such
heavy masses of bosons, a new mechanism called as “Higgs mechanism” was

introduced.

The Higgs Mechanism: The gauge invariance of the symmetry group breaks
if the mass term of gauge bosons is added to SM Lagrangian. However, it is well
known experimentally that W and Z bosons are massive bosons. To serve this
problem, the concept of Spontaneous Symmetry Breaking via Brout-Englert-
Higgs(BEH) mechanism [15] [16] is included in SM. In the BEH mechanism,
a new complex scalar field called Higgs field(¢) is introduced.

o= (ZZ (1.5)
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The potential due to this Higgs field has the form

Vi (®) = (20T + \(@')? (1.6)

The shape of Vi (®) is dependent on the parameters p? and A. For p* < 0
and X\ > 0 there are infinite values possible for V(®) potential and hence the

symmetry is broken.
2

2

o =-5=5 (17)

To maintain the SM symmetry and to give a feasible solution to SU(2); ®

U(1)y symmetry breaking, it requires EW symmetry group to be broken as

SU2), @ U(1l)y — U(1),,, and this requirement guarantees charged Higgs

field ¢* to be zero which leads to the massless photon and ® to be written as
1 0

(I):E v+ h ()

and here h is the massive Higgs field associated with the Higgs Boson. This
scalar field ® when introduced in Lagrangian originates masses of the W and

Z bosons, and for self-interacting Higgs boson as well.

1.1.3 Limitations of SM

e Absence of gravity: Gravity is one of the fundamental interactions but yet
it is not included in the SM. It is the weakest force among the four funda-
mental forces. The SM to be called as a complete theory should also contain

description of the gravitational force.

e Matter-Antimatter asymmetry: It is evidently known that the universe is
almost entirely comprised of matter and not anti-matter [17]. But in principle,
there is no possible reason to explain the dominance of matter over anti-matter.

A promising solution is connected to charge parity (CP) violation, which can
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explain how this unbalance could have eventually resulted to this structure of

Universe that we see today.

e Dark matter and dark energy: The SM justifies only 5% of the energy
present in the Universe, and the rest is still largely unknown. Cosmological
observations hint at 26% of another kind of matter called “dark matter” and
yet it is another challenge for it to be included in SM. In addition to dark
matter, there is another mystery of dark energy contributing 68% of the Uni-
verse energy [18]. Observations implying the expanding of the universe can be

explained by the presence of this dark energy.

e The Hierarchy problem: Another limitation of the SM is its inability to
provide an answer to hierarchy problem [19]. The hierarchy problem leads
to the question why gravity is such a weaker force than other forces, or why
there is such a large difference between the Planck scale (10" GeV) and the
electroweak scale (10> GeV). One may define Planck’s scale using three fun-

damental constants as

m = ,/% ~1.22 x 10GeV/c (1.9)

where N is defined as reduced Planck constant, ¢ is speed of light and G is
the Newton’s Gravitational constant. The Planck scale represents the energy

scale at which gravity is expected to become stronger.

e Neutrino masses: Neutrinos are the massless fermions existing in each family
of leptons in the SM. However, there are experimental observations that they
show oscillating behavior between different flavors [20]. This can be only
possible if they have different masses assigned to different flavors. The masses
of the neutrinos can be added to SM but it will bring up new theoretical

questions of origin of these masses.

o Existence of three families of fermions: The SM can’t explain the ex-

istence of exactly three generations of the lepton and quark families among
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fermions, as well as the mass-hierarchy between these families. This symme-
try raises numerous questions and one possible explanation is that fermions
are composed of some pseudo-fundamental particles with deeper substructure.

These fundamental particles are not yet discovered.

1.2 Beyond Standard Model

In order to resolve the shortcomings of the SM, there are many Beyond Standard
Model (BSM) theories [21], such as Grand Unified Theory (GUT) |22], Supersymme-
try (SUSY) [23], Compositness Model, existence of Large Extra Dimensions (LED)
proposed. The work described in this thesis is based on the two such theoretical

models, viz, Compositeness model and Large Extra Dimensions models.

1.2.1 Compositeness model

In the SM, we are familiar with the fact that quarks and leptons are the fundamental
particles. However, the compositeness theoretical model [24-26] states that quarks
and leptons are not fundamental but rather are made up of some smaller and undis-
covered particles, hence they could exist in excited states. This is very similar to
the composite state of the atoms. The model assumes excited quarks to be spin 1/2
particles with SM quarks existing in left handed doublets and right handed singlets,
while the excited state exists in left- and right-handed doublets.

u
SM quarks : ,Up, dp
d
L

* *
u

u
Excited quarks : ,
d* d*
L R
There are many models predicting the nature of the hypothetical particles
constituting the quarks and leptons. One such model is given by Pati and Salam
and in their model they named these hypothetical particles as “preons” [27]. The

preons are subjected to a new force that becomes very strong at a new scale, A known
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as compositeness scale. The interactive process by which the excited fermions are
produced depends on this scale A. If the collision energy falls below A then the
excited fermions are produced via four-fermion Contact Interaction (CI). In CI, four
fermions interact at a single vertex in contrast to the exchange of SM bosons. The
Lagrangian term for CI is given by :

1 g«

Fa =3y

P (1.10)
with j, = TILJFL%JCL + W/sz%fl*, + TIZJFE%LL +h.c+(L— R)

where f; is the left handed SM fermionic field; f; is the excited fermionic field
and ¢* is the coupling constant. The parameters n;,n},n; are all assigned value 1

and ng, Nk, Nk are set to 0.

However, if the collision energy is greater than A, then excited fermions are
produced via gauge interactions. In gauge interactions, two excited fermions or two
SM fermions are coupled via a boson and the Lagrangian for such gauge interactions

is given by

]- an v )‘a a T Y
‘Ceff: ﬁf*o'u gsfs?pr + ngW;w + g/fIEB,uV f+h'C'7 (111)

where F,, W,, and B, are the field tensor strength corresponding to the
SU(3), SU(2) and U(1) gauge fields. For the respective gauge fields, g,, g and ¢’
are gauge coupling constants; f,, f and f’ are the coupling multiplier parameters
and are assumed to be equal to unity. The other higher dimensional operators in

the effective Lagrangian can be integrated by changing the f’s parameters to form
factors as f,(¢%), f(¢*) and f'(¢%).

This thesis represents the study of light flavor excited quarks (u*,d*) produced
by gauge interactions and heavy flavor excited quarks (b*) produced by gauge and

contact interactions. The Feynman diagram for both production processes is shown
in the Fig[L.3

The excited quarks (¢*) return to the ground state by radiating a gluon, photon
or heavy bosons W and Z. The Table. shows the possible decay modes and the



Chapter 1

Figure 1.3: The production of excited quarks via gauge interactions (left) and via
contact interactions (right).

branching ratios of the excited quarks to different states. In this thesis, the final

state of photon and jet from excited quark is considered.

Signal Modes Branching Ratio %

g* — qg ~83
qx — qW ~10
qx — qZ ~5
qx — qy ~2

Table 1.2: Branching Ratio of the decay states of the excited quarks

1.2.2 Large Extra Dimension models

To address the possible solution to the hierarchy problem, there are theories implying
gravity shares the same strength as other three forces, but since it is weaker in
our 341 dimensional world, it is stronger in some extra dimensional space and is
diluting into those dimensions. The skeptical figure of how gravity escapes to other
dimensions is shown in Figl[l.4] But the question arises that if extra dimensions
exist then why have they not been observed yet? The extra dimensions are compact
in size (as large as 1 millimeter), having the geometry of a circle with a small radius.
The space traversed by the extra dimensions is called “bulk”. Particles with small
wavelengths can only probe such compact dimensions. With the wavelength of the

particle being inversely proportional to the energy, the dimensions are hidden where
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Our world Hidden world

Figure 1.4: An illustration of gravity escaping to other hidden world with extra
dimensions, while other particles existing in our 3-dimensional spatial space.

energy scale is smaller than size of the corresponding extra dimensions.

To understand it better, let us consider Newton’s law in 44n dimensions with
the assumption that extra dimensions are compactified in a sphere of radius L.

The interaction force between two masses m; and m, separated at distance r shows

inversely proportional behavior with r as pm ()
GN my.mey 1 my.my
F(’r) ~ N - = —3 . — (112)
r(nt2) Mpl—(tH-n) P (12)

At distances less than L, the gravitational effect can be observed in all 3+n dimen-
sions. But when r exceeds L, the gravitational effect shows r~? inversely proportional

behavior with no extra dimensional space to spread out.

1 my.m
F(r) ~ —g— g (1.13)
pl(4+n) r-.L
Comparing this last expression with 4D Newton’s law:
1 )
F(r) -1 (1.14)

~Y
n+2° 2
Mpl(4) r
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we see

My ~ Myl L = Myl Va (1.15)

pl P

where V,, represents the volume of the extra dimensions. If we consider the
fundamental scale M,;(44,,) ~ 1 TeV and the 4D Planck scale MPZM) to be ~ 10" GeV

then the size of extra dimension is

M51(4) 1 32 1 30-19n
T )"~ 10nTeV T~ 107 m (1.16)

pl(4+n)

L~

Hence, the size of extra dimensions for the number of dimensions n = 1,2,3...7

are defined in Table [L.3]

Extra dimensions (n) ~ Size of extra dimensions (L)
1 10" m
0.1mm
1nm
1pm
100 fm
10fm
1fm

N O O W

Table 1.3: The size of extra dimension for the number of different dimensions

The existence of the large extra dimensions predicted by various models may
lower the Planck scale such that it could become accessible at the LHC energies 28]
and Quantum Black Holes could be produced at the pp collisions. As the mass
and radius of the ordinary black holes approached quantum gravity scale, the black
holes are named as “Quantum Black Holes” (QBHs). They don’t have semi-classical
spacetimes and does not follows black hole thermodynamics. The QBHs in many
aspects show resemblance to the strong resonances coupling and decay to only few of
the SM particles. The QBHs formation and decay takes place over a small spacetime

region, and then only hadronization occurs next.

There exist several models of extra dimensions with the potential to solve a few
problems of the SM. The most influential models include those by Arkani-Hamed,
Dimopoulos, and Dvali (ADD) [29] and by Randall and Sundrum (RS) [30] aiming
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to solve the hierarchy problem with extra dimensions. The ADD model proposes
flat, large extra dimensions compactified on a circle, and the RS model proposes a
single, warped extra dimension. In this thesis, the search for QBHs resonances as
predicted by the ADD model with six extra dimensions (n=6) and RS model with

one extra dimension (n=1) is reported using photon and jet final state.

1.3 Previous Searches

Many large accelerators are probing for the physics beyond the standard model and
for new particles. Previous searches for resonances of excited quarks and (QBHs
includes results from many collider experiments but no evidence has been found
yet. In this case, experiments provide a mass limit for the resonances stating that
below this mass the particle does not exist. The CDEF collaboration searched for
excited quarks in the v + jet and dijet channel in pp at /s = 1.8 TeV and excluded
the mass range 80 < M+ < 540GeV [31], 200 < M < 520 GeV, and 580 < M+ <
760 GeV [32] respectively. The D@ experiment has excluded the mass of excited
quarks upto 775 GeV in the dijet decay channel [33]. The CMS and ATLAS detectors
at the LHC have excluded excited quarks below mass 5.5 TeV and 5.3 TeV in the
~ + jet channel at 95% CL corresponding to luminosity 36.7 fb~* at /s = 13 TeV.
The CMS has excluded the excited quarks in dijet channel below mass 6.3 TeV
corresponding to integrated luminosity 137 fb~' [34] and ATLAS has excluded in
the same channel below mass 6.7 TeV corresponding to luminosity 139 fb~' at 95%
CL.

The searches for heavy flavor quarks are also performed by CMS and ATLAS
experiments. The ATLAS excluded b* in the tW channel upto mass 870 GeV at
Vs = 7TeV [35]. In the tW final state, the CMS Collaboration excluded b* below
mass 1.53 TeV for vector like couplings at 95% CL at /s = 8 TeV [36]. In Run-II
data collection at /s = 13 TeV the excited b quark is excluded at 95% CL upto mass
1.8 TeV in the 7 + jet channel corresponding to luminosity 36.7 fb~" [37] and upto
4.0 TeV in the dijet channel corresponding to 138 fb~" luminosity for full Run-II.
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For the QBHs model, the ATLAS and CMS performed searches in the v+ jet,
diphoton and dijet final states. The CMS and ATLAS have excluded the ADD
QBH with 6 extra dimensions in the dijet state upto 8.2 TeV [38] and 8.9 TeV |39
respectively, at /s = 13TeV. At the same energy, the ADD with 6 extra dimensions
is excluded below mass 5.6 TeV in the ep state, 5.2 TeV in er and 5.0 TeV in p7 final
state [40]. However, ATLAS has excluded the ADD with 6 extra dimensions upto
7.1TeV in v + jet channel [41]. The RS model with 1 extra dimension is excluded
below mass 4.4 TeV in the v + jet channel at /s = 13 TeV [41].

1.4 Thesis Organization

The thesis covers two major aspects, one is physics analysis of pp collision data
collected by the CMS detector and other is GEM detector hardware work as a part
of CMS detector upgrade.

The physics analysis aims to search for new resonances in the v + jet final
state using data and Monte-Carlo simulations. Precisely, the new resonances here
includes the search for excited state of light (u*,d*) and heavy flavor (b*) quarks, and
search for Quantum Black Holes (QBHs) of the ADD model (n=6) and RS model
(n=1).

The detector hardware part includes the assembly and testing of new sub-
detector Gas Electron Multiplier (GEM) in the muon subsystem of CMS detector

during long shutdown-2 (LS2) i.e from year 2018-2021. The outline is as follows:

e The ongoing Chapter is based on the basic understanding of particle physics.
The shortcomings of the SM are discussed, with many theoretical models ex-
isting to overcome these limitations. A brief introduction of the new resonance

signals defined by different models is also described in this Chapter.

e Chapter 2 is dedicated to the experimental setup of the studies discussed in this

thesis, i.e Large Hadron Collider and the CMS detector. The CMS detector



1.4 Thesis Organization 17

is one of the general purpose detector of the LHC. A brief introduction of the
CMS and its subdetectors is given in this chapter.

e Chapter 3 presents the GEM detector hardware work being performed at the
Panjab University, Chandigarh for the CMS detector upgrade to be done dur-
ing the LS2. The assembly and testing of the GEM detectors done at Panjab

University are described in detail in this chapter.

e Chapter 4 gives a brief overview of the reconstruction of the particles from pp
collision data interacting with the subdetectors of the CMS detector. Differ-
ent event generators used in the simulation studies and various event recon-
struction algorithm used to reconsruct the primary vertex of interaction, the

outgoing particles and their kinematics are focussed here in this chapter.

e Chapter 5 gives a description of the physics analysis for resonance searches
of excited quarks (¢*, b*) and QBHs from ADD model (n=6) and RS model
(n=1). An overview of analysis strategy with signal modeling is given in this

chapter.

e Chapter 6 describes the event selection criteria, background modelling and the

possible systematic and statistical uncertainties.

e Chapter 7 presents the results of the physics analysis, and also summarizes
the hardware work and physics analysis performed in the thesis. The future

outlook of the work is also described in this chapter.
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Chapter 2

Experimental Apparatus

The data analyzed and presented in this thesis is obtained from pp collisions recorded
by the Compact Muon Solenoid Experiment (CMS) situated at the Large Hadron
Collider (LHC). The LHC is the world’s largest and most powerful particle acceler-
ator ever built. In this chapter, a brief description of the LHC and its operations,

detailed description of the CMS detector and its sub-detectors are given.

2.1 Large Hadron Collider

The Large Hadron Collider (LHC) [1] is the largest hadron collider built by the Euro-
pean Council for Nuclear Research (CERN) and operated at the France-Switzerland
Border near Geneva. It is a large ring with circumference of 26.7 km, located ~100 m
underground and is used to produce pp and heavy ion collisions. The collider is ca-
pable of generating the pp collision upto center-of-mass energy (/) of 14 TeV, which
is the highest ever reached by any collider. The LHC started operating in 2009 with
pp beam colliding at /s = 7TeV. In the year 2012, /s increased to 8 TeV. This
data taking period from 2009-2012 is called Run-I of the LHC. Later, at the end of
year 2012 the LHC went into Long Shutdown for maintenance and upgrades, and
the collisions again started in the year 2015 at /s = 13 TeV. During the Run-IT of
the LHC, the data is collected in between the years 2015-2018.
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The CERN accelerator complex
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Figure 2.1: A schematic diagram of the CERN accelerator complex .

In order to achieve the desired energy and before entering the LHC tunnel,
the protons are accelerated at successive stages at CERN, as shown in Fig. 2.1 Tt
starts with stripping out the hydrogen atoms of their electrons and accelerating the
protons of energy of about 100 keV to an energy of 50 MeV in a Linear Accelerator
(LINAC2). The protons are then subsequently injected into circular Proton Syn-
chrotron Booster (PSB) where their energy is increased upto 2GeV. In the next
step, the further acceleration is done by Proton Synchrotron (PS) where they are
grouped into bunches separated by 25 ns and accelerated upto the energy of 25 GeV.
At the next stage of acceleration, the protons are injected into Super Proton Syn-
chrotron (SPS) where protons energy reaches 450 GeV. The protons are then finally
injected in bunches with N, ~ 10" protons into the LHC where the beam energy is
accelerated to 6.5 TeV per beam .
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In the LHC ring, the proton beams circulate in two high vacuum pipes in op-
posite directions, that collide at four interaction points. A magnetic field strength
of 8T is required to bend the beams in circular motion that is generated by 1232
superconducting dipole magnets, while an additional number of 392 quadruple mag-
nets are required to focus the beam. These quadruples magnets are placed before
each interaction point to squeeze the beams and increase the density of protons. To
maintain the temperature of 1.9K of the dipole magnets, approximately 96 tonnes

of super-fluid Helium is used.

The four interaction points of collision are analyzed by four detectors : ALICE
(A Large Ton Collider Experiment) [4], ATLAS (A Toroidal LHC ApparatuS) [5],
CMS (Compact Muon Solenoid) [6] and LHCb (LHC beauty) [7]. The ALICE and
LHCb experiments study heavy ion and b-quark physics, and are located in the
octant 2 (Point 2) and octant 8 (Point 8), respectively. The ATLAS and CMS ex-
periments are two general purpose detectors designed for the precision measurements
of the SM and beyond standard model (BSM) searches. These general purpose de-
tectors are located at the opposite sides to each other: ATLAS in octant 1 (Point
1) and CMS in octant 5 (Point 5). The protons, after being injected into the LHC
ring are accelerated by the force provided by Radio Frequency (RF) cavities. The
current layout of the LHC is shown in Fig. 2.2

2.1.1 Luminosity

A key parameter of the LHC is instantaneous luminosity, £, of collisions depends
on many beam parameters
2
L= Nb nbfrev’y

= e (2.1)

where, N, is the number of protons in each bunch, n, is the number of bunches
in each beam, f,., is the collision frequency, 7 is the lorentz factor, F is the geometry
reduction factor, €, is the transverse emittance and 8* is the betatron function at
the interaction point. The values of these parameters that can be achieved by the

LHC and is achieved in different years in shown in Fig. 2.3
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Acceleration

system Beam dump

Beam cleaning Beam cleaning

Figure 2.2: Schematic layout of the LHC ring divided into eight octants. The
positions of four experiments located is indicated by star, and the CMS is located
at octant 5 (Point 5) [8].

a s [

Parameter Design 2012 2016 2017 2018
beam energy [TeV] 7 4 6.5 6.5 6.5
bunch spacing [ns] 25 50 25 25 25
B~ CMS/ATLAS [cm] 35 60 40 40/ 30 30-25
crossing angle [prad] 285 290  370/280 300-240 320-260
bunch population N [10'! ppb] 1.15 165 1.1 1.15 1.15
normalized emittance € [m] 375 25 22 22 20
number of bunches per ring k 2808 1374 2220 2556 2556
peak luminosity L [10** cm~2s~!] 1 0.75 14 2.05 201
peak average event pile-up u ~20 ~35 ~ 50 ~ 55 ~ 60
peak stored energy [MJ] 360 145 270 320 340

Figure 2.3: Machine Parameters of the LHC

The total number of events (N) that could be produced for a physics process
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having a cross section value o is given by the eq.,

where L;,, is the integrated luminosity, calculated by integrating the instanta-
neous luminosity over a period of time. Since N depends on luminosity and o, high

luminosity values are needed to study the processes of low production cross section.

The integrated luminosity recorded each data taking year and the cumulative

integrated luminosity recorded by the CMS is shown in Fig. left and right,

respectively.
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Figure 2.4: The LHC performance during Run-II with integrated luminosity on left
for different taking years and cumulative integrated luminosity recorded by CMS
for Run-II at center of mass energy 13 TeV.

2.1.2 Pileup

Since there are approximately 10" protons in each bunch circulating in beam pipe,
there can be many pp interactions in each bunch crossing. These additional inelastic
pp interactions, aside from the interaction with hardest momentum transfer in the

same bunch crossing, are called pileup (PU) events. Fig. depicts the average
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CMS Average Pileup (pp, Vs=13 TeV)
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Figure 2.5: The mean number of interactions per beam crossing for each data taking
year.

number of pileup observed by the CMS in data taking year 2015-2018 with an
average of 34 interactions for Run-II. The figure clearly indicates an increase in the
number of pileup interactions between 2015 (a mean of 13) and 2018 (a mean of 37

interactions).

2.2 The CMS Detector

The CMS detector @] is one of the general purpose detector built at the LHC to ex-
plore the physics at the TeV scale for different final state signatures. It is a cylindrical
detector with a diameter of 15m, length of 21 m and weighing about 14000 tonnes.
The central feature of the detector is a large superconducting solenoid that provides
a magnetic field of roughly 3.8 T. The detector is composed of concentric layers of
subdetectors with silicon tracker as the innermost layer closest to the interaction
point. The tracker is surrounded by two calorimeters: electromagnetic calorimeter
(ECAL) and hadron calorimeter (HCAL). These three subdetectors tracker, ECAL

and HCAL are embedded inside the solenoid, while the muon system, outermost
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CMS DETECTOR STEEL RETURN YOKE

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

Overall diameter :15.0m Pixel (100x150 um) ~1m? ~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
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
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Figure 2.6: The cross-sectional view of the CMS detector [@]

layer, is located outside the solenoid. Fig. shows the overall view of the CMS

detector with its subsystems.

2.2.1 Co-ordinate system

The CMS detector uses right-handed Cartesian coordinate system as shown in
Fig. with origin defined as the nominal interaction point. The x-axis points
towards the center of LHC ring, the z-direction pointing in the anticlockwise beam
direction, y-axis is perpendicular to x-z plane pointing vertically upwards, and r is
the radial distance from the beam-line. Given the cylindrical structure of detector,
the azimuthal angle ¢ is measured in z-y plane and polar angle 6 is measured with
respect to x-z plane. A variable called pseudorapidity 7, is most commonly used

variable in hadron colliders since the difference in pseudorapidity of two particles is
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Figure 2.7: The right-handed coordinate system of CMS detector, also representing
the coverage in 1, ¢ and 6.

invariant under Lorentz boosts along the z-axis. It is defined by eq 2.3

n= —ln(tang) (2.3)

2.2.2 Tracker

The tracker [10] is the innermost sub-detector of the CMS surrounding the inter-
action point. The tracker is designed for robust and efficient reconstruction of the
trajectories of the charged particles. Due to the large magnetic field of the CMS, the
charged particles bend their path and leave a track behind for precise measurement
of the trajectory path and their momenta. The tracker is constituted of several layers
of silicon detectors made of silicon sensors, which provide coverage upto || = 2.5.
The choice of the silicon sensors is made due to the good radiation hardness, high
granularity and fast response time of the material. The tracker is composed of two
subsystems: pixel detector which is a few cm away from the collision point, and

the outer silicon strip detector.

Pixel detector: The pixel detector, being closest to the collision point (r <
10 cm) receives a large flux of particles. It is responsible for high precision mea-
surements of the charged particle tracks, along with the reconstruction of secondary

vertices. The pixel detector, prior to the Phase-I upgrade of the tracker in 2017/2018,
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Figure 2.8: A comparison of pixel detector in the tracker before and after Phase-I
upgrade. The longitudinal view (left) shows the pixel layers after the upgrade in
the upper half and before in the lower half. In the right, shows transverse view of
the pixel detector with concentric barrel layers.

consisted of three concentric layers in the barrel (referred to as BPIX) present at r =
4.4, 7.3, and 10.2 cm and two disks at each endcap in the forward regions (referred
to as FPIX) placed at z = +34.5 and +46.5 cm. However, in order to cope with the
high luminosity and to achieve efficient tracking, the tracker was upgraded to four
layers in the barrel and three disks in each endcap . Furthermore, the nearest
BPIX layer is moved closer to the interaction point, i.e. from 4.4 cm to 2.9 cm.
After the upgrade, the position of all four layers is at » = 2.9, 6.8, 10.9 and 16.0 cm.

The layout view of the pixel silicon tracker is shown in Fig. [2.8

The pixel detector is made up of 1856 silicon sensor modules, with 1184 mod-
ules used in barrel layers (BPIX) and 672 modules used in endcap disks (FPIX).
These modules further consist of a sensor with 160x416 number of pixels connected
to 16 readout chips. In total, 124 million pixels (79 million in four barrel layers and

45 million in six endcap disks) are used in the detector.

Strip detector: The strip detector surrounding the pixel detector is composed
of ten coaxial barrel layers, three small and nine large disks in each endcap. The

strip detector consists of 15148 modules, divided into four subsystems: Tracker
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Inner Barrel (TIB), Tracker Inner Disks (TID), Tracker EndCaps (TEC) and the
Tracker Outer Barrel (TOB). The TIB is made up of 4 layers of silicon strips having
thickness of 340 pm, and the TID on each endcap consists of 3 disks covering the
radial distance 20 < r < 55 cm, same as TIB. The position of TIB and TID is
such that strips in TIB are parallel to beam line and disks in TID are radial. The
TOB consists of six layers of strips covering 55 < r < 116 cm. In each endcap,
there are 9 disks in TEC modules covering the forward region 124 < |z| < 280 cm,
and radial distance coverage between 20 < r < 116 cm. The silicon sensors used
in TOB has a thickness of 500 pm, while in TEC thickness varies in range of 320 to
500pm depending on the position of disks from the centre. A layout of the tracking
system with all modules is shown in Fig.
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Figure 2.9: A layout of the tracker in r-z view, with different sensor modules of
subsystems in tracker [12].

2.2.3 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) |13] is a hermite and homogenous detec-
tor made up of finely granuled lead tungstate (PbWO,) crystals. The electromag-
netic particles, mainly electrons, positrons, and photons interact with the PbWO,
crystals and emit a scintillating light proportional to the energy of incident parti-

cle. The light signal is collected by the photodetectors to measure the incident’s
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particle energy. The electrons or positrons upon interaction with the material, radi-
ate bremsstrahlung photons, whereas the photons interact via pair production, and
hence generating a shower of particles. The process of radiating photons and pair
production keeps going until the electron or photon energies fall below the process

thresholds.

The choice of PbWQO, crystals to construct ECAL is driven by high density of
material (8.28 g/cm®), short radiation length (X, = 0.89 cm) and small Moliere ra-
dius (2.2 cm) making it a compact calorimeter to be well fitted within CMS solenoid
magnet. Another important factor to consider PbWQO, crystals is that they are ra-
diation hard, hence more suitable to cope up with the high exposure of ionizing
particles. The scintillating decay time of the crystal is also similar to the LHC

bunch crossing time (25 ns) and therefore has a fast response time.

The ECAL is made up of a total of 75848 trapezoidal crystals, with the barrel
system (EB) consisting of large number of 61200 crystals and two endcap systems
(EE) each consisting of 7324 crystals. The length of crystals in barrel is 23 cm, with
a frontal area cross-section of 22x22 mm?* and rear area cross-section of 26x26 mm?
ensuring a coverage upto the pseudorapdity region |n| < 1.479. In the endcap, the
crystal length is 22 cm with dimensions 28.62x28.62 mm?® in the front area and
30x30 mm? in the rear area covering upto the region 1.479 < || < 3.0. The front
of each endcap is covered by the electromagnetic preshower (ES) detectors in the
region 1.653 < |n| < 2.6. The preshower detector is a sampling calorimeter made
of lead absorber plates and silicon strip sensors providing better spatial resolution

than crystals. This design helps in distinguishing single photons from boosted 7’

decay to vy. A schematic view of the ECAL detector is shown in Fig. [2.10]
The energy resolution of the ECAL is dependent on the energy of incoming
electrons and photons as :

2

) +C? (2.4)

&)=

The S stands for stochastic term which arises from photon-electron statistics
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Figure 2.10: A schematic diagram of the ECAL detector .

from the scintillati

on process, while the noise term (N) is due to the electronic noises.

The constant term (C) depends on detector non-uniformity response and calibration

uncertainties. The energy resolution varies around 2% for barrel and it increases

upto 5% in endcap as depicted in the Fig. for different years of Run-II data

taking 16].
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Figure 2.11: The energy resolution of ECAL from Z — ee as a function of 7 for
different years of Run-I and Run-II data taking .
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2.2.4 Hadronic Calorimeter

The hadronic calorimeter (HCAL) is a sampling calorimeter designed to measure
the energy of charged and neutral hadrons. It is made of alternating layers of
brass absorber plates and tiles of plastic scintillators, with light from scintillators
collected by wavelength shifting (WLS) fibres for readout system. The mean free
path transversed by hadron before undergoing a nuclear interaction is defined by
the hadronic interaction length, A;. The depth of HCAL varies between 5.8 and 10.6
A; depending on 7 . The absorber thickness of HB depends on polar angle 6,
varying as 1/sinf, and hence resulting a thickness of 10.6 \; at || = 1.3.

Figure 2.12: The longitudinal view of CMS detector in r—n plane showing the
positions of hadronic barrel (HB), hadronic endcap (HE), Hadronic outer (HO)
and hadronic forward (HF) calorimeters in the HCAL @]

The CMS HCAL consists of four different subsystems: hadronic barrels (HB),
hadronic endcaps (HE), hadronic outer (HO), and hadronic forward (HF) calorime-
ters, as shown in Fig.[2.12] The HB is categorized in two half-barrels (HB+ and HB-)
aligned in the beam direction (z axis) covering the pseudorapidity region |n| < 1.4.
Each half barrel is made up of 18 azimuthal wedges each subtending an angle of
20° in ¢, as shown in Fig. [2.13] These wedges are constructed of brass absorber
plates bolted together in a staggered geometry. In order to provide structural sup-

port, the innermost and outermost layers of absorber plate is made of stainless
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steel. Each wedge in transverse plane is divided into 4 segments, i.e 18x4 = 72
sectors in ¢, denoted as i¢ and in longitudinal plane is divided into a total of 16
sectors for each barrel, denoted as . This provides a segmentation of granularity
Anx A¢ = 0.087 x 0.087 for each scintillation tile. Moreover, each channel of in—i¢

is known as a tower. The tower segmentation is shown in Fig. [2.14

Figure 2.13: The numbering scheme of 18 azimuthal wedges in HB of HCAL HEI]
Wedge 1 is in +z direction of LHC ring.

The HE in the endcap has 18 fold symmetry in ¢ and covers the pseudora-
pidity region 1.3 < |n| < 3.0. The sampling structure of brass absorber and plastic
scintillating layer is similar to HB. In the region 1.3 < |n| < 1.6, each An x A¢
tower covers an area of 0.087 x 0.087 with a segmentation of 5°in ¢. The granularity
of HE in this region is same as that of HB. However, in the region 1.6 < |n| < 3.0,
the granularity is An x A¢ = 0.017 x 0.017 where ¢ segmentation is of 10°.

The HO covering the pseudorapdity region |n| < 1.4 (same as barrel) is in-

stalled outside the solenoid. Since the absorbing thickness of HB is not enough to
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Figure 2.14: A longitudinal view of one quarter of HCAL detector in the r — z plane
representing the tower segmentation \|

fully contain the hadronic shower, HO serves as tailcatcher by providing an extra
layer of absorber in the same region [20]. The HO is divided into five rings ( identi-
fied by the numbers +2,+1,0) along the beam direction, each having 12 sectors in ¢.
The central ring 0 consists of two layers of scintillaters separated by steel absorber,
while the other rings at +1 and +2 have only a single layer of scintillator. The

solenoid coil in front of HO also acts as an additional absorber layer.

The forward region 3.0 < |n| < 5.0 is covered by the HF which is placed
at distance of 11.5 cm from the collision point on both the sides . The HF is

Cherenkov-light based calorimeter that uses steel as the absorbing material instead
of brass and the quartz fibres as the scintillating material. The quartz fibres serves

as more suitable choice to the high particle flux environment in the forward region.

Till the starting of year 2017, the HB, HE and HO used hybrid photo-
diodes (HPD) as their photodetectors. However, during the Phase-I upgrade,
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the HPDs were replaced by more efficient and compact Silicon Photomultipliers
(SiPMs) [22], [23]. The SiPMs offers better signal-to-noise ratio and low operating
volatages as compared to HPDs. The energy resolution of combined HCAL and
ECAL is measured to be

) = ) (ragey (25)

where 84.7% represents the stochastic term and 7.4% represents the constant

term [19)].

2.2.5 Magnet

The superconducting solenoid system in CMS [24] [25] is the largest ever built
solenoid. It is the central system in the CMS detector around which the detec-
tor is built. The magnet provides a homogeneous field of strength B = 3.8 Tesla.
The magnetic field is 100000 times stronger than the Earth’s magnetic field, which
bends the path of the charged particles from the collisions. This bending is neces-
sary for the high resolution on measurement of particles” momenta. The length of
the solenoid is 13m with a diameter of 5.9m large enough to contain the tracker and
calorimeter. The magnetic flux from the solenoid is returned via a steel iron yoke
that weights 10000 tonnes (Fig. [?]). The iron yoke makes most of the contribution
to the large mass of the CMS.

2.2.6 Muon Detector

The core feature of the CMS detector, as name suggests, is the muon subsystem
designed to precisely identify the muons and measure their kinematics. The motiva-
tion behind having a specific muon system is that muons are involved in many SM
processes and are predicted as decay particle in the new searches as well. Muons are
the least ionizing particles, have a relatively long lifetime, and as a result traverse

without interacting with the material of the detector. Therefore, the muon subsys-
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Figure 2.15: The magnetic field |B| (left) and field lines (right) in the longitudinal
view of the CMS detector [26].

tem is the outermost layer installed outside the solenoid and embedded in return
yoke. Like most subdetectors, the muon system consists of one barrel and two end-
caps. It is composed of three different type of gas-ionization detectors : Drift Tubes
(DT), Cathode Strips Chambers (CSC) and Resistive Plate Chambers (RPC). Dur-
ing Long Shutdown 2 (LS2) period, which started in 2019, another subsystem of the
muon detector was planned to be installed in the forward region 1.5 < |n| < 2.4.
This subsystem, called Gas Electron Multipliers (GEM) is also a gaseous detector,
similar to other muon subsystems. The primary purpose of these GEM detectors
will be to provide a good L1 trigger rate and improved muon reconstruction at high
luminosity rates. A detailed description of the GEM detectors is given in Chapter
3.

Drift Tube Chambers:  The DTs installed in the barrel region covering |n| <
1.2 are arranged in five identical wheels. Each wheel is further divided into twelve
azimuthal sectors with four layers per sector. These layers are MB1, MB2, MB3
and MB4 as shown in Fig. The DT is a rectangular cell of size 13 x 42 mm?

with electrodes on top and bottom, cathode strips on sides and an anode wire in
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Figure 2.16: Longitudinal view of muon detector with its three subsystems: Drift
Tubes (DTs) in yellow, Cathode Strip Chambers (CSCs) in green and Resistive
Plate Chambers (RPCs) in blue .
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Figure 2.17: A schematic layout of muon detector.

between. The cell is filled with a gaseous mixture of Ar and CO, in the composition
of 85% and 15%, respectively. As muon passes through the chamber, it ionizes the
gas producing an electron avalanche. The current induced through this avalanche
gives the estimation of drift time and position of the muon hit in the chamber. The

DTs have an excellent spatial resolution of 100 pm [27].

Cathode Strips Chambers: CSC cover the barrel pseudorapidity region 0.9
< |n| < 2.4, overlapping with the DTs in the region 0.9 < |n| < 1.2. In the endcaps,
the particle flux is high and magnetic field is also non-uniform. Hence, a sub-
detector with fast response time, radiation hard should be installed in this region
making CSCs a better choice than DTs. The CSCs are designed in trapezoidal
shapes with seven panels, having six gaps filled with gaseous mixture Ar:CO,:CF,
in the proportion 30%:50%:20%. The cathode strips on panel are arranged in radial

direction, while the anode wires are azimuthally placed (perpendicular to cathode
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wire plane (a few wires shown)

cathode plane with strips

7 trapezoidal panels form 6 gas gaps

Figure 2.18: A schematic view of CSC chamber.

wires). This structure allows the precise measurements in 7-¢ and 7 direction, with

a spatial resoultion of 40-150 pm [26].

Resistive Plate Chambers: The RPCs are installed in the region |n| < 1.9
covering both barrel and endcap. There are in total 1056 PC’s, 480 in barrel and
576 in endcap, installed in the muon system. Rocks are double-gap gaseous chamber
with two resistive plates separated by 2 mm spacers and volume filled with mixture
of CyHyFy(95%)/iCyH1y(5%). A layout of module is shown in Fig. As muons
traverse through the chamber, it ionizes the gas and electron starts drifting due
to high electric field and signal is captured by readout strips. Although, RPCs
have coarser spatial resolution (few cm), but they provide excellent time resolution
of 1ns i.e less than LHC bunch crossing of 25ns [29]. This makes the RPCs an
independent and suitable triggering system. However, the rate capability of RPCs
does not allow them to be used in the very-forward region for High-Luminosity
LHC (HL-LHC), where the background rates will be higher. Thus, Micro-pattern
detectors are proposed to be installed in this region, and more details on this is

given in the next chapter.
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2.2.7 Trigger System

The LHC produce bunches at the rate of 40 MHz with bunch spacing of 25 ns gen-
erating a billion of pp interactions in a second. Since storing each event with all the
detector information is one of the major limitation for all high energy experiments.
Moreover, only a small fraction of events are of physics interest. Hence, CMS comes
up with a trigger system [30] to store only the interesting pp collision data. The

event rate is reduced from 40 MHz to 1kHz using two tier trigger system.

o Level-1 trigger (L1) is a hardware system which performs logical operations

based on information from calorimeters and muon detectors.

e High Level Trigger (HLT) is a software based trigger that filters data based

on reconstructed physics objects

L1 trigger reduces the event rate to 100 kHz from 40 MHz with a fixed latency of
about 4ps. In order to be quick, only the information from calorimeters and muons
chambers is utilised to accept or reject the event. Since the track reconstuction takes
time, it is not included in this decision making process by the L1 trigger. Coarsely
segmented information from the calorimeters and muon system is fed to the trigger
system, while the full event detail is kept in buffer until a decision is made by the
L1 trigger system. The loose selection criteria for electrons, photons, tau, jets, and

energy sums from the energy deposits in calorimeters and hits in muon chambers
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are defined, and based on this the decision is made by the trigger. Events passing
the L1 trigger are further slimmed down by HLT to rate 1 kHz. Tracker information
is considered by this software based HLT trigger to facilitate the difference between
electrons, photons, muons, and hadronic jets. After all the selections in a HLT path

are passed, the event is stored as offline data for further physics analysis.

To improve the L1 trigger rate and muon reconstruction, new detectors i.e
GEM detectors as a part of CMS upgrade are installed in the muon chamber in
forward region. In the following chapter, the assembly and testing of these GEM

detector at the Panjab University site is discussed.
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Chapter 3

Gas Electron Multiplier Detector

The upgrade of LHC to High-Luminosity LHC (HL-LHC) will achieve a center-of-
mass energy of 14 TeV and an instantaneous luminosity of 5 x 10™>* ¢cm™2s™*. This
luminosity is approximately 5 times of current delivered instantaneous luminosity
during Run-II. However, the current design of the CMS is not fully capable of
handling such a massive increase in luminosity and background rates. Hence, to
take full advantage of the increased event rates and show limited downsides due to
detector aging, the CMS design needs an upgrade for better performance during
HL-LHC operation. These upgrades are planned during long shutdown LS2 and
LS3 in 2019-2021 and 2024-2026, respectively. According to the current scenario,
LS2 is over and Run3 data-taking has started. One of the upgrades that will be
instrumented in the CMS detector is installation of a new detector in the muon

system, called Gas Electron Multipliers (GEMs).

The CMS muon system consists of three types of gaseous detectors : Cath-
ode Strip Chambers (CSCs), Resistive Plate Chambers (RPCs) and Drift Tubes
(DTs) [1]. The details of these sub-systems are already discussed in Chapter 2.
The DTs provide the pseudorapidity coverage upto |n| < 1.2, while CSC covers the
range 0.9 < |n| < 2.4. The RPCs with better time resolution provide coverage both
to DTs and CSCs in the n region |n| <1.6. Furthermore in the forward region 1.6

< |n| < 2.4, the background event rate is large and also lack redundancy and is
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only covered by CSCs. Therefore, to preserve L1 trigger performance, improve re-
construction capabilities, and for precise momentum measurements, GEM (GE1/1)
detectors [2] are installed in this region to complement CSCs. In the name GE1/1,
G stands for GEM; E stands for Endcap; the first “1” corresponds to first muon-
station, and second “1” is for first ring of muon station. The Fig. shows the
quadrant view of CMS with position of GE1/1 (illustrated in red color) installed in
the endcap.

nooo 02 03 04 05 06 07 0.8 0.8 1.0 1.1
g° 843" 786" 731" 677" 625" 575" 52.8° 484 443 404" 6.8 noe
o 7 ] Jr 177 l LI L T N N P BN U B N O N N B P .

H h ; / : g DTs |
CSCs
M RPCs ] 1.3 305"
‘I W GENs |

Figure 3.1: A quadrant of the muon system, showing DT chambers (yellow), RPC
(light blue), and CSC (green). The new GEM detector station, GE1/1 is indicated

in red .

3.1 Motivation for GEM upgrade in CMS

In the initial proposal of the CMS, RPCs were to be installed beyond |n| > 1.6
but later, this proposal was not executed due to concerns that RPCs would not
be able to cope up with the higher background rates of the HL-LHC. In order to
rectify this, a new proposal for GEM detectors was made to complement CSCs in
the same region where RPCs were planned to be installed. The GEM detectors are

very robust and will help improve the performance of CMS muon system and CMS



3.1 Motivation for GEM upgrade in CMS 51

detector for HL-LHC.

In the first muon station, the bending of muon tracks due to the magnetic
field lines is large as compared to the other stations. With the installation of GE1/1
chambers in this region, the determination of bending angle will be more accurate
and hence, will result in a more precise measurement of muon’s direction. Thus,
the L1 standalone muon trigger momentum resolution will also be improved .
For example, a single muon trigger will allow L1 trigger threshold at 12-14 GeV to
be fully efficient at 18-19 GeV by installing GE1/1 chambers. Fig. shows the
L1 trigger rate for single-muon studied on simulations for /s = 14 TeV before and
after installing GE1/1 chambers. The figure shows improved L1 trigger rate for a
pr threshold after installing GE1/1 chambers and therefore will be beneficial for
broad spectrum of studies from Beyond Standard Model (BSM) searches to the

Higgs sector measurements.
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Figure 3.2: Simulations of .1 muon trigger rate at a luminosity of 2 x 10%* em?sec™!
as a function of pp threshold .

Other advantages of installing GE1/1 detector are :

e expected to provide a time resolution of 8-10ns

e angular resolution of 300 urad on A® = Oy /1 — Ppypi
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e rate capability of 10kHzcm™? or better

3.2 GEM Technology

The GEM detectors belong to the Micro Pattern Gas Detectors (MPGDs) family,
relying on the microscopic structures to generate electron avalanches [5]. The key
element of the detector is GEM foil, that is a 50 pm thick polymide sheet coated with
a b pum thick conducting layer of copper on top and bottom of sheet. Microscopic
holes are chemically etched throughout the sheet using photolithography technology.
The holes have an hour-glass geometry with an outer diameter of 70 pm and inner

diameter of 50 pym, as shown in Fig|3.3

Polyimide

Figure 3.3: A microscopic view of GEM foil, with holes and its sketch taken from
The GE1/1 chamber is a triple-GEM detector i.e. it consists of three layers
of foil separated by a few mm with volume filled with a gas. The holes etched in
the GEM foils work as a proportional counter with a high voltage applied across
the conducting copper layers and further, creating a potential difference of around

300-500V. This potential difference across two layers makes an electric dipole with

an electric field upto 100kV. To understand the working principle, consider a single-
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GEM detector where a foil is placed in between cathode and anode at a gap. In
a case when a particle such as a muon enters the chamber, it ionizes the gas and
create ion-electron pair. The electron drifts towards the foil following the electric
field and ions move to cathode. Once electron reaches the hole in the foil, there
they acquire enough energy to produce secondary electron-ion pairs. This is called
amplification region with a potential gain of 10° provided by a single foil. These
secondaries then reaches the anode travelling through induction field. A measurable
signal is further induced on the anode with readout strips to identify the signal in

the form of collected charge. A layout of the GEM detector having single foil is
shown in Fig[3.4]

Cathode

brift gad g , = 3 mm

EEM Vien

Induction gap g; E; ! 1mm

Anode PCB

readout electronics

Figure 3.4: A layout of GEM detector with single foil [7].

3.3 Principle of GEM detector in CMS

The GE1/1 detector is trapezoidal in shape, with a drift and readout board and
three foils stacked in between. The module configuration is such that the drift
board is on top, the readout board is at bottom, and the three foils in between
are separated at a gap of 3/1/2/1 mm. The distance between drift and first foil

is called drift gap, between foils is called transfer gap to be 1 and 2, and between
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the third foil and the readout board is called induction gap. A schematic overview
of the same is shown in Fig [3.5] Such configuration of the chamber ensures better
time resolution. Due to mechanical constraints of GE1/1 station, two versions of
detector are deployed to provide maximum detection coverage: one is long GE1/1-L
with a length of 128 cm and other is short GE1/1-S with a length of 113.5 cm. The
gas composition is chosen in the ratio 70:30 to optimize the gain from the chamber
while considering environmental effects as well. All the important specifications and
related parameters are listed in Table [3.1f for the GE1/1 design and its operation in
CMS. More details for CMS GEM detector can be found in Ref. .

Drift cathode | |
ED-Drift I gD-Srnm

GEM1 M O
Eﬂ—TransfeH I gn—1mm

GEM:? @M@ @@ O e
E.,- Transfer 2 I g,,- 2 mm

GEM3 T O e
El-Induction I gl-1mm

Readout PCB [ ' ' ]

pre-amplifier

Figure 3.5: A schematic view of the GE1/1 detector with three foils placed at a
gap of 3/1/2/1 mm in between drift and readout boards ﬂgﬂ



3.4 Production of GE1/1

95

Table 3.1: The main specifications and parameters for the GE1/1 design and its

operation in CMS [8]

Specification/Parameter

GE1/1

Detector Technology

Total number of single chambers

Triple-GEM; Micro Pattern gaseous detector
144

Total number of super chambers

72

Chamber shape

Active area overlap in adjacent chmabers
Short chamber dimensions

Long chamber dimensions

Total chamber thickness

Active readout area

Active chamber volume

Radial distance from beam line

Geometric acceptance in n

Trapezoidal; opening angle 10.15°

2.6 mrad = 5.7 readout strip pitches

L: 106.1 cm (center line) W: (23.1 - 42.0 cm) T: 0.7 cm
L: 120.9 cm (center line) W: (23.1 - 44.6 cm) T: 0.7 cm
T: 3.5 cm

0.345 m* (short ch.); 0.409 m” (long ch.)

2.6 litres (short ch.); 3 litres (long ch.)

130.2 cm (at inner edge of active readout area)

1.61 < |n| < 2.18 (short ch.); 1.55 < |n| < 2.18 (long ch.)

Signal readout structure

Readout strip chambers

Number of 7- partitions in readout

7 partition length at the center (short ch.)
7 partition length at the center (long ch.)
Number of readout strips per n-partition

Number of readout strips per chamber

Truly radial readout strips

463 prad angular pitch

8

101.81, 102.06, 119.57, 140.57, 140.57, 166.55, 166.14 mm
113.22, 113.07, 134.56, 161.07, 161.07, 195.05, 194.2 mm
384

3072

Counting gas mixtures

Nominal operational gas flow

Ar/CO, (70/30%)

5 litres per hour

Number of gas inlets per chamber 1
Number of gas outlets per chamber 1
Nominal HV applied to drift electrode -3242 'V
Nominal operational effective gas gain 2x10*

Number of HV sectors per foil (top)

40 (short ch.), 47 (long ch.)

3.4 Production of GE1/1

In GE1/1 muon system, two GE1/1 detectors are combined to form a superchamber.
Each superchamber cover 10° in ¢, and so a total of 36 superchambers are required
in each endcap to provide full azimuthal coverage. Therefore, it constitutes a sum
of 144 GE1/1 detectors to built this new sub-system. The CMS-GEM collabora-
tion worked together for the production and testing of these 144 GE1/1 detectors.
Among many institutes who were given responsibility for it, Panjab University was

one of them. In Physics Department, Panjab University we fabricated a total of
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eight detectors, with some quality-check test performed on them. In this chapter, a
detailed description of fabrication of GEM and test performed on them, of which I

was part of, will be discussed.

3.5 Assembly procedure of GE1/1

The GEM technology relies to a great extent on the foil’s production and the gain
of the signal in the chamber. A microscopic external dust particle can create a false
signal, disrupt the operation and damage the detector. Hence, to avoid any kind of
contamination source, the GE1/1 detector assembly is performed in a class 100 clean
room. This clean room allows utmost of only 100 particles smaller than 0.5 ym per
cubic foot and is incorporated in Panjab University for the GEM detector assembly.
There should be a maximum four people at a time in clean room wearing anti-static
coats, shoe covers, head covers, and face masks maintained for the assembly room.
More technical details on the assembly procedure can be found in Ref [8], [10], [11].
The assembly of a detector is done in two steps: one is Pre-assembly, which is done
in a separate laboratory where drift board, readout board and frames are prepared,
and other is the assembly of foil stack and all the steps upto closing the detector
which is done in the clean room environment. The pre-assembly is done in another
lab since soldering iron, lubricating shafts are not allowed in the clean room. Once
the drift board, readout board, and external and internal frames are ready, assembly
is performed in clean room the next day. The steps followed to assemble the detector

are mentioned below:

3.5.1 Preparation of Drift Board

The drift board is the trapezoidal shape drift electrode coated with the copper
layer. On the top of this drift board, the stack of the three foils and readout board
is placed. The gap between the drift board and first foil is filled with gas volume

after assembly is completed. The mechanical design of the drift board is shown in
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Fig[3.6] This board also accommodates a High Voltage (HV) divider to provide the

voltages to top and bottom of each foil.

Figure 3.6: The drift board for a GE1/1 chamber coated with copper layer.

The preparation of drift board includes the mounting of pull-outs and place-
ment of HV divider. The pull outs are made of stainless steel and serve the purpose of
providing mechanical stretch to the foils (this will be explained later in Section.
The pull-outs are placed at the dedicated holes on the board and tightened up using
a torque screw driver with constant torque of 1.2 Nm. This is done throughout the
board except on one side of trapezoid shape where HV divider and other surface
mounted (SMD) components are to be positioned, as shown in Fig The SMD
components include a 10 M resistor, a RC circuit component of 100k and 300
#F mounted using soldering iron on the board at their respective positions. Simi-
larly, the HV pins are also positioned at the dedicated place and soldered using the
soldering iron. Once the soldering of HV pins and SMD components is done, the
complete board is cleaned using a tissue paper and ethanol to avoid any contami-

nation. Later, the remaining pull-outs are also mounted on this trapezoidal side of
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board where electrical components are positioned.

Figure 3.7: HV divider circuit and HV pins connected to top and bottom of each
foil to provide the power source.

Figure 3.8: Soldering the HV pins (left), preparing the SMD pads (middle), and
soldering the SMD components (right).

3.5.2 Preparation of Readout Board

The readout board is a trapezoidal shape board, similar to the shape of drift board
and foils. The top of the board has 24 panasonic connectors to read the signal
representing (8 x 3) in x i¢ sectors. The diagonal opposite side of the trapezoidal
base of board has two holes for gas inlet and outlet plugs. To initiate the preparation,
the table on which the board is to be placed is cleansed with a clean tissue paper

and ethanol. Further, dust is removed from both sides of board using a vacuum
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cleaner and also cleaning it a tissue and ethanol. The brass inserts are clamped in
the dedicated holes in the flanges of board (as shown in Fig. [3.9)) using the clamping
hand. The gas connectors are inserted in the inlets using a epoxy glue. This is done
by mixing two parts of epoxy glue on a clean metallic surface, and applying glue in

the shape of ring between the body and threaded part of connector.

Figure 3.9: The brass inserts placed at the respective position (on left) and clamping
of these brass inserts using clamping hand (on right).

3.5.3 Preparation of Internal and External Frames

The preparation of internal frames is an essential step as these frames define the
space between drift board, GEM foils and readout board. The frame consists of
spacers having thickness 3mm, 1 mm, 2mm and 1mm to define the gap. The
internal frames are provided in a support system, and to take them out from the
support a very gentle pressure is applied by holding the support system gently and
applying a tape over it (as shown in Fig [3.10). These can be easily broken, and
hence need extra care to handle. Brass inserts are inserted in these frames using a
FRA4 baseplate. The baseplate is taped on a table to fix its position and frame is
placed over it to match the hole of baseplate with the frame. When the holes are
aligned, brass insert is gently pushed into the hole using a hammer. The procedure
is shown in the Fig Once it is done for all frames, a further check is done to

make sure no brass insert piece is loose.
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Figure 3.10: Removing the internal frames (left) and inserting brass inserts into the
3 mm internal spacer (right).

The external frame is trapezoidal shape frame designed to make the GE1/1
chamber gas-tight; to avoid any gas leakage from the chamber. It is made up of
halogen-free glass-epoxy material. Inside this frame, there is a groove to insert a
O-ring that compresses between drift and readout board to ensure no leakage and
any deformation to the chamber of any kind. These O-rings are first checked to
observe any cut on it, and then cleaned in an ultrasonic bath to remove any dust.
Later, the O-ring is fitted to the dedicated groove by pulling it from four sides and
gently placing it in the frame, as shown in Fig. It should perfectly fit in the

groove.

Figure 3.11: The placement of O-ring in the external frame by pulling out from all
four corners is presented.
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3.5.4 Preparation of Foils

After the preparation of drift board, readout-board, internal and external frames
they are brought to the clean room. The GEM foils and their outer frame in the
shape of foil are also placed in the clean room. Everything in the room should
be cleaned to avoid any dust sticking to the foils and entering the chamber, and a
relative humidity of 40% and an average ambient temperature of 22° should also be

maintained. The steps are mentioned below for the preparation of foils.

e The outer foil frame is placed on the clean working table, and then foils are
attached to this frame only using the dead area of foils with the help of kapton
tape.

e This is done for all three foils, and for extra precaution one extra foil is also

cleaned in case it is needed.

e All three frames are then aligned in a vertical position against the wall and
a sticky roller is gently rolled over the foil to clean any dust particles on the

foil, as shown in Fig. This is done for both sides of the foils. The sticky

roller is also frequently cleaned on a sticky pad.

e Further, to test the GEM-foils, HV clips are placed such that HV pins are in
contact with top and bottom of the foils, as shown in Fig

e Using a Mega-ohmmeter (Megger) a constant voltage of 550V is applied to
the foil for several minutes. If the resistance of the foil reaches 20 G{2, the foils

are marked as good to be used in the chamber.

e To define the foils as foil-1, foil-2 and foil-3, the spare HV pads for the other
foils are cut down using a sharp blade, i.e. for selecting a foil as foil-1, the HV

pads for foil-2 and foil-3 on the same foils are removed.
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Figure 3.12: Cleaning the GEM foil with a anti-static roll (left) and mounting the
HV clip to the foils (right).

3.6 Assembly of Chamber

To assemble the chamber, we need to first have the stack of three foils with the

discussed gap between them. The process of preparing the stack is discussed below

in steps:

A plexiglass baseplate is placed and fixed on the working table using tape.
Later, it is cleaned by a clean tissue paper and ethanol. The guiding pins are

placed over the dedicated positions.

The pre-assembled internal frames or spacers of 3 mm are cleaned using sticky
roller. It is further checked that no brass inserts should be missed or pulled

out till this stage.

The 3mm spacers are then placed over the plexiglass using the guiding pins,

as shown in Fig|3.13

The frame holding GEM foil-1 is now placed on the top of these spacers with
the help of guiding pins and later is detached by cutting the tape holding

frame and foil using a sharp blade.

The foil laying over the spacers is stretched on the opposite sides simultane-
ously throughout the foil and fixed using a kapton tape on the dead end of
foil. The pressure applied to stretch should be similar such that foil should

not be deformed.
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Figure 3.13: The figure shows mounting of 3 mm spacers on plexiglass baseplate
using guiding pins.

e A layout for order of stretching and a picture after stretching from the lab is

shown in Fig. |3.14

e The GEM foil-1 is again tested by applying 550V to the top and bottom of
foil pads using a Megger. The impedance of the foil should again reach 20 G{2.

e Now, the spacers of 1 mm thickness are cleaned using sticky roller and placed

over the foil-1 using guiding pins. These spacers work as the first transfer gap.

e The outer frame holding foils is detached from the foil by removing the tape,
and the foil is tested using Megger with impedance of foil reaching 20 GS2. The

foils are stretched on all sides and fixed using kapton tape on dead end of foil.

e Similarly, for third foil, spacers of 2mm are cleaned and placed on the top of
second foil using guiding pins, and further M2.5 metallic nuts are fitted to the

dedicated position of spacers.

e The following step is to place the last foil on these spacers and detach the

frame holding it.

e Again, these foils are stretched on all sides, fixed using tape, and then tested

by applying 550 V with impedance reaching 20 Gf2.
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Figure 3.14: An illustration on how to stretch the foils in a sequence on top, and
on bottom it shows the final picture after stretching as done in the lab for one of
the chamber.
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e The last 1 mm spacers are placed on the third foil to form induction gap.

Further on this stack of foils prepared, a clean plexiglass is positioned on the
top of it. To hold the plexiglass with stack of foil, long M2 screws and washers are
placed at the each edge of spacers and corners of trapezoid. Also, M2x6 screws
are positioned on plexiglass cover in the dedicated area to hold the internal frames

together.

3.7 Preparation of the final stack

At this stage, the GEM stack of foils is prepared with plexiglass plate at bottom
and top. The plexiglass with few steps are to be replaced with drift and readout
boards. The steps followed are :

e Finalizing the stack with drift board

— The dead end area around the GEM stack for each foil is removed keeping
the plexiglass cover as reference. The quality of cut should be perfect such
that no extra foil or dead end is laying outside the trapezoidal area. The

stack is further cleaned using a vacuum cleaner.

— The drift board surrounded by pull-outs is placed on another table and
cleaned using vacuum cleaner without touching the active area. The

active area of the board is cleaned with the help of static roller. The
same is shown in Fig

— The stack is placed next to the drift board, and very carefully without
plexiglass baseplate is lifted and positioned on the top of drift board. The

guiding pins are then removed from the stack using tweezers.

— At another table, a aluminimum material assembly jig of trapezoidal
shape is positioned and fixed with screws, as shown in Fig. [3.16] This is
done to ensure the position of drift board is settled at a fixed place while

doing the final stretching of stack, as recommended by CMS.
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Figure 3.15: Cleaning of drift board with vacuum cleaner on left and with sticky
roller on right.

— The plexiglass on the top is left as it is, so that the foils and stack remain

covered.

e Stretching of Foils

— The foils in the stack are stretched in a way in opposite direction simul-
taneously as shown in Fig. [3.17] to avoid any wrinkle on the foils. This
step is performed by two individuals standing on opposite sides and in-
serting M2.8x8 screws in the tangential position of aluminium bars and
tightening on all the sides. These screws should be cleaned first in an

ultrasonic bath, similar to O-ring.

— The plexiglass cover is removed and the foil on top is cleaned with a static

roller.

— The foils are tested again using Megger by applying 550V on all three
foils, and impedance of foils should reach 20 GS2.

— This test is later performed for drift and transfer gaps. For the gaps, the
impedance should reach 100 G2 after a voltage of 550V is applied for few
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Figure 3.16: Placement of aluminium bars and fixing it around the stack.

Figure 3.17: Figure a) Method describing the stretching, b) Stretching the foils.

seconds.

— After this test, the final stretching of foils is done using a electronic screw-
driver by applying a torque of 9 Nm, and slightly higher around 15 Nm

at the corners.
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e Closing of Chamber

— The external frame is placed on the stack lying between the aluminium

bars, as shown in Fig. |3.18] The stack is again cleaned with static roller.

— The readout board is cleaned using a vacuum cleaner first, and static

roller on the active area. It is then positioned on the top of GEM stack,

as shown in Fig|3.18

Figure 3.18: Placing the a) external frame on stack b) readout board on GEM
stack.

— The polyamide washers and M3 screws are placed in the dedicated holes
on the readout board and tightened using a torque screw driver with a

constant torque of 1.2 Nm applied.

— The chamber is now ready and closed with everything in place. The

aluminium bars are removed to access the chamber.

— The complete stack is again checked with Megger by applying voltage of
550 V.

— To further check the induction gap, Panasonic-to-LEMO connectors are

connected to readout sectors and a voltage of 550V is applied between
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signal pad of connector and GEM foil-3. If the impedance reaches 100 G2
instantly, the gap is marked good. This is done for all the readout sectors

one by one.

— With the foils and gaps marked good, the chamber is ready for other
quality check tests.

3.8 Quality-Check Tests

To assure the performance of the foils and chamber, specific Quality Assurance (QA)
or Quality Check (QC) tests established by the GEM Collaboration at CMS need
to be qualified. These tests determine the production quality and accuracy of the
assembled chamber. The QC tests are aimed to find if there is any mechanical or
electrical issue with the chamber that could later be a source of problem after the
installation in CMS muon system. To be part of CMS muon system, the chambers
must pass these QC tests. The collaboration has defined many tests to be performed
in a particular order, where few of them are done at CERN site only and other are

performed at the production site only.

Fig shows the complete process of the QCs tests performed at CERN site
and other production site located in different countries of the GEM collaboration.

To list them here, the steps are :

Production and the QC tests of assembly components at the CERN site.

Shipping these components to other production site for assembly and few QC

tests.

From the other production sites, shipping the assembled chambers to CERN

site.

Assembly of superchambers from the GE1/1 chambers received, and perform-

ing QCs test before installing in CMS muon system.



Chapter 3
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Figure 3.19: The process followed for Quality Assurance (QA) and Quality Check
(QC) tests for the chambers at CERN site and other production sites all over the

world.

At the Panjab University production site, a total of 8 chambers were assem-

bled with 3 QCs tests performed besides the physical inspection of the foils. The

corresponding 3 tests are :

e QC2: Foils Current Leakage test

e QC3: Gas Leakage test

o QC4: HV test

3.8.1 QC2: Current Leakage Test

The QC2 current leakage test determine the quality of GEM foils by determining the
leakage current flowing on the surface of GEM holes. When a voltage is applied to
the foil, the current flows from the top to bottom of the foil as polyamide (kapton)

provides a conductive surface. This current is called leakage current. Hence, it is
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very important to perform this test before, during and after the assembly of GE1/1
chamber. The presence of dust particles or any other deposit on the foil can act as
a bridge between the top and bottom surface and can result in increased leakage

current flowing through the surface.

After the GE1/1 chamber is assembled in the clean room, the QC2 test is
performed by measuring the impedance of the foils using Megger. The relative
humidity of the room should be monitored and maintained to be 40% at the vicinity
of chamber. With the help of Megger, a voltage of 550V is applied to HV pads at
the drift board for a foil by connecting the negative pin to the top electrode and
positive pin to the bottom electrode. For example, to determine this test for foil-1,
the negative pin of Megger is connected to top electrode of foil and positive pin
connected to bottom electrode of foil. The impedance is measured, and number of
sparks are counted after 30 seconds and then, after 10 minutes. The impedance
should reach 20 Gf2, while the count of sparks should be zero after 10 minutes.
Similarly, this is done for other foils and gaps. For gaps, the impedance should
reach 100 GS2 with no sparks observed after 10 minutes.

The eight detectors assembled by Panjab University were named by CERN as
“GE1/1-X-S-INDIA-00YY” where YY stands for ‘02’,07°,09’,10°,15,16°,17". All
detectors passed the QC2 current leakage test and hence, taken out of the clean

room to proceed with the next QCs test.

3.8.2 QC3 Gas Leakage Test

The next test to determine the quality of assembled chamber after the QC2 test is
QC3 Gas leakage test. Since, the drift and readout boards with stack in between
are enclosed using a lot of screws, they also become the source of external openings.
The possible reasons for any such opening could be if any screw got loosened, or
got much tightened that it broke, or O-ring used in external frame is not fitted
properly. Any such cause could become the source of contamination through very

slight openings and further, could deteriorate the performance and lifetime of the



Chapter 3

assembled chambers. Hence, the gas leakage test is performed to examine any such

opening if present.

A schematic overview of the test setup is shown in Fig|3.20] The gas input
inlet is connected to a C'O, gas pipeline with a pressure regulator and having the
maximum output pressure limit of 50 mbar. The gas inlet flow meter along with
manual valve allows to control the input gas flow rate, while output flow meter
allows to monitor the output gas flow rate and thus, determining the gas leakage
through the detector. The input and output valves are also added in the system to
isolate the detector from the rest of gas system. A digital pressure transducer is also
connected in the system to measure over-pressure inside the gas system only or gas+
detector combined. Before introducing the detector to the gas system, the system
itself is calibrated first as shown in Fig bottom. The system is calibrated in

the following steps:

Atmosphenc 5 % > CPU

Pressure indicator
ARDUINO

Ambient
@Temperature indicator /

Pressure
indicator

/Py
\_/
Gas IN ﬁw’ [GER PN

detector o/
Pressure Valve Input valve Output valve Flow meter
regulator flow meter

Possible leak

Pressure Valve Input valve QOutput valve Flow meter
regulator flow meter

Gas IN M {>—k} | for calibration [ | ] g Gas OUT

Possible leak

Figure 3.20: A schematic overview of the QC3 gas leakage test setup.

e The gas system are connected together with no detector, as shown in Fig. |3.20

(bottom).

e The input and output valve of the system are opened and C'O, is allowed to
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enter the system by adjusting manual valve at a flow rate of 5 L. per hour. The

output flow rate should be instantly visible in the output flow meter.

e The over-pressure is set to 25 mbar and output valve is closed to begin ramping
up the pressure in the system. As soon as pressure reaches 25 mbar, input valve

is also closed.

e Now the data acquisition (DAQ) system monitors the pressure drop inside the
system as a function of time. The DAQ records over-pressure drop, and other
environmental conditions such as temperature and atmospheric pressure at a

interval of one minute.

e The system is qualified or marked good if the pressure drop does not exceed

1 mbar in 1 hour.

After the system validation, the gas leak in the detector is examined with the
same setup but now with GE1/1 detector in between the input and output valve.
The detector is acceptable and marked good for this test if the pressure drop inside
the detector does not go beyond 7mbar per hour. The Fig shows the result of
all assembled detectors at the Panjab University site, and all of them successfully

passed the QC3 gas leakage test.

3.8.3 QC4 HV test with CO, gas

The QC4 high voltage test aims to identify any possible malfunctioning, any defects
in HV circuit and to observe intrinsic noise rate (which is signal not produced by
ionizing particle). To perform this test, the detector is flushed with CO, gas at a flow
rate of 5 L per hour for 5 hours. The test setup consists of HV power supply with a
user control for current limit (7, ), the steps of ramping up and down the voltage,
setting maximum voltage and trip time. Negative voltage V., is provided by this
programmable power supply. A pre-amplifier (ORTEC) is connected to the bottom
electrode of third GEM foil through decoupled RC circuit already set-up on the drift
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Figure 3.21: Results of QC3 gas leakage test for all GE1/1 chambers assembled at
the Panjab University site.

board. The output from the pre-amplifier is sent to amplifier+shaper (ORTEC 474
model), and afterwards sent to discriminator. The output from discriminator is then
sent to dual timer and scaler to determine the intrinsic noise rate. The schematic

overview of the setup is shown in Fig. |3.22

The resistance of the HV circuit (i.e HV divider and all HV filters) is measured
using the digital multimeter. Additionally, the threshold of the discriminator and the
scaler clock are set to -140 mV and 60 s, respectively. To initiate the measurements,
the current limit [, is set according to the target value adding 5 pA and the
corresponding V., is switched on. After 5 minutes when operating current and

voltage are stable, the actual voltage V,,,, and current I are recorded. The

mon
numbers of counts (i.e noise rate) is also recorded after 60s and saved in the DAQ
system. These steps are repeated at a gap of 100V till maximum voltage of 4.9kV is
reached. For the recorded values of V..., I,,.., and noise rate, two curves are plotted
i) I-V characteristic curve ii) noise rate versus I,,,, curve. The reciprocal of I-V
characteristic curve slope indicate the value of total resistance of the system. This
resistance value is compared with the value measured from the digital multimeter.

These two values should not differ from each other by more than 2% for the detector
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Figure 3.22: The data acquisition setup for QC4 test

to pass this test. Further, the noise rate should not exceed 15 Hz at the high voltage
of 49kV to qualify the test. All the detectors assembled at Panjab University
successfully passed this HV test, and the curves for I-V characteristic curve and
noise rate versus /,,,, curve are shown in Fig and Fig |3.24] respectively. The

results of this test are shown in Table [3.2]

Table 3.2: Results from QC4 HV test showing the value of measured resistance
(Ropultimeter) Dy multimeter, resistance (Ryy) by IV curve, and the maximum intrin-
sic noise rate.

Chamber ID Resistance by multimeter Resistance by I-V curve Intrinsic noise
(R)(MQ) (Rry) (MQ) rate( Hz)
GE1/1_X_S_INDIA _0002 4.67 4.69 11.88
GE1/1.X_S_INDIA _0007 5.00 5.01 3.50
GE1/1_X_S_INDIA_0008 5.00 5.02 6.57
GE1/1_X_S_INDIA_0009 5.00 5.01 5.62
GE1/1.X_S_INDIA_0010 4.97 5.02 5.72
GE1/1.X_S_INDIA_0015 4.96 5.01 11.30
GE1/1 X S INDIA 0016 4.97 5.02 8.58

GE1/1 X_S_INDIA_ 0017 5.00 5.02 8.25
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Figure 3.23: The I-V characteristics results of QC4 test for the assembled GEM
detectors at the Panjab University site.

3.9 Further testing and validation

Following the QC4 HV test, another test QC5 is performed in two stages. First
stage is to measure the effective gas gain as a function of high voltage applied
through voltage divider, and other is to determine the uniformity of the detector
response through readout electronics consisting of APV25 front-end ASICS. These
measurements are done in a closed radiation box with AMPTEK miniX X-ray source
installed inside it. This test is performed to examine if due to any factors such as
non-uniform GEM holes, over-stretching of foils, or defects on readout board could

effect the uniform gains through out the active area of detector.

The effective gas gain measurement of the detector is done in the gas mixture
of Ar:CO, in ratio 70:30 by comparing the induced primary current in drift gap
with the amplified current at the readout board. To perform this test, the detector
is irradiated with X-ray electron gun incident on a silver target with two peaks at 22
and 25 keV. The X-ray photons are absorbed by copper atoms on the drift electrode
of detector, and which further emits photons of 8 keV energy. These photons are

then converted by photoelectric effect in detector active gas volume. The gain is
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Figure 3.24: The intrinsic noise rate as a function of monitored current for the
assembled GEM detectors at the Panjab University site.

calculated by using the eq.:

I
= ¢ 3.1
R x N, x g, (3.1)
where [, is the amplified current at the readout, R is the X-ray photon in-

teractions rate, NV, is the number of primary electrons induced by incident photo-

electrons, and ¢, is the elementary charge.

The second stage of this test is estimating the uniformity of gas gain through
out the detector. Therefore, each 7 sector is divided into 96 slices, i.e total of 768
slices and further each slice consists of 4 strips. The cluster charge collected in
terms of ADC is fitted to extract the position of copper fluorescence peak. This is
done for each 7 sector for each GE1/1 chamber. The mean position of the copper
fluorescence peak spectrum for each n sector is utilized to generate a distribution
of peak position for the GE1/1 detector. Further, a gaussian fitting is done on
this generated distribution to get the mean (u) and standard deviation (o). The
response uniformity is defined as

RU = % % 100 (3.2)
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For ideal cases, the response uniformity R.U should not exceed beyond 30%
for stable operation of the detector. Fig. shows the uniformity response for all
chambers to be within 30%.
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Figure 3.25: (a) GE1/1 shows the effective Gain as a function of the HV Divider
Current for a subset of GE1/1 chamber, and (b) shows the response uniformity dis-
tribution. The 50% contours in response uniformity represent the gain fluctuations
beyond which the detector time resolution starts degrading.

After the detectors successfully pass all QC tests, the detectors are sent to
CERN site for further more QC tests and superchambers assembly before installation
in CMS detector. At CERN, QC6 and QCT7 tests are performed to ensure HV
stability and proper readout electronics. In these tests, GEM Electronic Board
(GEB) is mounted onto the chamber along with Optohybrids that can communicate
with VFAT3 chips designed for GE1/1 detectors. When detectors passes these tests,
they are further assembled to make a superchamber using two detectors at a time.
The QCS test is performed on the superchambers assembled with a cosmic muon
stand for the final validation of all the performance studies and electronics before

installing it in the CMS detector.

3.10 Summary

During the LS2 period as a part of HL-LHC upgrade, a total of 144 GE1/1 detectors

were installed in the CMS muon system. The Panjab University site assembled 8
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such detectors and performed quality check tests QC2, QC3 and QC4 at the site.
These 8 detectors were successfully shipped to CERN site for further QCs tests and
superchamber assembly. All the detectors are now part of CMS muon endcap system
and are taking data. More details on the assembly and testing of the GE1/1 detectors

can be found in several published papers and conference proceedings [12], [13], [11].

In the next chapter, the simulation of events through various event generators

and reconstruction of the physics objects is discussed.
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Chapter 4

Event Simulation and

Reconstruction

The simulation in any experiment is equally important as the data collection by
the experiment. The accuracy of event simulation is a paramount for the successful
analysis of the experimental data. Hence, Monte-Carlo (MC) [1] simulations are
extremely important for any high energy particle accelerator based experiments.
These methods are implemented in many generator programs to simulate the signal
and background events, and their topology. At the CMS experiment, events are
generated in two step process using an event generator based on a model defined for
SM and BSM processes. For the complete simulation of the event, all the details
of the pp collisions are provided to replicate the data as closely as possible. The
events generated are passed through CMS detector reconstruction using the CMSSW
software framework to emulate the response of the generated particle interactions
with detector material. In this chapter, various processes involved in pp collisions,
event generators with detector response and the event reconstruction of the objects

are discussed.

83
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4.1 Types of processes in pp collisions

In pp collisions, various processes contribute to the total cross-section due to parton-
parton elastic and inelastic collisions. The inelastic collisions where momentum
transfers take place have the potential for many new particle discoveries and physics

measurement studies. These processes are described below in brief.

e Hard Interaction: It is defined as the process where the momentum transfer
among the partons is the highest and the outgoing particles have the largest
momentum among all other processes in the same event. These interactions

are the physics processes of interest.

e Initial State Radiation and Final State Radiation: The emission of a
SM boson (typically gluons, photon or a Z boson) from the partons prior to
interacting is called Initial State Radiation (ISR). On the other hand, if a SM
boson is radiated from partons after the hard interaction takes place then the
radiation is called Final State Radiation (FSR). These radiations result in the
formation of jets near the interacting partons and also takes away the small

energy of the parent partons.

e Soft Interactions: In these processes, the momentum transfer is small. These
can be directly from pp collisions, or can be between the outgoing particles

from hard interactions.

e Multiple Parton Interactions: The interactions where due to large parton
densities there are significant number of parton-parton interactions in a pp
collisions, such processes are known as Multiple Parton Interactions (MPI).
The momentum transfer is minimum in these interactions, and hence these

interactions produce low p; particles.
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“Hard” Scattering

outgoing parton

proton

underlying event

underlying event
outgoing parton

Figure 4.1: A sketch of pp collisions simulated by MC generator depicting hard-
interaction, initial-state radiation, final-state radiation and underlying events. The
source of figure is Ref. [2]

4.2 Parton Shower and Hadronization process

In order to fully simulate the event in pp collisions, all the interactions besides the
hard process should also be simulated with the help of various event generators. In
particular, parton showering and the hadronization processes. The initial interacting
partons from pp collisions and the partons produced further from hard interaction
can result in dozens of additional partons in the same event creating a shower of the
particles. This showering of particles is known as parton shower [3] [4]. However,
when the events reach the non-perturbative regime (a, ~ 1) the parton showering
comes to an end. At this stage, free colored partons further group together to
produce color neutral states called as hadrons and are stable enough that they
can be detected by the CMS detector. This process is called hadronization. The

hadronization processes are well described by the following two widely used models

e String Model: The most famous string model is the “Lund String Model”
[5] 16]. In QCD, at large distances linear confinement is expected i.e., linear
behavior of color potential between quarks (¢g). This can be anticipated as a
string with ¢ and ¢ at the ends of the string. As the partons move apart from

each other, they can be imagined as a stretched color flux tube. The quarks
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Figure 4.2: Representation of the color string between quark and anti-quark Lund
String Model

33

Figure 4.3: An illustration of the difference between string hadronization (left) and
cluster hadronization (right). The source of figure is Ref. ﬂgﬂ

along the string keep on experiencing force till it breaks to create a new ¢q
pair, but it only happens if quarks energy allows it. The illustration of same is
shown in Fig. This process continues till any of the strings have sufficient

energy to produce more hadrons.

e Cluster Model: It is based on the preconfinement property of the shower [7],
. Here clusters is referred to as color singlet (¢§) combinations of partons.
The main idea behind this model is to force gluons into ¢q pairs at shower
cutoff scale via non-perturbative splitting. The physical picture to show the

difference between cluster hadronization and string hadronization is given in

Fig. 4.3
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4.3 Event Generation and Simulation

In order to have the apple to apple comparison of simulated events with data, the
event generation process is divided into smaller steps. The foremost task of event
generation is to calculate the production cross-section of physics process of interest
over whole phase space. With this being done, the next step is to generate the events
with the calculated cross-section and provide the four momentum information of all
the particles produced for that process. These steps are discussed in more detail

below.

4.3.1 Matrix Element

The MC generators simulate all possible processes and also calculate the cross-
section of those processes. The cross-sections are calculated with the help of Matrix
Element (ME) at different accuracy levels. For a given Feynman process, the ME
computes the differential and integrated cross section at a fixed order of o (coupling
constant of strong interactions) describing the interactions of partons. The ME
computes predictions at leading order (LO), next-to-leading order (NLO) and for
even higher order cases as next-to-next-to-leading order (NNLO). The higher the
order included, the more accurate the cross-section and realistic topology of the

generated events.

4.3.2 Event Generators

CMS uses general purpose event generators for simulating the high energy colli-
sions. The event simulations starts with ME calculation at a chosen order. Gen-
erally MADGRAPH5_aMC@QNLO [10] and POWHEG [11] serve this purpose with the
parton showering simulated by PYTHIA8, HERWIG [12] and SHERPA [13] generators.
The PYTHIA8 and MADGRAPH5 aMC@NLO event generators are used to simulate
the signal and background events in this analysis, and a brief description of these

generators is given below :
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e PYTHIA : pPYTHIAS is a general purpose event generator widely used for the
LHC physics studies. The program includes all the processes or the event gen-
eration starting from the hard interaction, following the hadronization models
and all the possible decays. The processes are mainly 2—1, 2—2, and 2—3
with the ME calculations upto LO precision. PYTHIAS relies on pp based
parton showering for ISR, FSR and also MPI. It includes highly developed
simulations of MPI, along with the hadronization using Lund String Model.

¢ MADGRAPH : MADGRAPH5 aMCQNLO [14] [15] generator computes the
matrix elements for higher multiplicities i.e. 2— n processes. However, the
MADGRAPH5_aMC@QNLO does not incorporates parton showering, hadroniza-
tion and multi-partonic interactions. Thus, it is most commonly interfaced
with PYTHIAS to include such processes in an event. The aMCQNLO refers
to the order at the which ME are calculated, which is next-to leading order.
MADGRAPH also generates the Feynman diagrams of the processes with the
user’s input parameters such as mass, coupling, initial and final state particles
provided. Since, this generator is interfaced with other for parton showering

a CKKW, MLM matching is done to avoid the double counting of events [16].

4.3.3 Detector Response

The last step of the event generation is to simulate the detector responses in the
event using the GEANT4 (GEometry ANd Tracking) [17-19] software. This is done
to translate the event from the generator level with a defined model to the detector
level. In this step, the effects of the detector geometry, responses to the interaction
with the detector material and magnetic field, and the effect of electronic readout
is eventually induced to the event. It is a crucial step for simulation in order to

compare it with the observed data from the detector collected by the experiment.
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4.4 Data Flow

There are ~10"" protons in each bunch of proton beam, and with every bunch
crossing in 25 ns, there are billions of events to store for physics analysis. Storage of
such numerous events requires a lot of computing resources. Therefore, to minimize
resources only interesting events for physics are saved and are also categorized into
different datasets based on the physics object. These datasets are saved in different
data formats depending on the degree of detail of the event stored. The data formats

are:

e RAW : The events passed by the HLT trigger system (as discussed in
are stored as the “RAW” event. The raw events are classified into
primary datasets and stores detector level information, L1 triggers and HLT
trigger results. The event size is large, approximately 1.5 MB per event, in

the raw format.

¢ RECO : The RECO events are the reconstructed events derived from the
raw data. These events contain object level information such as hits in sili-
con tracker, primary and secondary vertex information and reconstructed en-
ergy clusters. They also have the information of reconstructed physics objects
stored as electrons, photons, muons, jets, and missing transverse energy. The

size of a event in the reco format is reduced to ~250 kB.

e AOD : Analysis Object Data (AOD) is derived from the RECO events to
provide information of physics data in a compact format. The AOD data
format of events contains enough information for the physics analysis of objects
such as electrons, photons, muons, taus, jets and missing transverse energy.
But only the limited tracking informating of a event is allowed in the AOD
format. This limited information from tracker reduces the size of a event to
~ 50 kB, which is approximately five times smaller than RECO format. The
events from AOD format are further classified to MiniAOD and NanoAOD

formats with various kinematic selection applied on the physics object. These
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selection reduces the event size further, and make it easy for the analysts to

use these data formats.

e FEVT : FEVT stands for Full Event data, and as the name suggests it con-
tains the complete information of an event. It has the RAW plus RECO event

details, and stored for simplicity for later access if needed.

4.5 Physics Object Reconstruction

The CMS detector takes the snapshot of an event and stores the detailed informa-
tion of the collision using high-speed electronics. This information is then used to
reconstruct the physics objects such as electrons, photons, muons, taus and hadrons.
Many objects leave a signal in more than one sub-detector, and these signals are
processed to reconstruct the object. Starting with the very basic information is the
track of the particle from the tracker and muon system, and then leading to the en-
ergy clusters in the calorimeters. These information are then linked to reconstruct
the particle. In the following sections, the reconstruction of the tracks and objects

is discussed in detail.

4.5.1 Primary Vertex

Primary vertex is defined as the most energetic hard scattering vertex associated
with tracks from the pp collision. Despite this hard interaction vertex, there are
multiple inelastic pp interactions vertices within a bunch crossing which are referred
to as “pileup vertices”. In order to determine the position of the primary vertex and
all other pileup vertices, the reconstruction is done in three steps. In the first step,
tracks are selected with different criteria imposed on track quality and distance
from the center of the most luminous region of pp collision (also known as beam
spot). In this step, no selection on track p; is applied. In the following step,
tracks are clustered using deterministic annealing (DA) algorithm [20] which relies

on the transverse impact parameter. From these two steps, a set of primary vertices
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candidates are acquired. In the last step, these vertex candidates with a minimum
of two associated tracks are fitted with an adaptive vertex fitter (AVF) [21]. The
vertex candidate with largest p> sum of associated tracks is considered as primary
vertex (PV) for that event, and all other vertices are named as pileup vertices. In
an event there should be atleast one good PV for the event to be considerable for
physics analysis. The conditions for a PV to be acceptable are : its position should
be within |z| < 24cm of the beam spot, radial position to be within 2cm of the

interaction point and number of degrees of freedom should be greater than four.

4.5.2 Track Reconstruction

The charged particles produced from the pp collisions pass through the silicon tracker
and leave a hit behind in the pixel and strip tracker layers following a helical trajec-
tory. The hit information of these particles through the tracker layers is exploited
to determine their position and momentum in the detector. This process is referred
to as track reconstruction. A recorded collision image by the CMS detector is shown
in Fig. [4.4] to illustrate how difficult it is to reconstruct the millions of tracks. The
reconstruction of tracks is done using multiple iterations, and the method is called
as iterative tracking. The basic idea behind iterative tracking is to first search for
track fits of particles with high p; and then, with more iterations search for low pp
and displaced tracks. The process of iterations is described below, and workflow is

demonstrated in Fig. [4.5]

e Seed Generation : In this step, a seed is defined as a starting point to find
out the particle trajectory. These seeds are collection of particle hits in two or
three detector layers, and provide an estimate of initial track parameters and
associated uncertainties with it. However, a lot more information is needed
to determine the trajectory of the particle. The seed generation starts from
the inside of the tracker, and then moves towards the outermost region of the
tracker. The various parameters contributing to the seed generation are the

number of the detector layers where hits are observed, the minimum p; of the
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Data recorded: 2016-Oct-14 09:56:16,738952 GMT
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Figure 4.4: A recorded collision by the CMS detector during the 2016 data taking
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Figure 4.5: The workflow of the track reconstruction

particle and how far is the production point of the particle from the beam

spot.

e Track Finding : The second step is the track finding, which is implemented
using Combinatorial Track Finder (CTF) based on Kalman Filter method [23].

This process starts with the track parameters of the trajectory seed and then

construct the track parameters by adding the information of hits from each

successive layers and updating the parameters with each added layer. The

extrapolated trajectory is considered acceptable based on a x* test, i.e. x* <

30 for one degree of freedom (dof). The hit and trajectory uncertainties are

taken into account for x? calculations.
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e Track Fitting : This is done using the Kalman Filter by performing a fit
starting from the innermost hits. The fit is done in an iterative way through
all hits, updating the parameters at each sequential fit. The hit position
uncertainty is also re-evaluated for each hit using the parameters values. For
the precise measurements, the Runge Kutta method is used to extrapolate the

trajectory with each added hit.

For particles such as charged pions when crossing the tracker volume, they
interact with the tracker material and with a definite energy loss in the tracker,
entire trajectory of the particle is not reconstructed. These circumstances lead to
fake tracks i.e. the tracks which are not associated with a charged particle. In order
to reject these fake tracks and improve the track quality, the selections are applied
on the x? of the fit and on the track impact parameters [24] w.r.t beam spot. The
x? selection is applied after the track fitting step of fitting and iteration through all
hits.

4.5.3 Object Reconstruction

The Particle Flow (PF) reconstruction algorithm [25] [26] is widely used in the CMS
to reconstruct and identify the particles and jets originating from the pp collisions
at the LHC. For this purpose, the information collected from various sub-detectors
is used. The PF candidates are classified into a list of electrons, photons, muons,
charged and neutral hadrons, with each of these particles leaving a compatible sig-
nature in the detector to identify it. Photons and electrons deposit most of their
energy in ECAL, while hadrons may initiate showers in ECAL but deposit energy
in HCAL. Muons on the other hand transverse the detector and produce hits in the

muon sub-detectors and also in the tracker (Global muons).
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4.5.4 Photon Reconstruction

Photons and electrons interact in a similar manner in ECAL as discussed in Sec-
tion [2.2.3] and deposit almost their entire energy in ECAL clusters. Although
before reaching the ECAL, the photons and electrons transverse through tracker
and interact with the tracker material which leads to the conversion of photons into
electron-positron pair, and electrons radiating bremsstrahlung photons with pho-
tons again converting to electron-positron pairs. This creates a shower of particles
that deposit energy in the form of clusters in ECAL. To reconstruct the energy of
photons and electrons from these clusters, a seed cluster having higher transverse en-
ergy (Er) and the neighboring clusters having energy above the threshold electronic
noise (typically ~ 80 MeV in barrel and ~ 300 MeV in endcap) are selected. Here,
Er is defined as Ep = \/m, where m is the mass of the object and py is the
transverse momentum of the object. The group of clusters within a certain window
is called supercluster (SC), that captures the primary photon’s or electron’s energy.
The cluster combining process makes use of two algorithms. The first algorithm is
named as “mustache algorithm” [27] and it is useful to determine the low energy
deposits in ECAL. The clustering starts with the seed cluster, with the addition of
nearby clusters. The name of this algorithm is derived from the distribution spread
of the energy in 7n-¢ direction. The distribution of An = N.cqgciuster — Netuster VS
AO = Qgeedetuster — Petuster 15 slightly bend because of the effect of CMS solenoidal
magnetic field. The second algorithm is known as “refined” algorithm. This algo-
rithm uses SC’s from mustache algorithm and is also capable of creating its own SC.
The superclustering process in this algorithm utilizes the information from tracker
to extrapolate bremsstrahlung tangents and also the conversion tracks of electron-

positron pair to decide if it should belong to SC or not.

The seed for an electron’s reconstruction and the estimation of its tracking
parameters are determined by a tracking algorithm that is based on Gaussian Sum
Filter (GSF) [28], and for a photon candidate, it is determined with the cluster with
Er > 10 GeV provided it is not linked to any GSF track. The ECAL clusters, seed,
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and GSF tracks are the inputs to the PF algorithm for reconstructing photon and

electron candidates. An illustrative image describing the energy deposition in ECAL

is shown in Fig. [4.6]

Figure 4.6: Photons and electrons energy deposition in ECAL, with electron having
a track in the tracker.

4.5.5 Jet Reconstruction

The partons from the pp collisions produces collimated shower of particles, known
as jets. The origin of these showers is due to the hadronization of quarks and gluons
eventually leading to the formation of colorless hadrons. The schematic illustration
of the formation of jets is shown in the Fig. The jet produced from a particular
parton carries the properties of it, and also make maximum contribution to the
measured jet momentum. There are mainly three types of jet reconstruction used

by the CMS , and they are as follows:
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e Calorimeter Jets: The Calorimeter Jets (CaloJets) use solely calorimeter in-
formation, i.e. the energy deposits in the ECAL cells and tower based HCAL
information. To avoid the electronic noise in the energy measurements, thresh-

olds are applied on individual cell’s energy.

o Jet-Plus-Track (JPT) Jets: The JPT jets use the tracker information along
with the calorimeter information. In this algorithm, the CaloJets are first
reconstructed, and then charged particle based track information is linked to
each jet based on the n-¢ phase space. Using the tracker information improves

the jet energy resolution of reconstructed jets.

e Particle Flow (PF) Jets : In the PF approach, all the subdetectors information
is used to reconstruct the jets. This is the most widely used reconstruction
method as it ensures better momentum and spatial resolution and also miti-

gates the pileup effect with respect to the other two methods.

There are two types of jet clustering algorithms: cone algorithm and sequen-
tial clustering algorithm [31]. The sequential algorithm is the preferred one as it is
collinear and infrared safe which provides better precision with the theoretical pre-
dictions. The algorithm uses the PF candidates and the parameters : distance d,;
between the particles or pseudojets ¢ and j, and distance d;5 between particle ¢ and
beam to begin the reconstruction of the jets. The clustering of particles starts by
finding the smallest distance among d,; and d;5. If d;; is the minimum, then ¢ and j
particles are combined together, and the algorithm starts at the first step. However,
if d;5 is the minimum then ¢ particle is considered as the jet and is removed from
the list of particles and again the algorithm repeats the first step of calculating the
minimum distance. The process keeps on repeating until all the PF candidates are

clustered into the jets.

2

dy; = min(k;?, kf;’) e

(4.1a)

dip = k;?, (4.1b)
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where A;; = (y; —yj)2+(<I>i —®j)?, with ky;, y; and ®; are the transverse momentum,
rapidity and azimuthal angle of particle ¢. The parameter p here determines the
behavior of the algorithm. If p = 1, the algorithm is called k-t algorithm, while
p = 0 corresponds to Cambridge/Aachen algorithm . For the anti-k1 algorithm,
the value of p is set to -1. The anti-ky algorithm [34] is one of the widely used
sequential clustering based algorithm with distance parameter R = 0.4, and are
also known as “AK4 jets”. The merit of anti-kp algorithm over other algorithms is
that it produces conical jets with preferences given only to hard particles. Due to

the almost perfect conical jets in anti-k algorithm, it is easy to reduce the pileup

contribution from the clustered energy inside the jet.
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The jets are further classified into two categories based on the pileup reduction
techniques to avoid the pileup contribution from the vertices other than primary
vertices. The two categories are charged hadron subtraction (CHS) and pileup per
particle identification (PUPPI). The AK4 jets with CHS technique applied are used
as jets in this analysis where energy contribution from charged hadrons coming
from the pileup vertices are subtracted from the reconstructed jet energy. Despite
applying all such techniques, the reconstructed jets need calibration of energy and
momenta to account the non-uniform response of the calorimeter, inefficiencies of
object reconstruction, UE activity and pileup contributions. Hence, it leads to
further application of jet energy corrections (JECs) [35] for the precise measurements

of jet energies. The corrections are applied in the following steps:

e L1 corrections : These corrections are applied to account for the pileup
contribution in the jets. It is determined as a function of py and 7 of jet,

pileup density and area of the jet [36], [37].

e L2L3 corrections : After the pileup offset corrections (L1) are applied, the
simulated corrections are applied by comparing the reconstructed jets with the

generator level jets to account for difference due to the detector response.

e L2L3 residual corrections : After the above two mentioned corrections are
applied to data and simulations, additional p; dependent residual corrections
are applied only to data to account for different jet response in data and

simulations.

4.5.5.1 b-jet Reconstruction

Jets originating from the bottom quarks are called b-jets and the identification of
b-jets is referred to as b-tagging. B-hadrons having a relatively large lifetime (10_12
s) decay few millimeters away from the PV, and the displaced track can form a
secondary vertex (SV). The displacement of track indicated by a variable called,

impact parameter (IP), is a significant variable to distinguish between PV and SV.
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et

jet

Figure 4.8: An illustration of b-hadron decay from the secondary vertex (SV) that
is displaced from primary vertex (PV). The source of figure is Ref. [38]

The tracks associated with the SV have large value of IP, while other associated
with PV are symmetrically distributed around zero. Figure. 4.8 shows b-hadron
decay, associated PV, SV and the displaced track. Additionally, b-quark have large
mass and hence the decay products carry large transverse momentum and are highly

fragmented.

Several distinctive properties of b-jet are provided in the form of input variables
to a tagger to tag the b-jets. The IP variable have the merit of excellent resolution
of pixel layers in the tracker is measured very precisely, with its significance (S;p)
defined as the ratio of measured IP value to its associated uncertainty. The S;p
holds a great discriminating power to identify the decay products coming from b-jet
and non b-jet. The reconstruction of SV is also a challenging task with pileup events.
Hence, the tagging algorithm efficiency depends on the reconstruction efficiency of
SV. Within CMS, two different algorithms are used to reconstruct SV i.e. Adaptive
Vertex Reconstruction (AVR) algorithm [39] and Inclusive Vertex Finding (IVF)
algorithm [38]. The latter one is used for Run-II data having better efficiency than

the former.

In the present analysis work, a deep neural network based DeepJet [40] tagger
is used for b-tagging. It is a multi-classifier flavor tagger, and therefore it is also for

c-tagging and uds tagging. The tagger exploits 650 input variables associated with
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the jet such as jet kinematics, number of tracks in jet, impact parameter value and
its significance, number of SV in the event and list of other variables associated with
SV. Among all the available taggers, DeepJet tagger has the better efficiency of b/c

tagging and less misidentification probability.

However, there are other reconstruction methods and algorithm used by CMS
for other physics objects such as muons, taus and missing transverse energy which
are not described here. The details for those can be found in the References [41]
and [42].

The physics analysis performed for the new resonance searches with all the
details of event selections and statistical interpretation is discussed in the following

Chapters.
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Chapter 5

Data and MC Analysis

After the long awaited discovery of the Higgs boson [1], [2] in 2012, many collider
experiments are extensively searching for new particles manifested by several be-
yond standard model (BSM) theories [3], |4], [5], [6]. As discussed in Chapter 1,
this thesis explores two BSM models : Compositeness Model [7] and Large Extra
Dimensions Model [8], [9]. The composite model of fermions states the possibility of
sub-structure of quark and leptons, with an observed similar pattern among all three
families of fermions. Further, the extra dimensions model predicts that the gravita-
tional force propagates to other extra dimensions, and is more powerful there than
the other three fundamental forces. The scientists, Arkani-Hamed, Dimopoulos, and
Dvali (ADD) and Randall-Sundrum (RS) described in their theoretical work the ex-
istence of extra dimensions. The ADD assumed n = 6 flat extra dimensions, while
RS assumed n = 1 warped extra dimension where n is the number of dimensions
other than the 3+1 dimensional space known to us. The model also assumed that
the fundamental Planck scale (Mp) can be as low as TeV in the 4 4+ n space-time di-
mensions and within the reach of LHC energy. It is also assumed that the Quantum
Black Holes (QBHs) are produced just above this Planck scale with very unlikely
occurrence of QBHs decaying thermally. Here, the QBHs differ from semi-classical
black holes, as the latter undergo thermal decay at the Hawking temperature and

are described by black hole thermodynamics.
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108 Chapter 5

This chapter describes the search for excited state of light flavor quarks (¢*),
heavy flavor quarks (b*), and the QBH by ADD (n = 6) and RS (n = 1) models.
The existence of ¢*, b* or QBH is confirmed if a peak, called as resonance peak, is
observed over a smooth continuous falling invariant mass distribution of the final
state particles reconstructed over large set of events. A simplified sketch of resonance
peak over the invariant mass distribution of a resonant particle X is shown in Fig[5.1]
The decay signature for the searches considered in this analysis is one very high
energy photon and one high energy jet, and is performed using the data collected

by the CMS experiment corresponding to an integrated luminosity of 138 fb™'.

Figure 5.1: The sketch depicts how a new resonance peak would appear over a
smoothly falling SM background distribution.

This chapter is organized as follows : The signal and background processes are
discussed in Section [5.1]and Section [5.2]respectively, the samples analysed for signal,
data and background simulations are given in Section [5.3] the analysis strategy is
described in Section [5.4] with the signal modeling and interpolation method defined

in Section [5.5] and respectively.
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5.1 Signal processes

The underlying signal process can be represented as pp — BSM particles — y+jet,
here BSM particle can be ¢*, b* and the QBH. In case of b*, the associated jet is a
heavy flavor jet. The production phenomenon of these signal processes are discussed

in detail below:

5.1.1 Excited Quark Production

The excited light flavor quarks (¢* =u™,d") and heavy flavor quarks (b*) could be
produced via qg fusion, ¢q annihilation, and gg fusion. The most dominant process
of excited quark production is gg fusion via s-channel, where quark absorbs gluon
and then further radiate a boson to reach the ground state. The Feynman diagram
of these fusion processes via s-channel and t-channel are shown in Fig in left and

right respectively.

q*,b*

q*,b*

g qa,b

Figure 5.2: The Feynman diagram of the excited quark production via s-channel
(left) and t-channel (right) in the y+jet state.

The Lagrangian term for the excited quark interaction with gauge bosons is de-
scribed in eq.1.11 in Chapter 1, with all the variables and model parameters defined.
Among all model parameters, one of the important parameter is coupling multiplier
that indicates the strength of coupling of SM boson with the excited quarks. In this
analysis, three different coupling multiplier f =1.0, 0.5 and 0.1 are considered for
both ¢* and b* signals. The width of resonance shape is directly proportional to the
resonance mass and square of coupling multiplier value, as defined in the eq.

The higher value of coupling multiplier results in the wider shape of signal. This is
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depicted from Fig , where the resonance shapes of ¢* signal for resonance mass

M, =5.0TeV for three coupling multipliers f = 1.0,0.5 and 0.1 is plotted.

I'(q") ~ 0.04f* M, (5.1)

05 L Coup f=1.0,Mass 5TeV
: Coup f=0.5,Mass 5TeV
: Coup f=0.1,Mass 5TeV
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Figure 5.3: The resonance shapes of ¢* at the reconstruction level radiating to y+jet
for three coupling multipliers f = 1.0,0.5 and 0.1.

5.1.2 Quantum Black Holes Production

Various models predict that the existence of extra dimensions can lower the funda-
mental Planck scale such that it could be accessible at the LHC energies and hence
leading to the abundant QBHs production. However, the QBHs production must
conserve the electric charge, QCD color and the angular momentum inherited from

two partons during pp collision.

In these models, the threshold mass (M,;,) of a QBH is assumed to be equal
to the Planck scale Mp, and the maximum allowed mass is set to be either 3Mj, or
LHC center-of-mass energy /s = 13 TeV, whichever is smaller. The QBH produced
decay on an average to two particles, and the v+jet final state is the sub-leading

decay process with dijet being the leading one. The Feynman diagram of the process



5.2 SM Background Processes 111

decaying to y+jet is shown in Fig[5.4 With QBHs produced between M,;, and the
maximum mass, the invariant masses of QBH production resembles to a resonance
shape due to continuous falling spectrum above M,;,, and a similar falling distribution

on lower mass tail due to experimental and detector effects. The resonance shape

of QBH signals for ADD and RS model is shown in Fig[5.5

Figure 5.4: The Feynman diagram of the QBH production and decaying to v+jet
state.
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Figure 5.5: Invariant mass distributions of y+jet state (normalised to unity) for
QBH ADD (n = 6) and RS (n = 1) models for M, = 3 TeV.

5.2 SM Background Processes

Several SM processes produced in the pp collisions shows signature to y+jet final

state and as a result mimic the signal state. These processes contribute as the back-
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ground source to the resonance signal signature. The most dominant contribution
comes from the SM ~+jet processes, while QCD multijet processes contributes as
a second leading background. A very small contribution comes from electroweak
processes. The details of these background processes and how they mimic the signal

state are described below:

e SM ~+jet Background: A significant and irreducible contribution comes
from SM ~+jet production. These processes make a contribution via quark-
gluon compton scattering(qg — ¢7y), quark anti-quark annihilation(¢q — ¢)
and gluon-gluon fusion(gg — ¢v). The quark-gluon compton scattering pro-
cesses has the large cross-section over the other two processes. The Feynman

diagrams of these processes are shown in Fig

a Y a Y g “ {
g q g > g
q g
(a) qg compton scatter- (b) qg annihilation (c) gg Fusion

ing

Figure 5.6: The Feynman diagrams of SM background processes contributing
through different channels to the v+jet signal state.

e QCD multijet Background: The QCD dijet or multijet production state
in the pp hard scattering has the largest cross-section in the SM processes,
and are background sources for many analyses channels. However, in our case
this process can contribute as background when jets have large electromag-
netic fraction and are mis-reconstructed as photons. For example, when jet
fragments into highly energetic 7” or 5 and further 7’ /i decays into two over-
lapping photons, which are reconstructed as a single photon. The Feynman
diagrams of the contributing QCD processes are shown in Fig [5.7 Despite

being the largest cross-section process, the probability of jet fragmenting to



5.3 Data and Monte-Carlo Simulation Samples 113

7’ being not large (~ 10* — 105), and hence the multijet production processes

become our second largest contributing background.

(a) (b) (c)

Figure 5.7: The Feynman diagrams of QCD multijet background processes that

contributes to the signal state.

e Electroweak Background: A small contribution from electroweak
(W /Z+jet) processes has been also observed to the y+jet channel. These pro-
cesses can mimic the signal when the heavy boson W or Z decay leptonically,
and lepton is either lost or not reconstructed leading to missing transverse

energy. The Feynman diagrams of these processes is shown in Fig

(b)

Figure 5.8: The Feynman diagrams of electroweak processes contributing to the

v+jet signal state.

5.3 Data and Monte-Carlo Simulation Samples

e Data Samples: The data used in the analysis is collected by the CMS at the
/5 = 13TeV during the Run-IT period in year 2016 (36.7 fb™'), 2017 (41.7
fb™"), and 2018 (59.4 fb™') corresponding to a total integrated luminosity of
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138 fb ™. The data sets are photon triggered, with atleast one photon in each
event. A list of dataset is given in the Appendix A (Table [A.2)) for different

years corresponding to different campaigns for data taking conditions.

e Monte-Carlo Simulations :The signals and background samples are simu-
lated using Monte-Carlo (MC) technique and processed through GEANT4 for
full CMS detector simulation. The ¢* and b* signal are simulated for three
coupling multipliers f = 1.0,0.5 and 0.1 using the PYTHIA 8.212 generator
upto the leading-order (LO) precision. The signals are generated for mass
point 1.0 TeV to 7.0 TeV at the intervals of 1 TeV and 0.5 TeV for ¢* and b,
respectively, with the list of these samples provided in Appendix A, Table
and [A.4l

The QBH samples for ADD model and RS model are generated with QBH
generator v3.0 using CTEQG6L PDFs. The signals are generated for mass point 3.0
to 8.5 TeV for ADD model and upto 7.0 TeV for RS model. The list of samples is
given in Appendix A, Table. [A.5]

Figure[5.9|shows the product of cross-sections and branching ratio of the bench-
mark signal models for the v+jet final state, as a function of the resonance mass at

Vs = 13TeV.

The SM y+jet, W+jets, and Drell Yan Z+jets background sample are simulated
using MADGRAPH5_aMCQNLO generator version 2.2.2 (2.4.2) for 2016 (2017-2018).
The QCD multijet background is simulated using PYTHIA generator at LLO precision.
Hadronization and parton showering of all the simulated samples is performed using
PYTHIA generator version 8.205 and 8.230 using CUETP8M1 and CP5 tunes for
2016 and 2017-2018, respectively.

5.4 Analysis Strategy

In resonances searches at high energy colliders, the invariant mass of a system holds

great significance. The invariant mass distribution of the final state particles for
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CMS Simulation 13 TeV

—a— ADD QBH (n=6)
—e— RSLQBH (n=1)
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4 5
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Figure 5.9: The product of signal cross-section (o) and branching fraction (B) for
q", b* and QBH signals with ADD (RS) model having n = 6(1) extra dimensions.

a resonant particle is reconstructed, using the formula described in Appendix
If the distribution is a smoothly falling distribution, it corresponds to events from
SM processes decaying to the same final state particles. However, if an excess is
observed over this smoothly falling distribution it indicates the presence of resonant
particle. In this analysis, the background estimation is performed using the data
driven technique of fitting the invariant mass distribution of the v+jet state with
a smooth parameterization. This same strategy was used when Higgs particle was
discovered in 2012, and a resonance peak at 125 GeV led to the discovery of Higgs
boson - a major missing piece of SM. In the absence of any such significant deviation
from SM expectations, the results are presented in terms of the upper-limit of signal

cross section and lower limit on possible signal mass.

5.5 Signal Modelling

The signal ¢*, b*, QBH with ADD (n = 6) and RS (n = 1) models are the narrow
resonances with width of signal narrower than the experimental mass resolution.
The peak of these signals resembles to a gaussian peak, but the tails on both side of

the shape is dominated by initial- and final-state radiation. Thus, a combination of
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two functions is required to describe and fit the shape. This is achieved by adding a
Crystal Ball function [10] to the Gaussian function, where Crystal Ball (CB) function
is defined by the form:

2
crp(— e

B
\Y

=y

for =£
CB(x,6,n,u,0) = Ngp -

IA

-5
(5.2)

()" eap(=15) - (f; — 18] = £5#) ™" for 232

where N is the normalization; o and g are width and mean of the resonance
shape; and 0 and n are the parameters determining the left and right-side tail of the

shapes.

An illustration of the signal shape fitted with the Gaussian+ CB function is
represented in Fig[5.10
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Figure 5.10: The resonance shapes of ¢* signal for mass 2 TeV and 5 TeV fitted with
Gaussian and Crystall Ball function.

The narrow resonances of ¢, b*, and QBH models can be observed over falling
continuous mass spectrum. However, to observe these narrow resonances the bin
width of the signal spectrum should complement the mass resolution of signals.
An additional factor to consider is that resonance width of signal increases as we

move towards higher resonance masses. Thus, to maintain the analysis sensitivity
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to excesses, a variable binning is preferred with bin width increasing with increasing
masses. The variable binning is derived from the expected mass resolution for signal

using the equation:

o B
=A
Mean + Mp.s

(5.3)

g

e is the mass resolution with o defined as resonance width and Mean

Here,
is the resonance mean obtained from the fitting of resonance mass Mp,,. This
functional form is plotted for mass resolution on y axis, as a function of Mg, of ¢
signal on x-axis. This graph is fitted to obtain the parameters A and B as shown in
Fig [5.11] These parameters A and B are then used to obtain the variable binning,

and the binning used for mass distribution is given in Appendix. [C]

:cs\ 0.1 x2 / ndf 2.967e-05/4
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Figure 5.11: The mass resolution of ¢* signal plotted and fitted as a function of

resonarnce 1mass.

5.6 Signal Interpolation

For signal searches, a whole range of mass values is explored for the potential signal.

But due to certain computing limitations only few mass points could be generated
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using the MC generator and then finally reconstructed. The shapes of intermediate
signal masses are obtained using the interpolation technique by utilizing the infor-
mation from two nearby mass points. The signals b* and QBH for ADD (n = 6)
and RS (n = 1) models are generated at a gap of 0.5TeV, while ¢* signal gener-
ated at a gap is 1.0 TeV. The intermediate mass points are interpolated at a gap

of 100 GeV, using generated mass points. In order to interpolate a mass point M

My jet

lying in between mass point My and My, probability distribution Prob(A) = A

is build, where M., .., is invariant mass distribution of mass point M, and Mg, is

v+je
the resonance mass value. Similar distributions from generated points My and My
are also obtained and further utilized to get the interpolated shape for intermediate
mass point M using the relation

M — My

Proby;(A) = Probx(A) + [Proby(A) — Probx(A)] - Vo

(5.4)

At the next step, this probability distribution is transformed to obtain the
final y+jet distribution shape using ROOT framework for interpolation. Figure[5.12
depicts the generated (solid) and interpolated (dotted) shapes for different resonance
masses. However to validate the procedure, the shapes for already generated mass
points is also interpolated, and then is compared with an actual generated mass

points. Such a validation for M« = 2.0 and 4.0 TeV is shown in Fig[5.13|

In the next chapter, event selection criteria for the physics analysis is described

in detail.
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Figure 5.12: Generated and interpolated shapes for different ¢* mass points. Shapes
in dotted lines are interpolated and in solid lines are generated ones.
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Chapter 6

Event Selections

The final state of the analysis is a high pr photon and high pt jet. The reconstruction
of photons and jets is described in Chapter 4, with the signal and background
processes defined in Chapter 5. The event selection applied to data and MC events
for improved signal efficiency and background rejection is discussed in this chapter.
The chapter is organized as: the HLT selection and event reweighting in simulations
explained in Section and [6.2] respectively. The Section explains the details
of selections applied, with the optimization studies discussed in Section The

sources of systematic uncertainties are described in Section [6.8]

6.1 Trigger Selection

As described in the Chapter 4, all the events produced by the LHC are not the
interesting events and trigger is applied on the data to store only the useful events.
The online selection to store and to reject the events for offline analysis is made by
High Level Trigger (HLT). The decision is based on sequence of various selection
on kinematic and identification of physics objects reconstructed. In this analysis,
the HLT trigger path is a photon trigger with a kinematic selection on the trans-
verse momentum of photon being applied. For 2016 data analysis, events passing

HLT _Photon175 trigger path are selected. This is the lowest unprescaled trigger ap-

123
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plied on 2016 photon dataset. For 2017 and 2018, events that passes HLT_Photon200
trigger path are selected. Here, the suffix 175 and 200 in trigger names represents
the kinematic threshold on the photon’s transverse momentum. The efficiencies of
these HLT triggers are measured to observe if there is any difference in the online and
offline versions of the object identification and kinematic selection. The efficiency
of the trigger used in the analysis is calculated on different datasets utilizing a few
reference triggers. Different datasets are : photon triggered dataset, jet-triggered
dataset and muon-triggered dataset with the reference trigger corresponding to same
object as the dataset. The efficiency measured on the same photon dataset is called
relative trigger efficiency and the one measured on orthogonal jet-triggered and
muon-triggered dataset is called absolute efficiency. The details of the trigger used

in the analysis is given in Appendix. [D]

Nepents(Passing analysis trigger) + N,y (passing reference triggers) 6.1)
€= )
N yents(Dassing reference triggers)

e Relative Trigger Efficiency : The relative trigger efficiency is calcu-
lated on photon-triggered data sets with reference triggers HLT PhotonT75,
HLT _Photon90 and HLT_Photon120. The events that passes any of these
reference triggers in an event are considered as denominator events. In ad-
dition to these events, those passing the analysis trigger HLT_Photonl75
(HLT _Photon200) for 2016 (2017-2018) are considered as numerator events.
As a result, the efficiency is simply measured from the eq and is found
to be around 100% for photon pj. > 240 GeV. The Fig 6.1 shows the relative
trigger efficiency curve as a function of pJ. for 2016 (left), 2017 (middle) and
2018 (right).

e Absolute Trigger Efficiency: The absolute trigger efficiency is calculated
using jet-triggered and muon-triggered dataset with each event having atleast
one jet and one muon, respectively. The muon dataset is completely orthogo-
nal dataset to photon dataset in terms of reconstruction in the CMS detector.

The reference triggers for jet-triggered dataset are low jet momentum thresh-
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Figure 6.1: Relative trigger efficiencies for HLT _Photon175 (2016), HLT_Photon200
(2017-2018) triggers.

old triggers : HLT_PFJet60, HLT_PFJet90 and HLT_PFJet120 triggers, while
for muon-triggered dataset it is a single muon trigger, HUT Muon50. The ef-
ficiency evaluated on jet-triggered dataset is around 99% at ps > 240 GeV.
Similarly, on muon-triggered dataset it is found to be around 97-98% and as
shown in the Fig as function of pl.. The inefficiency of the trigger measured

as 2.5% on muon-dataset will be considered as the systematics. It is further

discussed in Section [6.8]

6.2 Event Reweighting

The idea behind generating MC simulated events is to model the expected signal
and background events, and have a comparison study with the data. The events
observed in data must be validated with the MC background events. Although, there
is always some sort of mismodeling between data and MC due to several reasons.
To account for this mismodeling, event reweighting is done to MC events for a fair
comparison between them. Two different kind of reweighting factors used in this

analysis are described below:
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Figure 6.2: Absolute trigger efficiency for HLT Photon175(2016), HLT _Photon200
(2017-2018) single photon triggers using jet triggerd dataset (top row) and using
single muon triggerd dataset (bottom row) from the respective data taking periods.

6.2.1 Pileup-Reweighting

The pileup distribution in data does not exactly match the same distribution sim-
ulated in MC samples, due to varying beam conditions and luminosity. To match
this distribution, a pileup weight as function of number of primary vertices is ap-
plied to the MC. This weight is calculated by taking the ratio of number of primary
vertices distribution in data and MC. The distribution shown in the Fig. [6.3] repre-
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sents the pileup distribution between data and MC for different data-taking years
2016(upper), 2017(middle) and 2018(bottom). The left column represents the ac-
tual distribution of pileup in data and MC, and on the right side, it represents the
agreement after the mismatched is accounted in MC by applying the pileup weight
on event by event basis depending on number of vertices present in that particular

event.

6.2.2 Luminosity Reweighting

The events in MC samples for a process are generated for pp collision at /s = 13 TeV.
However, the events in MC should reflect the actual data collected by the detector.
To account for this difference in number of events, the events in MC are weighted by
applying a weight that corresponds to those recorded by the detector. This depends
on the production cross section of particular process and luminosity. This weight is

called luminosity weight or luminosity normalization and is calculated as::

(Luminosity of data recorded) x o
N pents in the MC sample

Luminosity Weight = (6.2)

where o is the cross-section of the MC process.

6.3 Event Selection

The resonance search of the signals consists of one photon and one jet produced
directly from the new resonant particle and carrying large momentum. Various SM
processes could become the background source for signal signature that decays to
photons and jets, as discussed in Section.2] Thus, a very appropriate and precised
selection criteria is required to identify the signal events, and as well as reduce the
background contribution. The event selection starts with identification of potential
photon and jet candidates, and later selection cuts applied on them to minimize the
background processes. The event selection criteria is discussed in the below section

for a detailed overview.
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6.3.1 Photon Selection

The reconstruction and identification of the well isolated photon is crucial for many
physics analyses, and therefore CMS has defined two criteria : cut-based and mul-
tivariate technique based identification to reduce the background and enhance the
signal efficiency |1]. The two criteria are different in their approach of exploiting
the isolation variables. In the cut-based strategy, the selections are applied on var-
ious isolation variables, while in multivariate technique, a Boosted Decision Tree
(BDT) [2] approach is implemented where a single variable is built using many in-
put variables. The BDT strategy provides improved significance for those analysis

where signal yield is small. Moreover, in this analysis the cut-based strategy is used.

The main source of background to the prompt photons (photons from hard
interactions) are hadronic jets that have large electromagnetic fraction and are mis-
reconstructed as photons. For example, high energy 7° and 7 mesonic jets decaying
to two nearly collinear photons are as a single photon object making it a background
event. To reduce such significantly contributing background events with these mis-
reconstructed photons, isolation variables and shower shape variables are defined

with their description below :

6.3.1.1 Isolation Variables

The most efficient way to reduce the background sources is to construct the isolation
variables by using the isolation energy sum of the particles around the reconstructed
photon. To do so, a cone of AR = 0.3 is built around the photon in 17— ¢ plane along
the photon direction. Inside this cone, the transverse momenta of charged hadrons,
neutral hadrons and photons are summed and defined as isolation variables. These
variables are named as: I, for charged hadrons, I, for neutral hadrons and I,
for photons. Since the spread of incoming prompt photon in the calorimeter is
energy dependent, the threshold applied on these isolation variables is also energy

dependent.

Additionally, the contribution from pileup and underlying events in the isola-
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tion cones are required to be corrected. This contribution is estimated by variable p
which refers to the median of the transverse energy density per unit area (Ey/area).
In order to evaluate the correction, the p variable is multiplied with effective area
A.ss, i.e the area in the isolation cone weighted by a factor that accounts for the

distribution of pileup energy in the 7 regions of an object.

The corrected isolation variables after the pileup correction is :

corrected

Iso = mazimum(Iso” """ — p x Acp,0) (6.3)

6.3.1.2 Shower Shape Variables

The shower shape of the incident particle in the ECAL is another discriminating
criteria to reject the background events. The shower shape of photons from the
hadronic jets are expected to be wider in comparison to the single isolated photon.
This is particularly seen in 7 direction of the cluster. T'wo variables constructed to
describe the shower shape of photon are : Hadronic to electromagnetic energy ratio

(H/FE) and o

inin-

e H/E : The H/FE is defined as the ratio of the hadronic energy to the elec-
tromagnetic energy of the photon in a cone of AR = 0.15 along the photon
direction. The prompt photons deposit almost all of their energy in ECAL
with a small leakage to the HCAL, while this is not the case for hadronic
jets. For low energy prompt photons, the contribution to the hadronic energy
comes from HCAL noise and pileup, while for high energy photons, it comes
from the leakage of photons through the intermodule gaps. This ratio should

be very small for prompt photons, but the value can be large for backgrounds.

e o : This variable is defined as the log-energy weighted distribution along

inin

the 7 direction, calculated in 5 x 5 crystal array around the crystal having
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maximum energy in supercluster (SC).

o Ngus(mi— 1) w;

Oinin = )
mn Ewi

(6.4)

S, E;
wheren = Zwml and w; = max [0,4.7—1— log (E : )]

w; 5x5

where, n; is the pseudorapidity of the i crystal, 7 is the mean position of
pseudorapidity. The weight factor w; is non-zero when ln(%) > 4.7, i.e the

energy of i"" crystal (F;) is greater than 0.9% of energy of deposited in 5 x 5

7
crystal around the SC. Hence only in this condition, crystal makes contribution
to the shower shape. This distribution is generally observed to be wider for

endcap prompt photons compare to those in barrel.

There is another important variable Ry, which is defined as the energy sum of

the 3x3 crystal array centered around the most energetic crystal in the SC divided

by the energy of the SC. This variable is used to distinguish photons and electrons

that undergo a conversion in the ECAL from those that do not. Showers of photons

and electrons that convert before reaching calorimeter are wider in shape, and have

lower Rq value than the unconverted photons and electrons.

6.3.1.3 Cut-Based Identification Technique

The ¢

‘medium” working point with 80% efficiency for signal like events is used in this

analysis. As mentioned in the previous section, in cut-based approach thresholds

are applied on the energy sum isolation variables and shower shape variables. The

thresolds on these variables for medium working point are :

Single tower H/E < 0.02197.

< 0.01015.

Uini’q
L, (p corrected Particle Flow Photon Isolation) < 2.08 + 0.004017 X pf..

1,5, (p corrected Particle Flow Charged Hadron Isolation) < 1.141.
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® [curat (p corrected Particle Flow Neutral Hadron Isolation) < 1.189 +
0.01512 x pl + 0.00002259 x (p})?.

e A conversion safe electron veto condition is also applied to minimize the con-
tribution from misidentified electrons. The veto removes the photon candidate
if its supercluster is matched to an electron with all hits in the tracker, and is

not matched to reconstructed conversion vertex (y — e~ e”).

The data-MC comparison of all these isolation and identification variables for

photons are shown in Fig.

Further, the photons that passes the cut-based criteria with medium working
point are required to pass the kinematic selection for more efficient background
rejection. A pp threshold of 240 GeV and || < 1.4 is applied on the isolated photons
passing the criteria, with the pp threshold derived from the trigger efficiency. The
photons only in the barrel region of the detector i.e. |n| < 1.4 are selected, since the
signal production from hard scattering leads to the photons and jets that are back
to back. Additionally, endcap region contributes large to the background events and

also has poor energy resolution.

6.3.2 Jet Selection

The jets considered in this analysis are particle flow (PF) jets reconstructed using
anti-k algorithm with AR = 0.4, also known as AK4 jets, and are discussed previ-
ously in Chapter [dl These jets are essentially required to pass identification criteria
to avoid the contributions from electronic noise and pileup events. The identification
criteria for jets, named as PF JetID criteria, is based on the energy contribution
from neutral hadrons, neutral electromagnetic (EM) particles, charged hadrons and
charged EM candidates that are clustered inside the jet. In this analysis, jets pass-
ing the “tight” working point of PF JetID are analysed, with the criteria for 2016
(2017/2018) defined as:

e Neutral Hadron Fraction < 0.99(0.90)
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Neutral EM fraction < 0.99(0.90)
Charged EM fraction < 0.99(0.99)
Charged Hadron Fraction < 0(0)
Number of Constituents > 1(1)

Charged Multiplicity > 0(0)

The tight identification criteria is observed to have an efficiency of 99% to

identify the AK4 jets. The jets passing the criteria are imposed with a pre-selection

on their transverse momentum pr > 30 GeV and tracker coverage selection of |n| <

2.4 to remove contribution from pileup jets.

In order to avoid the momentum loss due to the final state radiation, and

consequently to improve the ~y+jet mass resolution, “wide” jets are constructed

using the AK4 jets that passes the above identification and pre-selection criteria.

The procedure followed is described below :

Primarily, a leading and a subleading jet in an event are considered as “seeds”

to start the construction of wide-jet. They are named as wj; and wj,.

For each AK4 jet j;, AR;; 5 is calculated between this AK4 jet j; and two seeds

wj; and wj, to determine if it is closer to wj; or wjs.

A cone of radius AR < 1.1 is built around each wj; and wj,. A skeptical

description of the wide jet is shown in Fig[6.5

If AR;; <AR;; and AR;; < 1.1, the jets j; are merged by vectorial sum with

the seed wide jet wj;.

If AR,y <AR;; and AR;, < 1.1, the jets j; are merged by vectorial sum with

the seed wide jet wjs.

The wj; and wj, along with the other jets j, merged are the final two wide

jets.
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Figure 6.5: The illustration of an event with final state radiation (FSR), and the
wide-jet has included the FSR in it and hence improving the v+jet invariant mass
resolution.

e Among these two wide jets constructed, the leading wide-jet with pp >
170 GeV is considered as the final jet candidate. The selection pp > 170 GeV
is based on the signal topology of high py jet with further optimization studies

on the selection discussed later in this chapter in Section6.4.3

e The construction of wide-jet improves the mass resolution by 3-4% with re-
spect to AK4 jets, as shown in Fig The same study is also performed for
two different AR values of 1.3 and 1.5. The mass resolution was not effected

by increasing the cone size.
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Figure 6.6: The improvement in the invariant mass distribution with the construc-
tion of wide-jets with respect to AK4 jets of ¢ signal of mass 2.0 TeV and 5.0 TeV
on left and right, respectively. The wide-jets are constructed with AR = 1.1.
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The identification and isolation variables comparison of MC and Data for year

2018 is shown in Fig[6.7. The distributions shows good agreement.

6.3.3 b-Jet Selection

Since the search for excited bottom quarks (b*) requires one jet to be a b-quark
jet, various deep neural network (DNN) based tagger [3] are developed by CMS
to tag a jet as b-jet. Among all, the “DeepJet” tagger [4] is the most efficient
tagger that is used in this analysis. In order to develop this tagger, approximately
650 input variables divided into four categories : global jet variables, charged PF
candidate features, neutral PF candidate features, and secondary vertices based
variables associated with the jet are used. The complete list of variables can be

found in Ref. [4].

The tagger operate at three different working points “loose”, “medium” and
“tight” having b-jet identification efficiency of 90%, 80%, 60% and with a misidenti-
fication probablity of light-flavor jets to be 10%, 1% and 0.1% [3], respectively. The
performance studies of the tagger is done on simulation samples, with PF recon-
structed AK4 jets. The discriminator value shows a continuous output in the range
0 to 1, where the highest value indicate the probablity of jet arising from b-quark.
The three working points are defined based on the threshold applied on the discrimi-
nator value. The Table shows the same threshold values for all data-taking years
2016, 2017 and 2018 for all working points. This analysis considers the “medium”
working point with 80% efficiency to tag the jets as b-jets. The optimization studies

for the working point is discussed later in Section6.4.2

The algorithm shows different behavior in data and simulations for recon-
structed jets, and to account for this discrepancy a scale factor (SF) is applied to
simulations. This SF is provided by the CMS experiment centrally for all years and

is pp, n and jet-flavor dependent.

Furthermore, the b-jets and b-tagged jets are not same. The b-jets are identi-

fied using the truth flavor of jets saved in the simulations, while the b-tagged jet are
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WP name WP Discr Cut
2016 2017 2018

Loose 0.0614 0.0521 0.0494
Medium 0.3093 0.3033 0.2770
Tight 0.7221 0.7489 0.7264

Table 6.1: b-tag DeepJet discriminator working points and their thresholds for
2016, 2017 and 2018 data and MC.

those jets that are tagged by the discriminator. The tagger is not fully efficient to
tag the b-quark jets as b-jets, and to overcome this difference two categories have

been considered for b-jets. These categories are :

e 1-btag category : Jets passing the discriminator * SF

e (O-btag category : Jets passing the discriminator * (1-SF) + Jets failing the

discriminator

where, SF is the factor for b-jets applied to the jets passing the discriminator. The
factor (1-SF) is applied to those same jets but are categorized in 0-btag category
in addition to the jets failing the discriminator. The Fig shows the distribution
of DeepJet discriminator for a) no-Tag condition applied, b) jets falling in 0-btag
category and c) jets falling under 1-btag category. The sharp cut at around 0.27
is due to the discriminator condition applied for 2018, which from the Table is

0.2770 for medium working point.

6.3.3.1 b-jets in WidelJet

The wide-jet in case of excited b-quark (b*) signal is constructed with a condition
that atleast one of the jet in a wide jet should pass the discriminator condition.
The SF applied to leading wide b-tagged jet categorized further into 1-btag and
0-btag is calculated on all the AK4 jets constituting the wide-jet. If there are n
AK4 jets in a wide jets, then events falling in 1-btag category are weighted by
Witag = 1= ((1 = SFy) x (1= SF,) x (1= SF;).... x (1= SF,)), and the same events
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Figure 6.8: DeepJet discriminator distribution before and after applying the b-
tagging for 2018 dataset. The distributions are similar for 2016 and 2017 data-
taking year also.

in 0-btag category are weighted by (1 —W,,). Here, SF; corresponds to the SF for
i AK4 jet.

The SFs are calculated by the CMS group for jet pr ranging from 20 to
2000 GeV, and |n| < 2.4. The Fig[6.9 [6.10, and shows the efficiency of b-
tagging as a function of pp and 7 of jets for signal simulations of year 2016, 2017,
and 2018 respectively. The mistagging probability of c-flavor and light flavor (u,d,s)

quarks are also shown in the same figure.

6.3.4 Photon+Jet System

The leading photon and leading wide-jet with the kinematic selections described in
above sections are further analysed as the final candidate. To reduce the background
contribution from events where photon is very close to the wide-jet, a selection
on AR (photon,wide-jet)> 1.1 is applied. However, to further enhance the signal
efficiency and reduce the contribution from t-channel backgrounds a cut on angular
separation between photon and jet is also applied i.e. |An(v,jet|] < 1.5. This
selection has the most impact on the multijet background and reduces it upto ~ 35%.
The invariant mass of the y+jet system (i.e. m., ) is then reconstructed with the

events that passes all the above selection criteria. As discussed in analysis strategy
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Figure 6.9: b-tag efficiency, and ¢ and light quarks mistag rate as a function of pp
and 7 of wide-jets in AR = 1.1 for 2016 dataset.

in Section the invariant mass distribution is the most significant distribution
in this study and is fitted with a polynomial function for background estimation.
Moreover, due to various kinematic selections applied there is a turn-on region in the
mass distribution (as shown in Fig for 2016, 2017 and 2018 data-taking years),
and it is slightly difficult to parameterize such distribution. Hence, a mass threshold
of 760 GeV is applied on m

. to avoid this turn-on region. The optimization

e
studies for the mass threshold selection is discussed later in this chapter.

After the full event selection, the MC backgrounds are scaled by a fixed correc-
tion factor to account for missing higher orders which are present in data. The MC
are generated with LO or fixed order calculation, and they do not fully account for

all higher order contribution despite predicting shapes quite accurately. The MC are
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Figure 6.10: b-tag efficiency, and ¢ and light quarks mistag rate as a function of pp
and 7 of wide-jets in AR = 1.1 for 2017 dataset.

normalized with a single correction factor (without changing any shape of the MC)
for the shape comparison of MC predicted background with the data. It should be
noted that this is done for Data vs MC comparison while for final observed limits
data will be used for evaluating background. To estimate the overall correction fac-
tor we used photon pr spectrum as photons are well reconstructed compared to jets.
We fit the ratio of data/MC with a zero order polynomial to obtain the correction
factor and applied it to MC background. These correction factor are mentioned in

Table [5.2] for 2016, 2017 and 2018.

The data-to-MC agreement for photon and jet kinematic variables py, 1, and
¢ are shown in Fig for the three data-taking periods. A good agreement

is observed between data and simulations in these distributions as indicated by the
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Figure 6.11: b-tag efficiency, and ¢ and light quarks mistag rate as a function of pp
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Categories Correction Factor
2016 2017 2018

¢"/QBH

1.30

1.27  1.25

1-btag

1.39

1.45 142

0-btag

1.29

1.25 1.23

Table 6.2: The correction factors applied to MC for ¢*/QBH, 1-btag and 0-btag
categories for 2016, 2017 and 2018.

bottom panel of the plots.
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Figure 6.13: Data-MC comparison of pp distributions of leading photons and wide-
jets in three categories: no-tag, 1-tag and O-tag for 2016 data-taking year.
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Figure 6.14: Data-MC comparison of p distributions of leading photons and wide-
jets in three categories: no-tag, 1-tag and O-tag for 2017 data-taking year.
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Figure 6.15: Data-MC comparison of pp distributions of leading photons and wide-
jets in three categories: no-tag, 1-tag and O-tag for 2018 data-taking year.
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Figure 6.16: Data-MC comparison of 7 distributions of leading photons and wide-
jets in three categories: no-tag, 1-tag and O-tag for 2016 data-taking year.
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Figure 6.17: Data-MC comparison of 7 distributions of leading photons and wide-
jets in three categories: no-tag, 1-tag and O-tag for 2017 data-taking year.
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Figure 6.18: Data-MC comparison of n distributions of leading photons and wide-
jets in three categories: no-tag, 1-tag and O-tag for 2018 data-taking year.
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Figure 6.19: Data-MC comparison of ¢ distributions of leading photons and wide-
jets in three categories: no-tag, 1-tag and O-tag for 2016 data-taking year.
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Figure 6.20: Data-MC comparison of ¢ distributions of leading photons and wide-
jets in three categories: no-tag, 1-tag and O-tag for 2017 data-taking year.
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Figure 6.21: Data-MC comparison of ¢ distributions of leading photons and wide-
jets in three categories: no-tag, 1-tag and O-tag for 2018 data-taking year.
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6.4 Optimization of Event Selection Criteria

To obtain the best possible results on the upper limit of the product of cross section
and branching fraction, and on lower limit of signal mass, optimization studies are
performed to finalize the selections for photon and jet, and on v+jet system as well.
These studies are performed using MC simulations since data is blinded following

the analysis strategy. The optimization is done for the below mentioned selections :

Photon identification working point

DeeplJet discriminator working point

Wide-jet pr

| An|(photon,wide-jet)

Mass threshold on y+jet system

6.4.1 Photon Identification Working Point

For photon identification (ID) selection, three working points (WP) “loose”,
“medium” and “tight” with respective efficiencies of 90%, 80%, and 70% are con-
sidered for the optimization studies. The optimization studies tells that a loose WP
is very slightly better at higher mass region in terms of upper limit of cross section,
as shown in Fig[6.22] However, it is also true that mass limit are almost same. The
flatness of signal efficiency with loose and medium ID as a function of photon pr is
also observed and shown in Fig[6.23] The medium is more or less flat and also since
the expected limit does not differ much for loose and medium WPs, the medium
WP is finalised. This also make sure that fake backgrounds do not sneak-in much

in selected phase space for this analysis.
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Figure 6.22: Expected 95% CL upper limits on ¢ x B for ¢* resonance mass.

6.4.2 DeepJet Discriminator Working Point

Similar to the case of Photon ID, the optimization is performed for three WPs of
DeeplJet tagger to provide best performance in the b-jet selection. Fig depicts
the upper cross section limits, as a function of b* resonance mass for all three WPs.
The “tight” WP provides the best expected cross-section upper limits, but it also
restricts the number of b-tagged jets selected. Hence to avoid the limited statistics,
“medium” WP has been chosen as the final selection for the analysis, as excluded

mass limit is same for both WPs.

6.4.3 Amn and Mass Threshold

To further suppress the background contribution, An between photon and wide-jet
is applied since the background from t-channel processes are mostly in forward and
backward directions. The An selections ensures reduction in background events,
while maintaining signal events efficiency. An optimization studies for An cut is
done considering four different An values i.e |An| < 1.5, |An| < 1.8, |An| < 2.0
and with no |An| applied. Additionally, corresponding to these |An| values, a jet
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Figure 6.23: Efficiencies of various photon identification criteria as functions of
photon pr in barrel region for ¢* signal My pier = 0TV,

pr selection is also optimized. As discussed in Sectio the mass turn-on region

in M. should not be considered to avoid the complexity in parameterizing the
fit for m., ;. The mass turn-on points are driven from the signal efficiency for a
|An| and jet pr selection as a function of invariant mass (shown in Fig [6.25]). As
a result, there are different mass thresholds corresponding to a An and jet pr cut,

determined as the point where signal efficiency reaches 100%.

The best 95% expected limits are determined with different An values and
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Figure 6.24: Expected 95% CL upper limits on o x B for b* resonance mass.

their corresponding jet pt and mass thresholds. The limits are shown in fig for
jet pp 170 and 210 GeV. From the Table , the selections jet pr > 170 GeV, |An| <
1.5 and mass threshold of 760 GeV and the other combination of selection jet pp >
210 GeV, |An| < 1.5 and mass threshold of 800 GeV shows best expected limits of
6.0 TeV. The former selections offering wider phase-space is chosen as the final one
for this analysis. It also promise more events which further help to constrained the

fit at higher masses to evaluate the background shape from data.

Jet pr (GeV) |An| and m. ;o (GeV) selection Exp. Mass Limit (TeV)

> 170 [An] < 1.5, M40 > 760 6.0
> 170 |An| < 1.8, m. e > 800 5.92
> 170 |An| < 2.0, M 450 > 800 5.95
> 170 No [An], My > 1213 5.94
> 210 [An[ < 1.5, 1,430 > 800 6.0
> 210 |AD| < 1.8, My 50 > 881 6.0
> 210 |AD| < 2.0, M50 > 924 5.96
> 210 No |A7], M50 > 1381 5.94

Table 6.3: Jet pp and |An| optimization for Run-II with medium photon ID, tight
jetID.
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6.5 Selections summarized

The analysis is divided into two different categories based on selections applied:
inclusive for ¢*/QBH and exclusive categories for b* signal searches. The exclusive
category for b* search is defined because of additional b-tagging condition applied.

The selections applied in a sequence are summarized as:
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e HLT trigger HLT _Photonl175 and HLT _Photon200 are applied on data-taking
year 2016 and 2017/2018 respectively.

e Photon passing identification with medium working point with p& > 240 GeV
and |n| < 1.4

e AKA4 jets passing identification criteria with tight working point
e Wide-jet constructed from AK4 jets with AR < 1.1
e Leading wide-jet with pp > 170 GeV and |n| < 2.4

e For b-tagging, “DeepJet” medium working point applied on b* signal search

only.
o |An(y, wide-jet)| < 1.5

e Minimum mass threshold of 760 GeV applied

With all the selections applied, the efficiencies of the signals are calculated at
different mass points as the ratio of events passing all the kinematic selections to the
initially generated events within detector acceptance. The product of the acceptance
and efficiency for ¢*/b* and QBH (ADD/RS) signals is shown in the Fig on left
and right, respectively. As indicated from the [6.27al the efficiency of the b* for
1-btag category starts decreasing as moving towards higher mass points. This is
primarily due to the tagger lower efficiency at higher jet py [4]. Similarly in case of
QBH signal for ADD model, the efficiency starts reducing for masses M, > 5 TeV

due to photon identification criteria.

The cut flow table for data and backgrounds is presented in Table[6.4] [6.6]
for year 2016, 2017, and 2018 respectively. The cumulative efficiency of signals after
each selection is presented in tabular form as well in Table[6.5] [6.7, and for all
three data-taking periods.
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My, (right) for the years 2016, 2017, and 2018.

Cuts q* 2.0 TeV PhotonJet Bkg DiJet Bkg DrellYan Bkg Wlets Total Bkg Data
Total 18735.1 1.5756e+09 2.8707e+10 9.4650e+06 8.5543e+07 3.0376e+10  2.0578e+08
HLT 18735.1 1.5756e+09 2.8707e+10 9.4650e+06 8.5543e+07  3.0376e+10  3.6568e+07
MetFilters 18735.1 1.5756e+09 2.8707e+10 9.4650e+06 8.5543e+07  3.0376e+10  3.52060e+07
medium Photon ID 13718.9 6.8835e+08 6.9883e+07 7.4113e+05 3.2667e4+06  7.6172e4+08  3.4619e+06
PJ. > 240 GeV & 12451.1 5.8026e+05 2.1578e+05 1138.30 3801.12 8.0064e+05  6.6247e+05
[n7| < 1.4442

QCD Overlap Removal 12451.1 5.8005e+05 48780.02 1138.30 3801.12 6.3333e+05  6.6247e+05
Tight Jet ID 12446.7 5.7970e+05 47790.56 1138.30 3801.12 6.3200e+05  6.5766e+05
Pi’ft > 170 GeV 12413.6 546334.13 45879.19 1115.94 3688.48 596609.54  6.0067e+05
\77‘]€L| <24 12170.7 528064.34 44615.97 1107.63 3635.82 577028.12  5.8651e+05
AR>1.1 12166.3 505015.24 26671.63 537.11 2355.37 534201.72  5.8617e+05
|An| < 1.5 8927.19 421256.38 18413.88 442.89 1975.07 441773.88  4.8597e+05
Mass > 760 GeV 8905.3 106366.91 3476.75 170.93 773.04 110708.12 110808

Table 6.4: Cut flow table for different selections with respect to total events for
data, signal, and all contributing backgrounds for 2016 data-taking year

6.6 Background Parameterization

Following the discussion in Section the background estimation is done using
data by fitting the v+jet invariant mass distribution with a smooth polynomial
function. Since a mass threshold of 760 GeV is applied on the mass distribution to
avoid the turn on region, it is expected to be a smoothly falling distribution. We
consider numerous functions that are followed by many earlier searches also [5-9],

to perform the data-driven background estimation. However, these functions should
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Signal Resonances a b* ADD (n=6) RS(n=1)
Cuts 2000 5000 2000 5000 2000 5000 2000 5000
Total 100 100 100 100 100 100 100 100

medium PhotonID 72.71 7333 7399 7391 7353 7152 7416 72.82
PT. > 240 GeV & 55.00 65.59 67.55 67.63 67.56 65.52 63.69 65.28

In7| < 1.4442

Tight JetID 54.95 65.57 67.51 67.62 67.54 65.51 63.66 65.25
Py > 170 GeV 54.33 65.39 67.44 67.56 67.49 6543 63.44 65.17
I’ < 2.4 52.25 64.11 66.83 67.28 67.35 65.35 62.84 65.14
DeepJetM - - 3785 2553 - - - -
AR> 1.1 52.24 64.09 66.80 67.25 67.30 6529 62.81 65.10
|An| < 1.5 40.81 47.03 48.17 47.94 47.77 45.94  48.28 46.91
Mass > 760 GeV 39.11 46.91 48.13 47.93 47.76 4591  47.23 46.91

Table 6.5: Selection efficiency (in %) table for 2016 data taking year for ¢, b*
signals for coupling multiplier value f = 1.0, and QBH signal for ADD (n = 6) and
RS1 (n = 1) model for two mass points.

Cuts q* 2.0 TeV PhotonJet Bkg DiJet Bkg DrellYan Bkg Wlets Total Bkg Data
Total 21773.0 1.6149E+09 2.8140E+10 1.4624E+07 1.0094E+08 2.9871E+10 1.08367E+08
HLT 21773.0 1.6149E+09 2.8140E+10 1.4624E+07  1.0094E408 2.9871E+10 2.2851E+07
MetFilters 21773.0 1.6149E+09 2.8140E+10 1.4624E+07 1.0094E+08 2.9871E+10 2.28358E+07
medium Photon ID 15715.10 6.675E+08 6.7210E4-07 6.9202e+05 2.3197e+06  7.3772E4+08  2.2307E+406
Pl > 240 GeV & 14552.70 6.5023e+05 215171.93 1849.11 4908.41 8.7217e+05  7.7572e+05
[n7] < 1.4442

QCD Overlap Removal ~ 14552.70 6.5001e+05 51487.56 1849.11 4908.41 7.0826e+05  7.7572E405
Tight Jet ID 14507.3 649274.98 50785.50 1848.24 4896.57 7.0680e+05 773780
Py > 170 GeV 14443.5 614641.68 46616.27 1781.06 4660.11 667698.86 717084
77| < 2.4 14086.2 598619.58 44787.99 1750.59 4568.21 649726.60 706295
AR>1.1 14081.8 598323.20 44777.08 1749.63 4565.14 649414.83 705939
An <15 10364.1 500756.18 29052.51 1491.05 3893.92 535193.19 584468
Mass > 760 GeV 10327.1 125524.23 6066.82 544.54 1304.27 133439.70 133440

Table 6.6: Cut flow table for different selections with respect to total events for
data, signal, and all contributing backgrounds for 2017 data-taking year

qualify some quality check tests to assure that they represent the background shape

in data. The functions are listed below:

_ _ R(-m/ /5
1. F} = (m/\;g)P2+P3l'rsL(m/\/§)

9 I Py(1+m//5)™
- 2 (m/\/g)P2+P3log(m/\/g)+P4l092(m/\/g)

—_ PO
3. 3= (Py+Pym/y/s+(m/+/5))"3

4. Fy= Py exp[Py(m/\/5)" + Pi(1—m/\/5)"]

5 F. — Pl=m/V5)" (14 Py(m/y/5)+ Py (m//5)")
: 5 (m/\/g)P2+P3l09(m/\/g>
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Signal Resonances q b* ADD (n=6) RS(n=1)
Cuts 2000 5000 2000 5000 3000 5000 2000 5000
Total 100 100 100 100 100 100 100 100

medium PhotonID 71.50 7218 72778 7220 7222 7191 7254 72.79
P > 240 GeV & 56.29 66.70 68.47 68.18 68.26 68.18 64.22 67.14

[n7| < 1.4442

Tight JetID 56.14 66.62 68.42 68.15 68.23 68.15 64.16 67.10
Py > 170 GeV 55.47 66.33 68.25 68.05 64.16 68.08 63.88 67.03
In’“| < 2.4 52.91 64.69 67.43 67.58 67.92 67.91 63.14 66.96
DeepJetM - - 3999 2582 - - - -
AR > 1.1 52.90 64.67 67.41 67.55 67.87 67.86 63.10 66.93
|An| < 1.5 41.85 47.60 48.83 48.37 48.14 47.75  47.48 48.45
Mass > 760 GeV 40.26 47.43 48.80 48.35 48.13  47.74  47.72 48.44

Table 6.7: Selection efficiency (in %) table for 2017 data-taking year ¢*, b* signals
for coupling multiplier value f = 1.0, and QBH signal for ADD (n = 6) and RS1
(n = 1) model for two mass points.

Cuts q* 2.0 TeV PhotonJet Bkg DiJet Bkg DrellYan Bkg Wlets Total Bkg Data
Total 30656.6 2.1536e+09 3.1113e+11 1.5870e+07 1.3570e+08 3.1344e+11  1.3125e+09
HLT 30656.6 2.1536e+09 3.1113e+11 1.5870e+07 1.3570e+08 3.1344e+11  4.1960e+07
MetFilters 30656.6 2.1536e+09 3.1113e+11 1.5870e+07 1.3570e+08 3.1344e+11  4.0666e+07
medium Photon ID 22156.7 8.6953e+08 7.6863e+07 5.7873e+05 2.3473e4+06  9.4932e4+08  3.8061e+06
P7. > 240 GeV & 20458.2 9.1987e+05 286570.54 2617.20 8272.70 1.2173e4+06  1.1059e+06
77| < 1.4442

QCD Overlap Removal 20458.2 9.1961e+05 78501.65 2617.20 8272.70 1.0090e+06  1.1059e+06
Tight Jet ID 20428.0 918384.34 78153.14 2613.40 8244.40 1.0074e+06 1.1037e+06
P%Et > 170 GeV 20330.7 869142.05 73115.49 2503.60 7880.80 952642.46  1.0190E+-06
\'r]J“| <24 19832.7 846924.48 70309.23 2457.60 7719.80 927411.38 988592
AR>1.1 19827.5 846538.29 70308.73 2456.20 7715.10 927016.61 977027
An < 1.5 14528.5 710197.28 48774.17 2087.90 6542.60 767602.38 809675
Mass > 760 GeV 14486.9 172357.21 7919.00 727.28 2178.80 183182.79 183215

Table 6.8: Cut flow table for different selections with respect to total events for
data, signal, and all contributing backgrounds for 2018 data-taking year

Signal Resonances q b* ADD (n=6) RS(n=1)
Cuts 2000 5000 2000 5000 3000 5000 2000 5000
Total 100 100 100 100 100 100 100 100

medium PhotonID 71.56 7227 7239 73.17 72.90 72.63 72.54  72.79
P}>240 GeV & 56.32 66.73 68.08 69.09 68.73 66.97 64.22 67.14

[n7| < 1.4442

Tight JetID 56.18 66.64 68.03 69.06 68.69 66.93 64.16 67.10
P%et > 170 GeV 55.56 66.32 67.85 68.97 68.60 66.84 63.88 67.03
|77J6t| <24 53.09 64.69 66.99 68.56 68.39 66.77 63.14 66.96
DeepJetM - - 41.64 28.20 - - - -
AR>1.1 53.08 64.68 66.97 68.52 68.35 66.74 63.10 66.93
|An| < 1.5 41.89 47.42 4853 49.30 4849 4832  47.78 48.45
Mass > 760 GeV 40.36  47.26 48.49 49.28 48.48  48.32  47.72 48.44

Table 6.9: Selection efficiency (in %) table for 2017 data-taking year ¢*, b* signals
for coupling multiplier value f = 1.0, and QBH signal for ADD (n = 6) and RS1
(n = 1) model for two mass points.
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where P,, P;, P,, P; and P, are the parameters of the function, m is the
invariant mass of y+jet distribution and /s is the center-of-mass energy. To perform
the quality check of fit functions, two test-statistics approaches used are discussed

below in detail.

6.6.1 Fisher-test

The polynomial degree of the functions for signal fitting is decided on the basis of
Fisher-test [10], also known as F-test. To start with this test, two models m; and ms,
(or functions) with parameters n, and n, respectively are examined, where n; < n,
and model m; is nested within model m,. If the F-test statistic value for such case
has the p-value significance [11] greater than 0.05, then it is interpreted that model
m, is describing the distribution better than m, and is considered for further study
in the analysis. However, if that is not the case then another model ms with higher

degree than m, is taken to perform the same test again with respect to model ms.

The F-test statistics is constructed as

P —2log(A\/Xa)/(ng —ny)
_2log>‘2/(Nbins - n2) 7

(6.5)

where Ny;,, is the number of mass bins and —2log(};) is the “saturated model”
goodness-of-fit test statistics that follows x2 distribution having N, — n; degrees

of freedom.

In this statistic-test, a null hypothesis is considered that model m; (with n;
parameters) better describes the mass distribution than model m, (with n, param-
eters). This null hypothesis is rejected if F-value obtained from data is greater than
the critical value of F-distribution with p-value = 0.05. To obtain the F-distribution,
the y+jet invariant mass distribution from background MC simulation is fitted with
model m; to get the best fit parameters. Afterwards, these parameters are used
to generate a large number of toy datasets. The F-value is calculated for each toy-
dataset and the F-distribution is obtained. The number of degree of freedom for this

F-distribution is ny — ny, Ny;,s — ne. The list of the functions for different families
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is given in the Table |6.10] and the corresponding F-value with the F-distribution is
shown in Fig [6.28] for ¢* and b signals respectively.

Number of Parameters F1
A do_ _ Py(1+m/y5)
dmjj - m/\/gPQJrPngg(’m/\/g)
5 do  _ Py(14m//5)™
dmjj m/\/5P2+P3log(7n/\/§)+P4l092(m/\/g)
6 do_ _ Po(1+m//5)™
dmg; ) /Pt Palog(m/ Vs +Pylog” (m/ /)4 Pylog” (m/3)
— F2
3 do  _ Py
dmy; (P1+nyx/§)P2
4 do — 0
dmj; — (Py+Pym/\/s+(m/v/5)°)"3
5 do — Py
dmj; — (P+Pym/\/s+Py.(m/y/5)°)"
_ F3
a P P
1 L= Py caplP(m /) + Pi(L = m/v/5)"]
do __ P P,
5 A2 = By exp[Pu(m/v/5)™ + Py(1 = m/\/5)"
-~ F4
6 do __ Py(l—z)"1 (14 Pyz+Psz?)
dmjj - zP2+P3log(z)
- do  _ Py(1=2)"1 (14 Pya+ Pya®+ Pea®)

dm.; :

Poy+Pql
i T o+ P3 og(x)

Table 6.10: Different functions tested for fitting mass distribution using F-test
statistics

6.6.2 Goodness-of-fit test

In order to evaluate if the y+jet distribution can be characterized by the functions
F1-F5 defined in Section[6.6] the Goodness-of-Fit (GOF) statistic is performed that
is based on modified y2 test-statistic. It is defined as

-y (?) (6.6

i=1 Zs

where, x; is the data yield in the i bin with total of ny bins, b; is the total

number of expected events multiplied by the integral of fit in the i bin, 0., is the
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Figure 6.28: The F-test distributions for various background fit functions considered

for ¢* for full Run-II data.
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uncertainty defined as

(6.7)

Z;

Dgl(&/27mi+1)7 if b >
D_I(CY/Q,.’]:i), Zf bz < Z;

where o = 1 — 0.687 and D' (/2, z;) is the inverse of the cumulative distri-

bution function of lower tail of gamma distribution, described as

a/2 1

D(a/2,z;) = / i e dz, (6.8)

—0o0
and, D.'(a/2,2; + 1) is the inverse of the cumulative distribution function

(upper tail) of the gamma distribution,

+o0 1
D.(a/2,z; + 1) = / —2"e “dz. (6.9)

a2 Tz +1)

In order to perform this test, we generated 1000 toy-datasets using the best-fit
model parameters from the fit performed on data. These toy-datasets are fitted
using maximum likelihood approach and the test-statistic value is saved to have a
distribution of x2 value. A p—value significance is calculated by taking the ratio of
number of toys having the test statistic value greater than the same value from the
data to the total number of toys, and if this p—value is greater than 0.05 then it
indicates a reasonable agreement between the data and model defined by functions.

The same distribution of test-statistic value for the data and toys is shown in Fig|6.30

and for both inclusive and exclusive categories.

From the results of the F-test and GOF test, it is evident that all the functions
fit and describe the mass distribution in data reasonably good, however only one of

the function is chosen for background estimation i.e F1 defined as

do __R(1=m/y5)"
dm (m/\/g)PQ-‘rP;;ln(m/\/E) (6.10)

and, other functions F2-F5 are used as alternate functions for the bias studies,

discussed in the following Section [6.7. The function F1 will now be referred as
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Figure 6.30: Toy distribution for the goodness-of-fit study using the X2 test statistic
for ¢* signal.
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Figure 6.31: Toy distribution for the goodness-of-fit study using the X2 test statistic
for b* signal with 1-btag (left) and 0-btag(right) categories.

default function in the upcoming sections.

The mass distribution of ¢*/QBH signals and b* for both categories 1-tag and
0-tag fitted with the function eq is shown in Fig. 6.32

6.7 Bias due to the choice of fit functions

The fit function chosen for background estimation for both the exclusive and in-

clusive categories is defined in eq. [6.10] The alternative functions F2-F5 also rea-
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Figure 6.32: Invariant mass distribution fitted with 4-parameter fit function for (a)
q" (top), (b) 1 tag b* (bottom left) and (c) 0 tag b* (bottom right) scenarios fitted
with ROOT likelihood.

sonably fit the distribution for both the categories, as assured by F-test and GOF

test. Despite qualifying these test-statistics, there are uncertainties associated with

the choice of the functional form and should be taken care of by performing bias

studies with the alternative functions. If any significant bias due to the chosen func-

tion is observed, it is considered as the systematic uncertainty. The procedure of
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performing this bias studies is as follows :

e An underlying distribution g(m ) is obtained from the invariant mass dis-

Yy+jet

tribution m.,; ;; (inclusive) and m.,,_;., (exclusive) categories of data.

e A signal having input mass m and signal strength = 1 is injected to perform
the signal plus background (S+B) fit on the distribution g(m. ;) using the

default function.

e From the S+B fit, the best fit parameters are obtained and are further used

to generate 500 toys corresponding to each function F2-F5.

e These toy datasets for each alternate function are then fitted with the de-
fault function using the maximum likelihood approach to obtain a distribution

f}(mw), for each alternative function where i = 1,2, 3, 4.

e The signal strength i, is evaluated from fi(mw-) distributions and compared
with the injected signal strength p = 1 for all input masses m, and a pull
distribution is constructed .

: J_
e (6.11)
g i
i
where 0, is uncertainty associated with the calculated signal strength from

alternative functions.

e The pull distribution for each input mass and alternative function is fitted

with a Gaussian function to get the predicted value of signal strength pu.

e For the ideal case, the mean and rms value of the pull distribution should
be 0 and 1, respectively representing a normal distribution. However, any
deviation from 0 mean value is the indication of the bias due to the choice of

the function.

The pull distribution for two mass points M~ = 1.0 and 2.0 TeV of q" sig-
nal when same function is used for generating and fitting the toys is presented in

Fig|6.33 The mean of distribution is observed to be close to zero for both masses.
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Figure 6.33: Gaussian fit to the pulls distribution by generating and fitting toys
using the same function.

The bias for any background parameterization following the relation,

v = |median(p])| < 0.5 (6.12)

is acceptable, where pg is the mean of Gaussian distribution for the i toy
and j™ mass point. Any deviation of median of pulls from 0.5 is an indication of
significant bias. Fig shows the pull distributions for few mass points of the
alternative functions, where it is clear that value of ¥’ is within the range of -0.5 and
0.5. Similar studies is performed by considering a different signal strength of y = 0,
and in that case as well the bias is in the acceptable range having median less than

0.5.

To evaluate the impact of bias on the signal cross-section, the bias uncertainty
is added in quadrature with the total uncertainty which has maximum contribution
from background fit. In such case, if the bias uncertainty is about one-half of the fit

uncertainty, then the total uncertainty will be:

O'tOt = \/O'fitQ + 0'5O-fit2 ~ 1‘1int (613)

Hence, the bias uncertainty contributes only 10% of the fit uncertainty and



6.8 Systematic Uncertainties 171

can be neglected.
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Figure 6.34: Pull distribution as a function of ¢* , b and QBH (ADD and RS
model) for Run-II mass corresponding to the four test functions with data.

6.8 Systematic Uncertainties

All the systematic sources of uncertainties that affect the analysis and their impact
on measurements are discussed in this section. The sources of these uncertainties

are analysis dependent, for example, the background estimation method, the re-
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construction and identification techniques used for the physics objects, any kind of
corrections applied to them. The uncertainties are either implemented as normal-
ization variations or as the shape variations due to that source on the signal and
background simulations. The list of the most dominant uncertainties sources are

described as:

e Background Shape Uncertainties : The shape of estimated background
from data for the invariant mass distribution depends on the analytical func-
tion used to fit the distribution. The choice of the function is motivated by the
test determining the fit-quality, and the possible bias due to the chosen func-
tion is also evaluated as discussed in previous section. However, there could be
shape difference between the data and background due to the analytical func-
tion which is accounted by uncertainties on the parameters of the function.
To begin with, a signal+ background fit is performed to evaluate the initial
values of the parameters and with improving fit techniques the final values of
the parameters and associated uncertainties are considered. These parameters

values are assigned as the nuisance parameters with uniform priors.

e Luminosity : The uncertainties associated due to the luminosity measure-
ment by CMS for individual data-taking years during Run-II for are 1.2%, 2.3%
and 2.5% for 2016, 2017 and 2018 respectively [12], [13], [14]. The combined
correlated uncertainty of 1.6% across different years is taken for this analysis.
This uncertainty is considered as normalization uncertainty impacting event

yield.

e Pileup : The ability to model the average number of interactions in a LHC
bunch crossing is the basis of this source. The impact of this uncertainty is
evaluated by varying the total inelastic cross-section value of 69 mb by & 5%.

Its effect is evaluated to be 1% on the signal yield.

e Photon and Jet Energy Scale : The uncertainty associated with the photon
and jet energy scale (PES and JES) is because of the non-uniform and non-

linear response of the calorimeters which is translated to the measured energy
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of the photons and jets. These uncertainties are evaluated on the simulated
signal at different resonance masses by shifting the energy scale applied by
+ 1 standard deviation at the reconstruction level. The PES and JES, both
uncertainty translate a effect of 1% on the mean of v+jet signal resonance
shape. The effect due to the PES and JES systematics on the ¢* signal for
M+ = 2.0 TeV is shown in the left and right of Fig , respectively.
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Figure 6.35: Effect of photon and jet energy scale uncertainties on invariant mass
of ¢* for M~ = 2.0TeV.

e Photon and Jet Energy Resolution : The uncertainty associated with
photon and jet energy resolution (PER and JER) is due to the different energy
measurements in data and simulations. This can impact the resolution ofy+jet
signal resolution expected in data. The PER and JER propagate a effect of
0.4-1.2% and 0.6-2.0%, respectively on the width (or mass resolution) of signal
shapes as shown in Fig[6.36] This impact is computed for different resonance
masses, with smaller effect observed at lower masses and large effect (upper

end of range) observed at higher masses.

e Signal Shape Interpolation : The mean of the interpolated and generated
mass distribution of resonant shapes differ by ~1%, and this effect is considered

as the systematic uncertainty associated with the interpolation method.
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Figure 6.36: Effect of photon and jet energy resolution uncertainties on invariant
mass of ¢* for Mq* = 2.0TeV.

e b-tag SF uncertainty : In order to account for the difference in b-tagging
efficiency between data and MC simulations, event-by-event b-tagging scale
factors (BSF) are applied to background and signal simulations. The un-
certainty associated with these scale factors is obtained by varying the scale
factors up and down with the errors on them. The impact of these variations
is computed and observed to be 0.2-3.0% on the mean of resonance signal, and
7.9-14.3% on the signal yield. The Fig shows the effect of BSF variation

up and down on the resonance shape of b signal for My» = 2.0 TeV.

e HLT Trigger Efficiency : The determination of trigger efficiency by or-
thogonal muon data-set is estimated to be 97.5% and consequently, a 2.5%

systematic uncertainty is considered for the photon trigger inefficiency.

e Photon Identification : Due to less statistics of high pr photons, the ef-
ficiency of photon identification at the high pr is difficult to measure and
hence, a conservative value of 10% is assigned to account for the identification

inefficiency.

The dominant contributor to the systematics is the uncertainties with the back-

ground parameters, while other sources does not contribute much to the total un-
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Figure 6.37: Effect of b-tag scale factor uncertainties on y+jet distribution of b*
signal for M~ = 2.0 TeV.

certainty. The Fig [6.38| shows the ratio of the observed limits calculated with and

without systematics uncertainty to the statistical uncertaities for ¢* signal.
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Figure 6.38: The ratio of observed limits with and without systematic uncertainty
to the statistical uncertaities for ¢* signal.

The Table [6.11f summarizes all the systematics sources and their impact on
signal shape and yields. Further, the results of the analysis for all signal resonances

with limits computation method are discussed in next chapter.



176

Chapter 6

Source of Systematic Type Impact of systematic Applied to
¢ /b"/QBH
Luminosity Normalization 1.6% All
Jet Energy Scale Shape (mean) ~ 1.0% All
Jet Energy Resolution Shape (width) 0.6-1.9% All
Photon Energy Scale Shape (mean) ~ 1.0% All
Photon Energy Resolution Shape (width) 0.4-1.2% All
Pileup Normaliation 0.1% All
High pT Photon ID inefficiency Normalization ~ 10.0% All
HLT Trigger inefficiency Normalization 2.5% All
Signal Shape interpolation Shape (mean) <1.0% All
b-tag SF uncertainty Shape (mean) 0.2-3.0% Only b*
b-tag SF uncertainty Normalization 7.9-14.3% Only b*

Table 6.11: Effect of various systematic uncertainties on signal shape and normal-

ization.
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Chapter 7

Results and Summary

In this thesis, the work presented is based on participation in Gas Electron Multiplier
(GEM) detector R&D work, and is described in detail in [Chapter 3| with assembly
and testing procedure. Subsequently, the thesis also presents the search analysis

based on two models utilizing the data from the CMS experiment. The models

considered and event selections are described in [Chapter 5| and [Chapter 6 with the

limit computation method and results presented in this chapter in Section and
[7.2] respectively. Later, in Section [7.3] the summary of the thesis is given, followed
by future outlook in Section [7.4]

7.1 Limit Computation Method

The invariant mass spectrum of the y+jet system is examined for the presence of
resonances over the SM smooth falling background. If there is no significant excess
observed in data, exclusion limits are set on the parameters of signal model using the
modified frequentist approach [1]. This statistical approach is embedded by CMS
statistical group in a framework, known as “Higgs Combine Tool”, and is widely
used by CMS search analyses. In this approach, a binned likelihood function is

constructed as the product of Poisson probabilities in each bin to observe events.
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The functions takes the form :

L(data|p, ) = 1—1 Poisson(z;|s;(11,0) + b;(0)).p(0]0, 60), (7.1)
i=1

where ¢ is the bin number; z;, s; and b; are data, signal and background
yield respectively in the i bin, 0 represents nuisance parameters associated with
each source of systematics uncertainty, p indicates the signal strength that is the
parameter of interest in this study. To calculate the exclusion limits, a test-statistic
is built and is expressed as function of logarithmic value of profile likelihood ratio [1].

For a given value of signal strength p, the test-statistic is defined as:

L(datap, éu)

w0 < i< p. 7.2
C(datalp, b)) " (72

g, = —2log

Here, numerator represents the maximum likelihood calculated for a value of
nuisance parameter that maximizes it for a fixed signal strength value, and denomi-
nator represents maximum likelihood value when both signal strength and nuisance
parameters are floating. The interpretation of absence or presence of signal is done
by comparing the test-statistic value from the observed data (cjzbs) with the same
distribution from background-only (B) and signal plus background (S+B) hypothe-

ses. The g, test-statistics distribution is constructed by generating a number of

pseudo-datasets using the respective B and S+B hypotheses.

The exclusion limits for the signal are calculated for a confidence level (CL)
as :

_ CLyyy, _ Plg, > q."|ps +b)

CL, = - r —a (7.3)
CLy P(q, > ¢ |b)

where C'L,,, and C'L, indicate the probability to observe the test statistic
value (g,) as equal or larger than the q~Zb8 for respective S+B and B-only hypothesis.
Additionally, any effect due to statistical fluctuations in background in accounted

in this ratio. More details on this method can be studied in Refs [2], [3].

For a signal to be excluded at 95% confidence level, we scan over different
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values of g, for varying p until o = 0.05 is achieved.

7.2 Results

The results for new resonance search decaying to y+jet final state is presented in
this section. The search for any excesses observed in data is described in terms of
local significances and in the absence of such excesses exclusion limits are set on the

parameters of signal model using the above detailed limit setting procedure.

7.2.1 Local Significance

In case of observing an excess of events in data, a local significance (S) is calculated
and reported as the number of standard deviations (o) from the SM expectation.
A local significance of 50 if observed indicates the discovery of new particle as per
the standard adopted in experimental high energy physics. It is calculated by the

following relation:

Ly
Es—l—b

S=4/(—2In ) (7.4)

where £, and L,,;, are the maximum likelihood for B and S4B hypotheses.
It should be noted that significances are calculated only for upward fluctuations i.e
positive signal strengths. The results for any possible significance for ¢* and b* for all
three couplings as a function of resonance mass are reported in Figure [7.1],[7.2] For
the QBH signals with ADD (n = 6) and RS1 (n = 1) models, the significances are
reported in Figure[7.3| as a function of threshold mass. The most significant excess of
20 for ¢ signal is observed at mass of 3 TeV, while for b* signal a significant excess
of 1.80 is observed at 2.5TeV. This observation is similar for all three coupling
strengths. In case of QBH signals, the most significant excess of 0.7¢ for ADD
(n = 6) model and 1.80 for RS1 (n = 1) model is seen at threshold mass of 2.1 and

3.0 TeV, respectively. These excesses are not enough to claim any discovery or hint
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of new particles, and could arise also due fluctuation in background spectrum.
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Figure 7.1: The observed significance in data for ¢* signal with coupling (a) f = 1.0,
(b) f=10.5 and (c) f = 0.1 as a function of the resonance mass for y-+jet resonances.

7.2.2 Exclusion Limits and Conclusion

Since no significant excess in data is observed over the background expectations,
95% CL exclusion upper limit on signal cross-section and lower mass limit are set.
The exclusion limits are set on ¢ signal, QBH ADD (n = 6) and RS1 (n = 1)
by calculating the likelihood value for the mass range of 1.0-7.0 TeV, 2.0-9.0 TeV,
and 2.0-7.0 TeV respectively. However, for b* the likelihoods are calculated inde-
pendently for 1-btag and 0-btag categories in the range 1.0-7.0 TeV and then are

combined to evaluate the exclusion limits on b* signal. b-tagging efficiency de-



7.2 Results 183

CMS Prellmlnary 138.0 fb* (13 TeV) CMS Preliminary 138.0 fb* (13 TeV)
““““““ L e e o L L e ]
3_5f —— Observed Slgnlflcance 1 3_5f —— Observed Slgnlflcancei
o 3F btoby o 3f btoby
= c
© s © s
Q 25F 2 25F
I E S L
L L L L
= 2F =2
o L = L
2] E 2] .
< 15C < 15F
S C S L
S 3
0.5F ] 0.5F
Oium...m...m...m...r Oﬁu/\/\/\,\'\\...\....m...\....r
1 2 3 4 5 6 1 2 3 4 5 6
Resonance mass [TeV] Resonance mass [TeV]
(a) f=1.0 (b) f=0.5
CMS Prellmmary 138 0fb? (13 TeV)
“““““““““““““
3 5: —— Observed Slgnmcance
o 3: b*--by
o n
I L
2 25
@ £
2 E
T 2
2 L
) c
< 15¢
3 L
<] E ]
- 1f ]
05F /\ ]
b/ M\\\\F
O1 2 3 5 6 7

Resonance mass [TeV]
(c)f=0.1
Figure 7.2: The observed significance in data for b* signal with coupling (a) f =

1.0, (b) f = 0.5 and (c) f = 0.1 as a function of the resonance mass for v+ b-jet
resonances.

creases with increasing mass due to low tracking efficiency of CMS detector for high
pr- So some of the b-jets may not be identified and may go into the 0-btag category.
This results into a loss of statistical power and make the final results sensitive to
the efficiency of tagging a jet correctly. The two categories are combined together to
avoid loss due to these effects. Figure and Figure shows the upper exclusion
limits presented in terms of o X B on ¢* and b* signal for three coupling multiplier

values of f = 1.0, 0.5 and 0.1.

The observed (expected) lower mass bound on ¢* is found to be 6.0 (6.0), 5.4
(5.2) and 2.4 (2.8) TeV for coupling multipliers f = 1.0, 0.5 and 0.1 respectively. For
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Figure 7.3: The observed significance in data for QBH ADD and RS1 signal

b* signal, the limits are presented for coupling f = 1.0 for both gauge and contact
interactions. The observed (expected) lower mass bound on b* is estimated to be
2.15 (2.30) and 1.6 (1.7) TeV for couplings f = 1.0 and 0.5. However, the analysis
could not reach the sensitivity for coupling f = 0.1. The results on b* signal with
coupling multiplier f = 1.0 are also presented for the combined process following
gauge and contact interactions. In this case, the upper cross-section limit curve
for gauge processes is used with a combined theory line cross-section from both

processes. The limits are found to be 3.8 TeV as shown in Figure [7.5(a).

Additionally, for QBH signal a lower limit of 7.5(5.2) TeV is observed with
expected limit of 7.5 TeV (5.2 TeV) on mass parameter for ADD (RS1) model, as
shown in Figure . These limits are obtained for full Run-II luminosity of 138 fb™*
of data.

The two-dimensional representation of the excluded mass region for excited
quarks (¢*and b*) as a function of the coupling strength f, with the assumption
¢* = A, is shown in Figure. [7.71 The exclusion of the excited quark mass, as
a function of ¢*/A, is also presented in the same figure on the right hand axis.
The excluded ¢*region could also be interpreted in terms of the ¢*/A ratio; this

interpretation is based on the fact that the detector resolution effects dominate
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Figure 7.4: The expected and observed 95% C.L. upper limit on cross section and
lower bound on the mass for 7 + jet, that is ¢* resonance for coupling f=1.0 (top
left), and f=0.5 (top right), and f=0.1(bottom).

compared to the change in the signal intrinsic width (Fq* ~ 0.04f 2q*) || arising from
the change in the coupling strength f. Consequently, the variation of f effectively
changes the production cross section in a similar way to the variations in ¢*/A, since

both appear as multiplicative factors in the cross section calculation.

The lower mass limits on ¢* improved to 6.0 TeV from 5.5TeV, and on b
signal to 2.3 TeV from 1.8 TeV with respect to latest results published in the same
channel [5]. For the ADD (RS1) model, the lower mass limits improved from 7.1
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Figure 7.5: The expected and observed 95% C.L. upper limit on cross section and

lower bound on the mass for y + jet, that is b* resonance for coupling f=1.0 (top
left), and f=0.5 (top right), and f=0.1 (bottom).

(4.4) TeV to 7.5 (5.2) TeV in the same channel compared to the latest results reported

in Ref. @
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7.3 Summary

The CMS detector is designed to perform precise measurements of the SM physics
and to search for the new physics signatures not defined in SM. The work presented
in this Thesis is categorized into two tasks : hardware participation and physics
analysis performed. The hardware participation involves the assembly and testing
of GEM detectors at the Panjab University for HL-LHC. Following this, the other
task is based on physics analysis for the search of new resonant particle decaying to

the photon and jet state. A brief summary of these two tasks is given below.

7.3.1 Gas Electron Multiplier detector assembly and char-

acterization

During the Run-II period, the LHC delievered an instantaneous luminosity of 1 x
10** em s, After the upgrade of LHC to HL-LHC, the beams are expected to
collide at increased centre-of-mass energy of 14 TeV and deliever five times more
luminosity than delievered during Run-II i.e. 5 x 10** em™?s™'. To withstand such
increased luminosity and improved reconstruction efficiency, the CMS detector need
upgrades involving pixel detector, hadron calorimeter, muon detectors and data

acquistion.

The muon system of CMS detector consists of drift tubes (DTs) in barrel region
(In| <1.2), cathode strip chambers (CSCs) installed in endcap (1.0 < |n| < 2.4), and
resistive plate chambers (RPCs) in both barrel and endcap region (|n| <1.6). The
RPCs could not be installed beyond || <1.6 because of their incapability to handle
large background rates. Hence, to maintain the L1 trigger rate and increase the
reconstruction efficiency for the HL-LHC, new detectors based on GEM technology
are to be installed in the region 1.6 < |n| < 2.2. These new detectors are gaseous
detectors with a high spatial resolution of ~100pum and good time resolution of

~81ns.

A total of 144 GEM chambers (GE1/1) are installed in endcaps assembled at
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CERN and various production sites. One of the production site is Panjab University
that assembled a total of eight chambers. The assembly is performed in two steps:
preparation of drift board and readout board done in a lab, and the assembly of
detector in a class 100 clean room. The assembly is performed in clean room to avoid
any contamination of foils and eventually the detector due to dust and moisture.
During the preparation of drift and readout boards, all the required components are
cleaned and are mounted on the board, for example pull outs, high-voltage (HV)
divider, gas nozzles. In the clean room for stack assembly, the foils are cleaned, and
the foils are stacked with spacers in between. Finally, the chamber is closed and
assembly is completed. To test the quality of assembled chambers, few quality checks
established by CMS collaboration are performed. The tests performed at the Panjab
university are : QC2 to check the quality of foils by determining the impedance of
the foils and the gap between foils, QC3 to identify any possible leakage due to
various components used during assembly, QC4 to calculate the intrinsic noise ratio
and depict the current vs voltage characteristic curve, QC5 to evaluate the effective

gain and uniformity for all sectors of the chamber.

All the eight chambers assembled at the Panjab University, Chandigarh passed
these tests, and were shipped to CERN. Few more quality checks were performed at
CERN site, and later these assembled detectors were installed in the CMS endcap.
Now these detectors assembled by Panjab University are a part of Run-III data
taking.

7.3.2 Search for resonances in the photon+ jet final state

In this thesis, a search for new resonances in the photon and jet final state is per-
formed using pp collision data collected by CMS detector at y/s =13 TeV correspond-
ing to integrated luminosity of 138 fb~'. The study is motivated by two different
theoretical models i.e. compositeness model and large extra dimension model for
beyond SM studies. The compositeness model states that fermions are composite

particles, and are made up of more fundamental particles that are not yet part of
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SM. Through this study, the search for excited state of light flavor quarks (¢*) and
heavy-flavor quarks (b*) radiating a photon and jet to reach its ground state is being
performed. Three coupling multiplier values of f = 1.0, 0.5, and 0.1 based on the
coupling of excited quarks to SM are considered. If a resonance is discovered, this

would imply that quarks are not fundamental particles.

Moreover, the other model i.e. large extra dimensions model attempts to
resolve the hierarchy problem through the existence of large extra dimensions.
The models proposed by Arkani-Hamed, Dimopoulos, and Dvali (ADD), and the
Randall-Sundrum (RS) are considered in this search analysis, with n = 6 and n = 1
extra dimensions, respectively. These models lower the Planck’s scale such that it
could be accessible at the LHC and eventually, the production of Quantum Black
Holes (QBHs) is a possibility at the LHC. Considering these models by ADD (n = 6)
and RS (n = 1), the search for QBHs decaying to photon and jet final state is pre-

sented in this thesis.

The signal topology is selecting a high pt photon and a high pr jet with photon
in the barrel region and jet in |n| < 2.4 region of the detector. The selection criteria
imposed on the photon and jet are optimized using MC simulations for signal and
background. The optimization is based on best 95% CL expected upper cross-section
limits evaluated using a framework based on asymptotic approximation developed
by CMS. The invariant mass distribution of photon and jet final state (1., ;)
in data is kept blinded until all the selections are finalised through optimization
studies. The background is estimated from data by fitting smoothly falling m., .,
distribution with a polynominal function. The functional form is chosen through
p-value significance of Goodness-of-Fit (GOF) test and Fisher test. The GOF test
determines the quality of fit, and Fisher test determines the order of the polynominal
function. However, to account for any possible bias due to the choice of functional
form a bias study using alternative functions is performed. The bias studies gives
no indication of any possible bias, and only the statistical uncertainty of the fit is

considered in this analysis.
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No resonant excess over the smoothly falling distribution is found, and hence
95% CL exclusion limits are set on the signal cross-section and mass. The details
of the method are described in Section [L.3bl The observed lower mass bound set
on ¢ signal for coupling multiplier f = 1.0, 0.5, and 0.1 are 6.0, 5.4 and 2.4 TeV,
respectively. For b* signal, the observed lower mass bounds set for coupling multiplier
f =1.0 and 0.5 are 2.15 and 1.6 TeV respectively. The analysis could not reach the
expected sensitivity to set the exclusion limits on b* signal for coupling value f =0.1.
The lower mass bounds on b* signal combining the gauge and contact interactions
cross-sections is found to be 3.8 TeV. For the QBHs production predicted by ADD
(n = 6) and RS (n = 1) models, the observed lower mass limits are set to be 7.5
and 5.2 TeV, respectively. These lower mass limits found are the most stringent to

date among those obtained in this channel.

7.4 Outlook

The LHC is world’s largest particle detector and many research scientists are working
day and night for its operations and performing analysis study. With such great
inspiration, it has the potential to achieve many more milestones. At the time of
writing this thesis, Run3 has already started and soon in early 2024 the LHC will
go for L.S3 for HL-LHC upgrades. During the LS2, a total of 144 GE1/1 detectors
based on GEM technology were installed in CMS muon endcap station. Out of these
detectors, eight were assembled in the Panjab University site. Further in LS3, the
LHC will undergo several other upgrades such as some part of ECAL and HCAI will
be replaced by Highly-Granular Calorimeter (HGCAL) that will provide excellent
energy resolution of electrons, photons and hadrons. Another essential upgrade will
be installation of GE2/1 and MEO detectors in muon endcap region to withstand
high-luminosity background rates. The muon endcap region with the installation of
GE1/1, GE2/1 and MEQ will provide redundancy and higher trigger rate. This will
increase the efficiency of muons with lower momentum threshold, and hence better

prospects for discovery of beyond SM phenomena. Panjab University will also be a
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part of GE2/1 assembly and testing.

The HL-LHC foresee many new particles discovery predicted by various theo-
retical models. Various deep neural network based taggers are under development
for improved efficiency of signal selection or background rejection. Besides this,
increased instantaneous luminosity, increased /s to 14 TeV and improved energy
resolution due to HGCAL, there is a great potential to find excited quarks and
QBHs in the photon and jet channel.
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Appendix A

List of Samples

A.1 Data Samples

The table lists the JavaScript Object Notation (JSON) files for the 2016, 2017
and 2018 data-taking years containing a list of good runs, while table lists
the data samples for these years with the respective run ranges and correspoding

luminosity for each era.

] JSON Files |

Cert_271036-284044_13TeV _23Sep2016ReReco_Collisions16_JSON.txt
Cert_294927-306462_13TeV_EOY2017ReReco_Collisions17_JSON.txt
Cert_314472-325175_13TeV _17SeptEarlyReReco2018 ABC_PromptEraD_Collisions18_JSON.txt

Table A.1: JSON files used to select certified runs and luminosity sections
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Data Samples Run Range Luminosity
(b

/SinglePhoton/Run2016B-17Jul2018 ver2-v2/MINIAOD | 273150 - 275376 5.788
/SinglePhoton/Run2016C-17Jul2018-v1/MINIAOD 275656 - 276283 2.573
/SinglePhoton/Run2016D-17Jul2018-v1/MINIAOD 276315 - 276811 4.248
/SinglePhoton/Run2016E-17Jul2018-v1/MINTAOD 276831 - 277420 4.025
/SinglePhoton/Run2016F-17Jul2018-v1/MINIAOD 277932 - 278808 3.104
/SinglePhoton/Run2016G-17Jul2018-v1/MINIAOD 278820 - 280385 7.575
/SinglePhoton/Run2016H-17Jul2018_ver2-v1/MINIAOD | 281613 - 284044 8.650
/SinglePhoton/Run2016H-17Jul2018_ver3-v1/MINIAOD | 284036 - 284044 0.215

| Total | 273150 - 284044 36.3
/SinglePhoton/Run2017B-31Mar2018-v1/MINIAOD 297046 - 299329 4.763
/SinglePhoton/Run2017C-31Mar2018-v1/MINIAOD 299368 - 302029 9.748
/SinglePhoton/Run2017D-31Mar2018-v1/MINIAOD 302030 - 303434 4.323
/SinglePhoton/Run2017E-31Mar2018-v1/MINIAOD 303824 - 304797 9.385
/SinglePhoton/Run2017F-31Mar2018-v1/MINIAOD 305040 - 306462 13.567
Total 297046 - 306462 41.78
/EGamma/Run2018A-17Sep2018-v2/MINIAOD 315252 - 316995 13.704
/EGamma/Run2018B-17Sep2018-v2/MINIAOD 317080 - 319310 7.060
/EGamma/Run2018C-17Sep2018-v2/MINIAOD 319337 - 320065 6.894
/EGamma/Run2018D-22Jan2019-v2/MINTAOD 320673 - 325175 31.741

| Total | 315252 - 325175 | 59.40 |

| Run II | | 138 |

Table A.2: List of dataset with corresponding run range used in the analysis
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A.2 Signal samples for ¢* resonances

The table lists the simulated samples for ¢* signals for three coupling multiplier
values f = 1.0, 0.5 and 0.1 simulated with PYTHIAS, with their respective cross-

section values and number of events generated and analysed.

Sample Name Events | Cross section (pb) | Couplings
ox B
/QstarToGJ_M-500_f-1p0-TuneCUETP8M1_13TeV-pythia8 «v2 299,760 3.033x 107 1.0
/QstarToGJ_M-1000_f-1p0_TuneCUETP8M1_13TeV-pythia8 «v2 | 297,576 1.632x10" 1.0
/QstarToGJ_M-2000_f-1p0_TuneCUETP8M1_13TeV-pythia8 «v2 | 99,499 5.213x107" 1.0
/QstarToGJ_M-3000_f-1p0_TuneCUETP8M1_13TeV-pythia8 «v2 | 74,879 4.272x1072 1.0
/QstarToGJ_M-4000_f-1p0_TuneCUETP8M1_13TeV-pythia8 «v2 | 73,482 4.8x1073 1.0
/QstarToGJ_M-5000_f-1p0_TuneCUETP8M1_13TeV-pythia8 xv3 | 74,918 5.835x10~* 1.0
/QstarToGJ_M-6000_f-1p0_TuneCUETP8M1_13TeV-pythia8 «v2 | 75,000 7.076x107° 1.0
/QstarToGJ_M-7000_f-1p0_TuneCUETP8M1_13TeV-pythia8 «v2 | 50,000 8.66x107° 1.0
/QstarToGJ_M-8000_{-1p0_TuneCUETP8M1_13TeV-pythia8 «v3 | 49,814 1.283x107° 1.0
/QstarToGJ_M-9000_f-1p0_TuneCUETP8M1_13TeV-pythia8 «v2 | 50,000 2.985%10° " 1.0
/QstarToGJ_M-500_f-0p5_TuneCUETP8M1_13TeV-pythia8 «v2 300,000 7.378x 10" 0.5
/QstarToGJ_M-1000_f-Op5_TuneCUETP8M1_13TeV-pythia8 «v2 | 99,723 4.129 0.5
/QstarToGJ_M-2000_{f-Op5_TuneCUETP8M1_13TeV-pythia8 «v2 | 100,000 1.328x107* 0.5
/QstarToGJ_M-3000_f-Op5_TuneCUETP8M1_13TeV-pythia8 «v2 | 75,000 1.095x10~> 0.5
/QstarToGJ_M-4000_-0p5_TuneCUETP8M1_13TeV-pythia8 #v2 | 72,900 1.212x1072 0.5
/QstarToGJ_M-5000_f-Op5_TuneCUETP8M1_13TeV-pythia8 *v2 | 70,632 1.437x107* 0.5
/QstarToGJ_M-6000_f-Op5_TuneCUETP8M1_13TeV-pythia8 «v2 | 74,776 1.62Ex107° 0.5
/QstarToGJ_M-7000_{-0p5_TuneCUETP8M1_13TeV-pythia8 *v2 | 49,520 1.672x107° 0.5
/QstarToGJ_M-8000_f-Op5_TuneCUETP8M1_13TeV-pythia8 «v3 | 49,427 1.647x107" 0.5
/QstarToGJ_M-9000_f-Op5_TuneCUETP8M1_13TeV-pythia8 «v2 | 50,000 2.329%10°° 0.5
/QstarToGJ_M-500_f-0p1_TuneCUETP8M1_13TeV-pythia8 *v3 99,681 2.955 0.1
/QstarToGJ_M-1000_{-Op1_TuneCUETP8M1_13TeV-pythia8 xv3 | 99,254 1.655x107* 0.1
/QstarToGJ_M-2000_f-Opl_TuneCUETP8M1_13TeV-pythia8 «v2 | 75,000 5.315x10° 0.1
/QstarToGJ_M-3000_f-Opl_TuneCUETP8M1_13TeV-pythia8 «v2 | 75,000 4.356x10~* 0.1
/QstarToGJ_M-4000_f-Op1_TuneCUETP8M1_13TeV-pythia8 sv1 72,312 4.861x107° 0.1
/QstarToGJ_M-5000_f-Opl_TuneCUETP8M1_13TeV-pythia8 «v2 | 75,000 5.715x107° 0.1
/QstarToGJ_M-6000_f-Opl_TuneCUETP8M1_13TeV-pythia8 «v2 | 49,942 6.241x1077 0.1
/QstarToGJ_M-7000_f-Op1_TuneCUETP8M1_13TeV-pythia8 «v2 | 47,660 5.973x10°° 0.1
/QstarToGJ_M-8000_f-Opl_TuneCUETP8M1_13TeV-pythia8 «v2 | 49,650 4.515x107° 0.1
/QstarToGJ_M-9000_f-0p1_TuneCUETP8M1_13TeV-pythia8 sv2 | 49,814 2.655x 1017 0.1

Table A.3: List of ¢* signal MC samples officially simulated and recon-
structed at /s = 13TeV, along with the number of generated events,
cross-sections and coupling strengths.  All the samples uses MINIAODSIM
tier of the RunlISpringl6MiniAODv2-PUSpringl6RAWAODSIM-80X-mcRun2-
asymptotic-2016-miniAODv2-v0-vx production.



198 Chapter A

A.3 Signal samples for b* resonances

The table below lists the simulated samples for b* signals for three coupling multiplier
values f = 1.0, 0.5 and 0.1 simulated with PYTHIAS, with their respective cross-

section values and number of events generated an d analysed.

Sample Name Events | Cross section (pb) | Couplings
oxB
/BstarToGJ_-M-500_{-1p0_TuneCUETP8M1_13TeV-pythia8 #v2 100,000 6.236 1.0
/BstarToGJ_M-1000_f-1p0_TuneCUETP8M1_13TeV-pythia8 #v3 | 99,736 2.148x107" 1.0
/BstarToGJ_M-1500_f-1p0_TuneCUETP8M1_13TeV-pythia8 x«v2 | 73,990 2.204x1072 1.0
/BstarToGJ_M-2000_f-1p0_TuneCUETP8M1_13TeV-pythia8 #v2 | 75,000 3.585x10 % 1.0
/BstarToGJ_M-2500_f-1p0_TuneCUETP8M1_13TeV-pythia8 *v3 | 75,000 7.488x107* 1.0
/BstarToGJ_M-3000_f-1p0_TunecCUETP8M1_13TeV-pythia8 #v2 | 73,170 1.766x10~% 1.0
/BstarToGJ_M-3500_f-1p0_TuneCUETP8M1_13TeV-pythia8 #v2 | 50,000 4.517x107° 1.0
/BstarToGJ_M-4000_f-1p0_TunecCUETP8M1_13TeV-pythia8 «v2 | 48,100 1.202x107° 1.0
/BstarToGJ_M-4500_f-1p0_TuneCUETP8M1_13TeV-pythia8 #v3 | 50,000 3.289%x107° 1.0
/BstarToGJ_-M-5000_f-1p0_TunecCUETP8M1_13TeV-pythia8 «v2 | 49,608 9.216x10" 1.0
/BstarToGJ_-M-500_{-0p5_TuneCUETP8M1_13TeV-pythia8 #v1 99,544 1.574 0.5
/BstarToGJ_M-1000_f-0p5_TuneCUETP8M1_13TeV-pythia8 vl | 100,000 5.438x10 72 0.5
/BstarToGJ_M-1500_f-0p5_TuneCUETP8M1_13TeV-pythia8 «v2 | 74,536 5.666x10~° 0.5
/BstarToGJ_M-2000_f-0p5_TunecCUETP8M1_13TeV-pythia8 vl | 74,404 9.162x10~* 0.5
/BstarToGJ_M-2500_f-0p5_TuneCUETP8M1_13TeV-pythia8 vl | 71,454 1.884x107* 0.5
/BstarToGJ_M-3000_f-0p5_TunecCUETP8M1_13TeV-pythia8 vl | 72,730 4.393x107° 0.5
/BstarToGJ_M-3500_f-0p5_TuneCUETP8M1_13TeV-pythia8 vl | 49,150 1.112x107° 0.5
/BstarToGJ_-M-4000_f-0p5_TunecCUETP8M1_13TeV-pythia8 vl | 50,000 2.909%x10~° 0.5
/BstarToGJ_M-4500_f-0p5_TuneCUETP8M1_13TeV-pythia8 vl | 50,000 7.705%107" 0.5
/BstarToGJ_M-5000_f-0p5_TuneCUETP8M1_13TeV-pythia8 vl | 50,000 2.027x107" 0.5
/BstarToGJ_M-500_{-0p1_TuneCUETP8M1_13TeV-pythia8 #v1 99,033 6.357x10 "~ 0.1
/BstarToGJ_M-1000_f-Op1_TuneCUETP8M1_13TeV-pythia8 vl | 99,040 2.175%1073 0.1
/BstarToGJ_M-1500_f-0p1_TuneCUETP8M1_13TeV-pythia8 vl | 75,000 2.278x10~* 0.1
/BstarToGJ_M-2000_f-Op1_TunecCUETP8M1_13TeV-pythia8 vl | 73,936 3.674x107° 0.1
/BstarToGJ_M-2500_f-0p1_TuneCUETP8M1_13TeV-pythia8 vl | 75,000 7.595%10° 0.1
/BstarToGJ_-M-3000_f-Op1_TuneCUETP8M1_13TeV-pythia8 vl | 74,911 1.768x107° 0.1
/BstarToGJ_M-3500_f-0p1_TuneCUETP8M1_13TeV-pythia8 vl | 50,000 4.454x107" 0.1
/BstarToGJ_M-4000_f-Op1_TuneCUETP8M1_13TeV-pythia8 vl | 50,000 1.155%107" 0.1
/BstarToGJ_M-4500_f-Op1_TuneCUETP8M1_13TeV-pythia8 #v2 | 46,590 3.031x107% 0.1
/BstarToGJ_M-5000_f-Op1_TuneCUETP8M1_13TeV-pythia8 vl | 49,388 7.703x107° 0.1

Table A.4: List of b* signal MC samples officially simulated and recon-
structed at /s = 13TeV, along with the number of generated events,
cross-sections and coupling strengths.  All the samples uses MINIAODSIM
tier of the RunlISpringl6MiniAODv2-PUSpringl6RAWAODSIM-80X-mcRun2-
asymptotic-2016-miniAODv2-v0-v* production.
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A.4 Signal samples for QBH resonances

The table below lists the simulated samples of QBH signals for ADD (n = 6) and RS
(n = 1) model simulated with PYTHIAS, with their respective cross-section values

and number of events generated an d analysed.

Sample Name Events | Cross Section(fb)
ocxB
/QBHToGJ M-3000_ADD_n6_TuneCP5_13TeV-QBHv3p0_pythia8/ 100K 5085.91
/QBHToGJ M-3500_ADD_n6_TuneCP5_13TeV-QBHv3p0_pythia8/ 100K 1379.65
/QBHToGJ_M-4000_ADD_n6_TuneCP5_13TeV-QBHv3p0_pythia8/ | 100K 389.37
/QBHToGJ M-4500_ADD_n6_TuneCP5_13TeV-QBHv3p0_pythia8/ 100K 114.86
/QBHToGJ_M-5000_ADD_n6_TuneCP5_13TeV-QBHv3p0_pythia8/ | 100K 33.86
/QBHToGJ M-5500_ADD_n6_TuneCP5_13TeV-QBHv3p0_pythia8/ 50K 10.00
/QBHToGJ M-6000_ADD_n6_TuneCP5_13TeV-QBHv3p0_pythia8/ 50K 2.88
/QBHToGJ M-6500_ADD_n6_TuneCP5_13TeV-QBHv3p0_pythia8/ 50K 0.817
/QBHToGJ M-7000_ADD_n6_TuneCP5_13TeV-QBHv3p0_pythia8/ 50K 0.223
/QBHToGJ-M-7500_ADD_n6_TuneCP5_13TeV-QBHv3p0_pythia8/ 50K 5.69 x102
/QBHToGJ M-8000_ADD _n6_TuneCP5_13TeV-QBHv3p0_pythia8/ 50K 1.35x1072
/QBHToGJ M-8500_ADD_n6_TuneCP5_13TeV-QBHv3p0_pythia8/ 50K 2.93x1073
JQBHToGJ_M-1000 RS1_nl_TuneCP5_13TeV-QBHv3p0_pythia8/ | 100K 26971.1
/QBHToGJ M-1500_RS1.n1 TuneCP5_13TeV-QBHv3p0_pythia8/ | 100K 2647.46
/QBHToGJ_M-2000_RS1_nl1 TuneCP5_13TeV-QBHv3p0_pythia8/ | 100K 425.69
/QBHToGJ-M-2500_RS1_nl_TuneCP5_.13TeV-QBHv3p0_pythia8/ 100K 84.27
/QBHToGJ-M-3000_RS1_nl1_TuneCP5_.13TeV-QBHv3p0_pythia8/ 100K 19.49
/QBHToGJ-M-3500_RS1_nl_TuneCP5_13TeV-QBHv3p0_pythia8/ 100K 5.09
/QBHToGJ M-4000_RS1 nl TuneCP5_13TeV-QBHv3p0_pythia8/ 100K 1.38
/QBHToGJ M-4500_RS1 nl_TuneCP5_13TeV-QBHv3p0_pythia8/ 100K 3.93x107"
/QBHToGJ M-5000_RS1_nl1_TuneCP5_13TeV-QBHv3p0_pythia8/ | 100K 1.11x107"
/QBHToGJ M-5500_RS1 nl TuneCP5_13TeV-QBHv3p0_pythia8/ 50K 3.14x1072
/QBHToGJ M-6000_RS1 nl1_TuneCP5_13TeV-QBHv3p0_pythia8/ 50K 8.838x107°
/QBHToGJ_M-6500_RS1_nl_TuneCP5_13TeV-QBHv3p0_pythia8/ 50K 2.388x107°
/QBHToGJ M-7000_RS1 nl TuneCP5_13TeV-QBHv3p0_pythia8/ 50K 6.174x107%

Table A.5: List of QBH signal MC samples centrally simulated by CMS experiment
and reconstructed at /s = 13 TeV, along with the number of generated events and
cross-sections.



Appendix B

Invariant mass of a system

Suppose, a particle X with rest mass M is decaying to two particles with energies
E, and FE, and carrying the momentum p; and p,. The rest mass or the invariant

mass M of the particle X in natural units (where i = ¢ = 1) can be calculated by :

M= \/(By+ By — (o1 + p)? (B.1)

E1, p1

Ez, p2

Figure B.1: The sketch depicts a particle X decaying to two particle state with
energies F; and F,, and moementum p; and p,, respectively .

In this analysis, the new resonance particle X is decaying to the photon and
jet state. The invariant mass of X is calculated using the above formula through

the values the energy and momentum of a photon and a jet.
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Appendix C

Invariant Mass Binning

The variable binning for the mass distribution of v+jet system is derived based on
the mass resolution. The method is described in the Chapter 5, and the variable

binning used in the analysis is mentioned below:

nMassBin[120] = {1, 15, 29, 44, 59, 74, 90, 107, 124, 142, 160, 179, 199, 219, 240, 262, 284, 307,
331, 356, 381, 407, 434, 462, 491, 521, 552, 584, 617, 651, 686, 723, 760, 800, 840, 881, 924, 968,
1014, 1061, 1110, 1161, 1213, 1267, 1323, 1381, 1441, 1503, 1567, 1633, 1701, 1772, 1845, 1921, 1999,
2080, 2164, 2251, 2341, 2434, 2530, 2629, 2732, 2838, 2948, 3061, 3178, 3299, 3425, 3555, 3689, 3828,
3972, 4121, 4275, 4434, 4598, 4768, 4944, 5126, 5314, 5509, 5710, 5918, 6133, 6356, 6586, 6824, 7070,
7325, 7588, 7860, 8142, 8433, 8734, 9046, 9368, 9701, 10046, 10403, 10772, 11163, 11547, 11955, 12377,
12813, 13264, 13731, 14214}

201



Appendix D

List of triggers used in the analysis

The table lists the trigger used in the analysis, with the analysis trigger being

HLT _Photon200 and HLT _Photon175 and the remaining are the reference trigger

used for the efficiency studies of the analysis triggers.

Table D.1: The HLT triggers used in the analysis with the objects and the pr

threshold

Objects Trigger Name

Kinematic object with threshold on pt

HLT _Photon200
Photon Triggers HLT_Photonl175
HLT _Photon120
HLT _Photon90
HLT _Photon75

photons with pp > 200 GeV
photons with pp > 175 GeV
photons with pp > 120 GeV
photons with pp > 90 GeV
photons with pp > 75 GeV

HLT _PFJet120
Jet Triggers HLT_PFJet90
HLT_PFJet60

jets with pp > 120 GeV
jets with pp > 90 GeV
jets with pp > 60 GeV

Muon Trigger HLT_Mub0

muons with pp > 50 GeV

202



Publications/Conferences

Publications and CMS Public Notes with Direct Contribu-

tion

1. CMS Collaboration, “Search for resonances in events with photon and jet final
states in proton-proton collisions at /s = 13TeV,” Submitted to JHEP,
[arXiv:2305.07998].

2. J. Babbar et al., “Search for resonance production in events with a photon

and jet with the CMS experiment,” CMS PAS-EXO0-20-012, Nov, 2022.

3. J. Babbar, V. Bhatnagar, S. Chauhan et al. “Quality control of mass-produced
GEM detectors for the CMS GE1/1 muon upgrade,” Nucl. Instrum. Meth. A
1034 (2022), 166716 doi:10.1016/j.nima.2022.166716 [arXiv:2203.12037]

4. J. Babbar, V. Bhatnagar, S. Chauhan et al. “Fabrication and Characteri-
zation of Gaseous Detector for the identification of High Energy Particles.,”
IOP Conf. Ser. Mater. Sci. Eng. 1033, 012055 (2021) doi:10.1088/1757-
899X/1033/1/012055

5. J. Babbar et al., “Quark Gluon Discrimination using DeepJet,” CMS AN-
2022/106 Internal Note, July, 2022.

6. J. Babbar et al., “Search for Resonance in Photon+Jet Final State at /s =
13 TeV,” CMS AN-19-267 Internal Note, June, 2021.

* CMS PAS - CMS Public Analysis Summary
* CMS AN - CMS Analysis Note

203



Papers presented in Conferences, Workshops, Sympo-

siums

1. J. Babbar et al., “ARDUINO BASED QUALITY CHECK SETUP FOR
GEM DETECTOR,” Chandigarh Science Congress (CHASCON-
2018), February 12" - 14" 2018, Panjab University, India.

2. J. Babbar et al., “Discrimination of Quark and Gluon Jets,” Chandigarh
Science Congress (CHASCON-2020), Dec 17 - 19" 2020, Panjab Uni-

versity, India.

3. J. Babbar et al., “Search for New Resonance in Photon and Jet final State using
CMS Data,” LHCP2021: 9th Edition of the Large Hadron Collider
Physics Conference, Jun 7"~ 19" 2021, Paris.

4. J. Babbar et al., “Search for New Resonance in Photon and Jet final State
using CMS Data,” Lomonosov 2021: 20th Lomonosov Conference on
Elementary Particle Physics, Aug 19" - 25 2021, Moscow State Univer-

sity, Moscow (Russian Federation).

5. J. Babbar et al., “Search for New Resonance in the photon and jet final state
using CMS data,”, DISCRETE 2022, Nov 7-11, 2022, in Baden-Baden,

Germany.

6. J. Babbar et al., “Discrimination of quark and gluon jets at 13 TeV in the CMS
experiment,”, XXV DAE-BRNS HIGH ENERGY PHYSICS SYM-
POSIUM 2022, Dec 12" - 16" 2022, IISER, Mohali, India.



10.

Publications as co-author with CMS Collaboration

. CMS Collaboration, “Detector Control System for the GE1/1 slice test”

JINST, 15(05):P05023, 2020.

CMS Collaboration, “Interstrip capacitances of the readout board used in large
triple-GEM detectors for the CMS Muon Upgrade”. JINST, 15(12):P12019,
2020.

CMS Collaboration, “Performance of prototype GE1 / 1 chambers for the
CMS muon spectrometer upgrade”. Nucl. Instrum. Meth. A, 972:164104,
2020.

CMS Collaboration, “Triple-GEM discharge probability studies at CHARM:
simulations and experimental results”. JINST, 15(10):P10013, 2020.

CMS Collaboration, “Two years’ test of a temperature sensing system based
on fibre Bragg grating technology for the CMS GE1/1 detectors”. J. Phys.
Conf. Ser., 1561(1):012006, 2020.

CMS Collaboration, “Benchmarking LHC background particle simulation with
the CMS triple-GEM detector”. JINST, 16(12):P12026, 2021.

CMS Collaboration, “Performance of a triple-GEM demonstrator in pp colli-
sions at the CMS detector”. JINST, 16(11):P11014, 2021.

CMS Collaboration, “Quality control of mass-produced GEM detectors for the
CMS GE1/1 muon upgrade”. Nucl. Instrum. Meth. A, 1034:166716, 2022.

CMS Collaboration, “Observation of four top quark production in proton-

proton collisions at /s = 13 TeV”. [arXiv:2305.13439).

CMS Collaboration, “Search for the lepton-flavor violating decay of the Higgs
boson and additional Higgs bosons in the ey final state in proton-proton col-

lisions at /s = 13 TeV”. 5 2023.



11.

12.

13.

14.

15.

16.

17.

18.

19.

CMS Collaboration, “A portrait of the Higgs boson by the CMS experiment
ten years after the discovery”. Nature, 607(7917):60-68, 2022.

CMS Collaboration, “First measurement of the top quark pair production cross

section in proton-proton collisions at /s = 13.6 TeV,” [arXiv:2303.10680].

CMS Collaboration, “Measurement of inclusive and differential cross sections

for single top quark production in association with a W boson in proton-proton

collisions at /s = 13 TeV”. JHEP, 07:046, 2023.

CMS Collaboration, “Measurement of the Bs—u" ™ decay properties and
search for the B— " 1~ decay in proton-proton collisions at Vs =13 TeV”.
Phys. Lett. B, 842:137955, 2023.

CMS Collaboration, “Measurement of the differential tt production cross sec-
tion as a function of the jet mass and extraction of the top quark mass in

hadronic decays of boosted top quarks”. Fur. Phys. J. C, 83(7):560, 2023.

CMS Collaboration, “Measurement of the Higgs boson inclusive and differen-
tial fiducial production cross sections in the diphoton decay channel with pp

collisions at /s = 13 TeV”. JHEP, 07:091, 2023.

CMS Collaboration, “Measurements of the azimuthal anisotropy of prompt
and nonprompt charmonia in PbPb collisions at ,/syy = 5.02 TeV”.
[arXiv:2305.16928]

CMS Collaboration, “Performance of the local reconstruction algorithms for

the CMS hadron calorimeter with Run 2 data”. [arXiv:2306.10355].

CMS Collaboration, “Probing Heavy Majorana Neutrinos and the Weinberg
Operator through Vector Boson Fusion Processes in Proton-Proton Collisions

at s=13 TeV”. Phys. Rev. Lett., 131(1):011803, 2023.



20.

21.

22.

23.

24.

25.

CMS Collaboration, “Search for a heavy composite Majorana neutrino in
events with dilepton signatures from proton-proton collisions at s=13 TeV”.

Phys. Lett. B, 843:137803, 2023.

CMS Collaboration, “Search for CP violation in ttH and tH production in
multilepton channels in proton-proton collisions at /s = 13 TeV”. JHEP,
07:092, 2023.

CMS Collaboration, “Search for long-lived particles decaying to a pair of
muons in proton-proton collisions at /s = 13 TeV”. JHEP, 05:228, 2023.

CMS Collaboration, “Search for nonresonant Higgs boson pair production in
the four leptons plus twob jets final state in proton-proton collisions at /s =

13 TeV”. JHEP, 06:130, 2023.

CMS Collaboration, “Search for top squark pair production in a final state
with at least one hadronically decaying tau lepton in proton-proton collisions

at \/s = 13 TeV”. JHEP, 07:110, 2023.

CMS Collaboration, “Search for top squarks in the four-body decay mode with
single lepton final states in proton-proton collisions at /s = 13 TeV”. JHEP,
06:060, 2023.







Selected

Reprints

209






arXiv:2305.07998v1 [hep-ex] 13 May 2023

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

@ CERN-EP-2023-064
X 2023/05/16

2\
1

CMS-EXO-20-012

Search for resonances in events with photon and jet final
states in proton-proton collisions at /s = 13 TeV

The CMS Collaboration®

Abstract

A search for resonances in events with the y+jet final state has been performed us-
ing proton-proton collision data collected at /s = 13 TeV by the CMS experiment at
the LHC. The total data analyzed correspond to an integrated luminosity of 138 fb™'.
Models of excited quarks and quantum black holes are considered. The invariant
mass spectrum of the y+jet system is examined for the presence of resonances over
the standard model continuum background. The data exhibit no statistically signif-
icant deviations from the expected standard model background. Exclusion limits
at 95% confidence level on the resonance mass and other parameters are set. Ex-
cited light-flavor quarks (excited bottom quarks) are excluded up to a mass of 6.0
(3.8) TeV. Quantum black hole production is excluded for masses up to 7.5 (5.2) TeV
in the Arkani-Hamed-Dimopoulos-Dvali (Randall-Sundrum) model. These lower
mass bounds are the most stringent to date among those obtained in the y+jet final
state.

Submitted to the Journal of High Energy Physics

©2023 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

*See Appendix A for the list of collaboration members






1 Introduction

Various theoretical proposals of beyond the standard model (BSM) physics predict the produc-
tion of new resonances at hadron collider experiments. In the last decade, experiments at the
CERN LHC have searched extensively for signatures of such phenomena to help understand
some of the unresolved questions concerning features of the standard model (SM) of particle
physics, for example the existence of only three fermion families and the hierarchy problem [1].
A variety of models have been proposed to address these questions, some of which predict new
resonances producing a y+jet final state. Models of compositeness [2—4] address the existence
of three fermion families, and other models address the origin of the hierarchy problem by
predicting the existence of extra dimensions [5, 6].

The composite models postulate that the quarks and leptons are composed of more fundamen-
tal particles, known as “preons” [7]. These preons experience a new force that becomes very
strong at the compositeness scale (A), when forming the quark and lepton composite states.
This paper considers the excited states of composite quarks produced via gauge-mediated in-
teractions with the dominant process qg — q*, and decaying to SM particles. It is assumed
that the compositeness scale A is equal to the mass of the excited quark M.

The interactions between excited quarks, SM quarks, and the gauge bosons can be described
by an effective Lagrangian [8]

1 — Ay ra T Y
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where g* is the right-handed excited quark field; Fj,, W,,, and B,, are the field strength ten-
sors associated with the SU(3), SU(2), and U(1) gauge fields, respectively; A,, T, and Y are the
corresponding Lie algebra generators; g, g, and ¢’ are the gauge couplings; ¢ is the Pauli spin
matrix; and f;, f, and f’ are coupling strengths between the excited quark and SM quarks. An
assumption is also made that f;, f, and f’ have identical values and henceforth these coupling
strengths will be collectively referred to as f.

In this paper we consider excited light-flavor quarks and bottom quarks (q* and b*, respec-
tively) radiating a photon and thus resulting in the y+jet final state. The corresponding Feyn-
man diagram for the production and decay of the q*, b* signals through gauge mediation is
shown in Fig. 1 (left). Additionally, an interpretation for b* production from contact interac-
tions (CI) [4] is also considered for the search of excited bottom quarks. Similar searches for
excited quarks have been performed previously by the CMS [9-13] and ATLAS [14-17] Col-
laborations at the LHC and at other high-energy particle colliders [18-20] and have reported
no evidence of a signal. Lately, the ATLAS and CMS experiments have set exclusion limits of
5.3 [15] and 5.5 TeV [13] on the mass of q* in the 7y +jet channel with data corresponding to 36
and 37 fb~! of integrated luminosity, respectively, collected at /s = 13 TeV.

In addition, we also consider the models of Arkani-Hamed, Dimopoulos, and Dvali (ADD) [5],
and Randall-Sundrum (RS1) [6], which have extra spatial dimensions. The basic assumption
of these models is that the fundamental gravitational scale (Mp) can be as low as 1 TeV, while
the size of the extra dimensions can be as large as 1 millimeter, assuming the extra dimen-
sions are only accessible to gravity and not to the SM fields. The ADD model assumes (4 + 1)
dimensions with n = 6 flat compact extra dimensions, and RS1 considers n = 1 extra di-
mension with a warped metric. As a consequence, the models predict the production of mi-
croscopic black holes [21], which can be either semi-classical black holes or quantum black
holes (QBHs) [22, 23]. In this model, the threshold mass My, for production of a QBH at the
LHC is assumed to be Mp, and the maximum mass limit is set to the smaller of either 3Mp,
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Figure 1: Illustrative Feynman diagrams for qg — 7+jet resonance signal models of q*, b*
(left), and QBH production (right).

or /s = 13TeV. A QBH with a mass in this range will decay preferentially to a few-particle
state, rather than undergo thermal decay. The QBH production occurs with a continuous QBH
mass spectrum, falling rapidly from My, toward the maximum mass limit; however, because of
radiation and experimental effects on the low-mass side of the mass spectrum, the signal shape
resembles a resonance-like structure, as shown in Fig. 2. Previous searches for QBHs performed
at /s = 13 TeV by the CMS and ATLAS experiments are reported in Refs. [10, 12, 15, 24-27].
This paper also reports the first search by the CMS experiment for QBHs in the y+jet final state
(as shown in the Feynman diagram of Fig. 1 (right)). The ATLAS Collaboration has excluded
QBH production in the y+jet channel with mass up to 7.1 (4.4) TeV in the ADD (RS1) model
using 13 TeV data corresponding to 37 fb~! of integrated luminosity [15].

The main background to this analysis are y+jet production, quantum chromodynamics (QCD)
multijet production, and W/Z + y processes of the SM. The +jet background is an irreducible
background, and is the largest contributing. Despite its large cross section, the QCD multijet
background is only the second largest, contributing when one of the jets fragments decays into
an high energy 71° decaying into two overlapping photons that are reconstructed as a single
photon in the detector. Electroweak processes contribute to the background via the production
of W/Z + v, with the heavy boson decaying to a pair of jets, in the scenario where just one jet
passes the selections or where one jet is reconstructed and the second jet is either merged with
the first or escapes detection.

This search for excited quarks and QBHs is performed using proton-proton (pp) collision data
collected at /s = 13 TeV by the CMS experiment, corresponding to an integrated luminosity
of 138 fb~!. The analysis strategy consists of searching for a resonance-like excess in the 7y +jet
invariant mass, above the expected SM background.

This paper is organized as follows: Section 2 provides a brief description of the CMS detector.
The triggers used for data selection are discussed in Section 3. In Section 4, the data sets and
simulation samples used in this analysis are described. The event reconstruction and selection
criteria are detailed in Section 5. The background estimation and systematic uncertainties are
discussed in Sections 6 and 7, respectively. The results and their interpretation are presented
in Section 8, followed by a summary given in Section 9. Tabulated results are provided in the
HEPData record for this analysis [28].



2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (#) coverage provided by the barrel and endcap de-
tectors. The muon detection system consists of a gas-ionization detector installed outside the
solenoid and embedded in the steel flux-return yoke.

In the barrel section of the ECAL, an energy resolution of about 1% is achieved for unconverted
or late-converting photons in the tens of GeV energy range. The energy resolution of the re-
maining barrel photons is about 1.3% up to |1| = 1, changing to about 2.5% at || = 1.4. In the
endcaps, the energy resolution is about 2.5% for unconverted or late-converting photons, and
between 3 and 4% for the other ones [29]. The jet energy resolution amounts typically to 15—
20% at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [30]. A more detailed description of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, can be found in Ref. [31].

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 us [32]. The second
level, known as the high-level trigger (HLT), consists of a farm of processors running a version
of the full event reconstruction software optimized for fast processing, and reduces the event
rate to around 1kHz before data storage [33].

3 Trigger selection

Events used in this analysis must pass a HLT single-photon trigger, which requires the photon
transverse momentum py greater than 175 GeV in 2016, and greater than 200 GeV in 2017-2018.
The higher py threshold in 2017-2018 is set to optimize available bandwidth and storage of
events for offline analysis. The trigger also requires that the fraction of energy associated with
the photon deposited in the HCAL is less than 15% of that deposited in the ECAL (H/E < 0.15).
The efficiency of single-photon triggers is calculated using the single-photon data set with a
low-pr requirement and is found to be 99%. To calculate the possible bias on single-photon
trigger due to any systematic detector effects, the efficiency is also calculated using jet- and
muon-triggered independent data sets. The trigger efficiency with the independent data sets
is found to be about 97-98% and the trigger inefficiency is taken as an estimate of systematic
uncertainty.

4 Simulated data samples

The signal and background samples are obtained from event generators using Monte Carlo
(MC) simulations. The signal samples for q* and b* are generated at leading order (LO) with the
PYTHIA 8.205 (8.230) event generator [34] for 2016 (2017/2018) using coupling values f = 1.0,
0.5, and 0.1 and different resonance masses. The generated events are processed through the
full CMS detector simulation based on GEANT4 [35]. Additional pp interactions in the same
and nearby proton bunch crossings, referred to as pileup, are also simulated and a weight is ap-
plied to simulated events to reproduce the same pileup distribution as measured in data. The
simulation uses the CUETP8M1 and CP5 underlying event tunes [36, 37] for 2016 and 2017-



2018 data sets, respectively, and renormalization (yg) and factorization scale (yf) correspond-
ing to g = yr = u = pr for the hard-scattered partons. The samples with the CUETP8M1
tune use the NNPDEF3.0 LO [38] parton distribution functions (PDFs), while simulated samples
generated with the CP5 tune use the NNPDF3.1 next-to-next-LO [39] PDFs. For b* signals,
only events with My« within +20% of the input M« are considered in order to avoid sizable
off-shell nonresonant contributions, which are otherwise present for high-M,« scenarios with
coupling parameters f = 0.5 and 1.0 but do not contribute to the search sensitivity. The sig-
nals for intermediate mass values are extracted with an interpolation technique at intervals of
0.1TeV.

The QBH signal events in the ADD (1 = 6) and the RS1 (n = 1) models are generated with
the QBH generator [40] version v3.0 using CTEQ6L [41] PDFs. The signals are generated for
masses ranging from 3.0 to 8.5 TeV for the ADD model and from 2.0 to 7.0 TeV for the RS1 model
at intervals of 0.5TeV. The y+jet mass distribution for QBH is similar between the RS1 and
ADD models; therefore, the RS1 simulated sample is used for the ADD model for My, < 3TeV.
The resonance shapes for q*, b*, and QBH for the ADD (n = 6) and RS1 (n = 1) models for a
mass of 4 TeV are shown in Fig. 2.
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Figure 2: Distributions of reconstructed y+jet invariant mass for the q* and b* signal models
with resonance mass of 4 TeV, and for QBH from the ADD and RS1 models with M, = 4TeV.

Figure 3 shows the product of the cross section (¢) and branching fraction B for the production
at /s = 13 TeV of the photon and jet final state as a function of the resonance mass, for excited
quark models, or the threshold mass, for QBH models.

The y+jet, Drell-Yan, and W+jet background are simulated using the MADGRAPH5_aMC@NLO
version 2.2.2 (2.4.2) generators for 2016 (2017-2018) [42] at LO in QCD with the MLM matching
scheme [43] between jets produced via matrix element calculations and from parton showers.
The QCD multijet background simulation is obtained at LO with the PYTHIA generator using
version 8.205 (8.230) for 2016 (2017-2018). Hadronization and parton showering of all sim-
ulated samples are performed using the PYTHIA program versions 8.205 and 8.230 with the
CUETP8M1 and CP5 tunes, respectively.
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Figure 3: The product of the cross section and branching fraction, ¢13, as a function of the
resonance mass of q* or b* signals (Mg« or M,,«) or the threshold mass of QBH signal models

(Mi)-
5 Event reconstruction and selection

The particle-flow (PF) algorithm [44] reconstructs and identifies photons, electrons, muons,
charged and neutron hadrons (called PF candidates), with an optimized combination of in-
formation from the various elements of the CMS detector. The energy of photons is obtained
from the ECAL detector. The clusters of energy deposited in the ECAL are combined together
within a defined geometric area to form a supercluster around the seed cluster [45]. The en-
ergy of electrons is determined from a combination of the electron momentum at the primary
interaction vertex as determined by the tracker, the energy of the corresponding ECAL cluster,
and the energy sum of all bremsstrahlung photons spatially compatible with their origin from
the electron track. The energy of muons is obtained from the curvature of the corresponding
track. The energy of charged hadrons is determined from a combination of their momentum
measured in the tracker with the matched ECAL and HCAL energy deposits, corrected for
the response function of the calorimeters to hadronic showers. Finally, the energy of neutral
hadrons is obtained from the corresponding corrected ECAL and HCAL energies.

For each event, hadronic jets are reconstructed from PF candidates using the infrared- and
collinear-safe anti-kt algorithm [46, 47] with a distance parameter of 0.4. Jet momentum is
determined as the vectorial sum of all particle momenta in the jet, and is found from simula-
tion to be, on average, within 5-10% of the true momentum over the whole pr spectrum and
detector acceptance. Pileup interactions can contribute additional tracks and calorimetric en-
ergy depositions to the jet momentum. To mitigate this effect, charged particles identified to
be originating from pileup vertices are discarded and an offset correction is applied to correct
for remaining contributions. Jet energy corrections are derived from simulation to bring the
measured response of jets to that of particle level jets on average. In situ measurements of
the momentum balance in dijet, y+jet, Z+jet, and multijet events are used to account for any
residual differences in the jet energy scale between data and simulation [30].

The primary vertex (PV) is taken to be the vertex corresponding to the hardest scattering in the
event, evaluated using tracking information alone, as described in Section 9.4.1 of Ref. [48].



Candidate events are required to have at least one photon with transverse momentum p; >
240GeV in the barrel region (|57| < 1.44) of the detector. At the p] threshold of 240 GeV, the
trigger is more than 95% efficient. The photon with the highest py is selected as the candidate
photon in the event. To reject jets misreconstructed as photons, candidate photons are required
to satisfy identification and isolation requirements [45] having a selection efficiency of 80% on
signal-like events. The requirements placed on the identification and isolation variables are the
following:

o The ratio H/E of the energy deposited in the single HCAL tower behind the ECAL
supercluster seed crystal over the total supercluster energy in ECAL within a cone
of AR = V/(An)? + (A¢)? = 0.15 centered around the supercluster must be less than
0.021.

e The transverse 7 spread of the shower shape (0;,;,) [45] must be less than 0.01. This
variable differentiates between prompt photons and photons from 7¥ decays.

e The pr sum of the charged hadrons within a cone of radius AR = 0.3 around the
photon must be less than 1.14 GeV.

e The pr sum of the neutral hadrons within a cone of AR = 0.3 around the photon
must be less than 1.19 GeV + 0.015p7 + 2.26 x 1075(p7)?/ GeV.

e The pr sum of additional photons within a cone of AR = 0.3 around the photon
candidate must be less than 2.08 GeV + 0.0040p1..

e An electron veto must also be applied to remove photon candidates in the cases
where the candidate’s supercluster is matched to a reconstructed electron’s track
that has no missing hits in the innermost tracker layers.

The observed difference between data and MC simulation in the efficiency for photon identifi-
cation and isolation is accounted for by applying a data-to-simulation scale factor, as a function
of pr and 7 [45].

Each candidate event is also required to have at least one jet that passes identification criteria
in order to remove spurious jets arising from detector noise [49]. Among the selected jets, a list

of jets having at least pjft > 30GeV and |7*!| < 3.0 is made in decreasing order of pr. Setting a
minimum value for p]Tet reduces the number of pileup jets in the selected events.

The jets passing all the above criteria and calibrated as discussed above are clustered to form
wide jets. The clustering captures final-state radiation and improves the y+jet invariant mass
resolution. To construct wide jets, the highest pr jet is used as a seed jet, and other jets are
merged with it if they are within AR < 1.1. The jets are merged by adding the four momenta
of jets. The resultant jet is stored as a wide jet and the constituent jets are removed from the
jet list. The procedure is repeated with the remaining highest pt jet as a seed jet to form the
next wide jet. These clustered wide jets are ordered in p and the highest one is used as the
final jet candidate to study signal-like characteristics, such as the invariant mass of the photon
and jet. The use of wide jets improves the mass resolution in the q*/b* signal by 1.0-1.3%
over the entire mass range considered in this analysis. The leading wide jet is required to
have pp(wide jet) > 170 GeV with |n(wide jet)| < 2.4. The final selected photon and wide-jet
candidates are required to be separated by AR > 1.1 and to be back-to-back in the azimuthal

angle ¢.
A large reduction in the number of QCD multijet events is achieved by the requirements on

photon isolation. To suppress this background further, an additional requirement of |Ay| <
1.5 is imposed on the photon and wide-jet system. This requirement mainly reduces QCD



dijet events produced by t-channel processes, which have a relatively large spread in Ay. If
a leading wide-jet (or photon) candidate fails any of the selections described above, the event
is discarded. The events selected are assigned to the “inclusive category” for the q* and QBH
signal searches.

The b* signal search separates the data sets into two categories based on the identification of
jets originating from b quarks (b jets). The identification of b jets is performed using the neural
network-based DEEPJET tagger [50, 51] at an operating point with 75% b quark efficiency and
1% light quarks misidentification probability. b tag category (events with at least 1 b tagged jet)
and 0-b tag category (events without any b tagged jet). The sensitivity of the b* signal search
is improved by combining the results of the 0-b tag category and of the b tag category. This
is done to mitigate the effect of a slightly reduced acceptance of the b tag category at higher
masses.

The wide-jet, in the case of a b*, is constructed with the same process described previously, but
with an additional requirement that at least one of the constituent jets within AR < 1.1 must
pass the b tag discriminator selection and fall into the b tag category. This jet will be referred to
as a b-tagged jet. In a wide-jet, there could be one, or more b-tagged jets and also light jets. The
simulated distributions in both b tag and 0-b tag categories are weighted using scale factors
(SF) that account for differences between data and simulation in the b tagging efficiencies.

To avoid the turn-on region in the photon + wide-jet invariant mass distribution that arises due
to the various kinematic selections, only events with 1, ;i > 0.76 TeV are considered, where
Y+jet denotes the photon and wide-jet system. The products of acceptance and efficiency for
the q*/b* and QBH (ADD/RS]1) signals are shown in Fig. 4 for the years 2016, 2017, and 2018.
For the ADD and RS1 signals with mass My, > 5TeV, the reduction in the product of acceptance
and efficiency mainly comes from the application of photon isolation criteria. In the following
sections, we will refer to wide-jets simply as jets.
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Figure 4: The product of acceptance and efficiency for the q* signal in the inclusive category
and the b* signal in the b tag and 0-b tag categories, for SM coupling f = 1.0 and for different
resonance values (left), and the signal for the QBH (ADD/RS1) model in the inclusive category,
for different My, values (right), for the years 2016, 2017, and 2018.

6 Signal and background modeling

The background is estimated directly from data. However, MC-simulated background samples
are used to perform optimization studies for the event selection and validation of various data
distributions.



To extract the background from data, the y+jet mass spectrum is parameterized with the fol-
lowing empirical functional form
do Py(1—m/+/5)1

dm — (m//5) PP/ )’ @

where Py, P;, P,, and P; are the fit parameters, and v/ = 13TeV. The search uses the signal
plus background fit method, where the mass spectrum is fitted with this functional form and
the signal template is obtained from simulation. The parameters P), P;, P,, and P; in this
functional form are kept floating. This same functional form has also been used in a number
of earlier searches [9, 11, 13, 14, 20] to describe the SM background distribution. The fitting
range for the q*, b*, and RS1 signal is 0.76 < m, ¢ < 8.40TeV while for the ADD signal
interpretation, where a better signal sensitivity is reached, it is extended up to 9.4 TeV.

The invariant mass distributions for the y+jet and y+b jet channels, after all selections, are
shown in Figs. 5 and 6, respectively. The bin size of the mass distribution is varied to match the
y+jet mass resolution, which is approximately 4.5% at 1 TeV and 3.3% at 6 TeV.
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Figure 5: Fit to the y+jet invariant mass distribution in data with Eq. (2) for the “inclusive”
category of q* and QBH after all selections. Simulations of the q* signal with a 2 TeV mass
and coupling f = 1.0, the QBH ADD signal with My, = 3TeV, and the QBH RS1 signal with
My, = 4TeV are also shown. The lower panel shows the difference between the data yield and
the background prediction divided by the statistical uncertainty of the data. The green (inner)
and yellow (outer) bands, respectively, represent the 68 and 95% confidence level statistical
uncertainties in the fit.

Alternative polynomial functions with 4 and 5 parameters are also considered, to evaluate any
possible bias due to the chosen functional form shown in Eq. (2). The choice of the background
function is made on the basis of the results of the Fisher test [52]. The procedure used to eval-
uate the possible bias is the following: pseudo-experiment data distributions are generated for
a given alternative function that is fitted to the invariant mass distribution of the SM back-
ground and injecting the signal of cross section corresponding to a value of 95% confidence
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level (CL) expected limit to it. These pseudo-experiment mass distributions are then fitted with
the functional form shown in Eq. (2) using the maximum log likelihood approach to obtain the
fitted signal cross section. The possible bias due to the choice of the function is estimated by
constructing pull distributions for each mass hypothesis and for each alternative fit function,
where the pull is the difference between the injected and extracted signal cross section divided
by statistical uncertainty of extracted signal cross section. The pull distributions are found to
have a mean bias of less than one half standard deviation for the normalized Gaussian form.
A bias of this magnitude is considered acceptable since it contributes ~11% to the total uncer-
tainty when added in quadrature with the statistical uncertainty and has a negligible effect on
the sensitivity to signal.

To test the goodness-of-fit for the function used for the alternate fit functions and for the func-
tion described in Eq. (2), two different test statistics, the log-likelihood ratio and x?, are used.
The test is performed by generating 1000 pseudo-datasets from the best fit model parame-
ters, and each pseudo-dataset is refitted with a maximum log likelihood fit. The estimated
p-value [53] for the test statistic is found to be greater than 5% for all the alternative fit func-
tions.

7 Systematic uncertainties

The systematic uncertainties due to various sources can affect both the normalization and the
shape of the mass distribution. The dominant source of uncertainty comes from the parametriza-
tion of the background fit to data. The background uncertainties are considered as floating
nuisance parameters, while the uncertainties in the signal predictions are implemented either
as log-normal or Gaussian constraints on the nuisance parameters.

The signal yield and shape are affected by the uncertainties related to the energy or momentum
measurements for the reconstructed photons and jets.

To evaluate the effect of uncertainties in wide jets, the jet-related uncertainties are first applied
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to the constituent jets. The jet energy scale and jet energy resolution effects are measured by
applying the respective 1 standard deviation uncertainties in the four-momenta of the con-
stituent jets and reconstructing the mass of the y+jet system. The effects of the jet energy scale
and resolution on the mean and width of the signal shape are found to be in the range 1.0-2.0%.

The photon energy scale and photon energy resolution are measured with Z — e*e™ events,
with the electrons reconstructed as photons, using the procedure described in Ref. [45]. The
uncertainties in the photon energy scale and photon energy resolution translate into a varia-
tion of 1.0-1.5% in the signal mean and width. The uncertainty associated with the photon
identification inefficiency due to the extrapolation at very high py is taken to be about 10%,
which covers all related systematic effects in the procedure used in its measurement.

The b* signal shape mean and yield have 0.2-3.0% and 7.9-14.3% uncertainties, respectively,
obtained by varying the b tagging SF within its 1 standard deviation uncertainty. The other
sub-dominant uncertainties for the b* signal shape and normalization are found to be of the
order of 1.0-2.0%, as in the case of q*.

To account for the uncertainty in the HLT inefficiency as discussed in Section 3, a 2.5% system-
atic uncertainty is used.

The uncertainties associated with the integrated luminosity measurement [54-56] and pileup
are also considered. The integrated luminosities of the 2016, 2017, and 2018 data-taking periods
are individually known with uncertainties in the 1.2-2.5% range, while the total 2016-2018
integrated luminosity has an uncertainty of 1.6%, used in this paper. The uncertainty due
to pileup is calculated by varying the inelastic cross section of 69.4mb [57] by +5% and its
impact is estimated to be ~0.1% on the signal yield. The uncertainty in the signal shapes due
to interpolation for intermediate masses is considered to be ~1%, evaluated by comparing the
interpolated mass shape with the corresponding generated mass point.

The statistical interpretation considers the systematic uncertainties to be fully correlated among
different data-taking years, except for the integrated luminosity uncertainty, which is partially
correlated between the years. The effect of uncorrelated systematic uncertainties is also studied
by taking the respective uncertainties for each data set separately and obtaining the results
again. The results obtained are found to be similar to the case when fully correlated systematic
uncertainties are considered for all years.

The details of systematic uncertainties and their relative effects on the shape and normalization
are listed in Table 1.

Table 1: Systematic uncertainties in the signal yields for the mass range analyzed.

Source Type Uncertainty Applied to (q*/b*/QBH)
Integrated luminosity Normalization 1.6% All
Jet energy scale Shape (mean) ~1.0% All
Jet energy resolution Shape (width)  0.6-1.9% All
Photon energy scale Shape (mean) ~1.0% All
Photon energy resolution ~ Shape (width) 0.4-1.2% All
Pileup Normalization 0.1% All
High-pr photon efficiency Normalization ~10.0% All
HLT efficiency Normalization 2.5% All
Signal shape interpolation =~ Shape (mean) ~1.0% All

b tag SF uncertainty Shape (mean) 0.2-3.0% Only b*

b tag SF uncertainty Normalization = 7.9-14.3% Only b*
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8 Results and interpretation

The observed mass spectrum is found to be consistent with the background-only prediction.
We set limits on potential signals by using a CL; approach [58, 59] based on an asymptotic
approximation [60, 61] of the multibin counting experiment likelihood, taken to be a product
of Poisson distributions corresponding to individual bins:

Mpin

L(data|p,6) = HP(XI-ISI-(%G) +b;(6)) C(6), ®)

where P stands for the Poisson probability to observe x; data events in the it bin, C represents
a constraint term for the nuisance parameters (f) associated with the systematic uncertainties,
u is the signal strength (parameter of interest), s;(y, 0) the corresponding signal yield, b;(0) the
corresponding background yield, and the product runs over the number of bins (n;,). The
systematic uncertainties are considered as nuisance parameters with log-normal constraints on
the integrated luminosity and trigger efficiency, and Gaussian constraints on the energy scales
and resolutions for the photon and jet. The observed and expected limits are computed and
shown in Figs. 7-9 in terms of the product of the cross-section and the branching fraction, ci5.

The observed (expected) lower limits on M+ are found to be 6.0 (6.0), 5.4 (5.2) and 2.4 (2.8) TeV
for the coupling strength f = 1.0, 0.5, and 0.1, respectively.

For the b* resonance search with the process bg — b* — b, the observed (expected) lower
bounds are 2.2 (2.3) and 1.6 (1.7) TeV for a coupling strength of f = 1.0 and 0.5, respectively. For
f = 0.1, the analysis did not have sufficient sensitivity to set a mass limit. For b* production via
CI, several processes contribute, with the dominant one being q@ — bb*(or bb") — bb7y. Us-
ing the same exclusion limit for the bg — b* signal with f = 1.0, the observed lower bound on
the b* mass is 3.8 TeV when combining both the processes (b* produced via gauge interaction
and the resonant component of b* via CI) in the total signal cross section, as shown in Fig. 8
(upper left).

For the QBH search with the ADD (RS1) model with n = 6 (1) extra dimensions, the observed
lower bound is set to 7.5 (5.2) TeV and the expected exclusion limits are estimated to have the
same values. In comparison to g, the limits are weaker for b* resonances and QBH resonances
at higher masses.

The two-dimensional representation of the excluded mass region for excited quarks (q* and b*)
as a function of the coupling strength f, with the assumption M+ = A, is shown in Fig. 10.
The exclusion of the excited quark mass, as a function of M« /A, is also presented in the same
figure on the right hand axis. The excluded Mg+ region could also be interpreted in terms
of the Mq* /A ratio; this interpretation is based on the fact that the detector resolution effects
dominate compared to the change in the signal intrinsic width (I« ~ 0.03 fZMq*) [4] arising
from the change in the coupling strength f. Consequently, the variation of f effectively changes
the production cross section in a similar way to the variations in My« /A, since both appear as
multiplicative factors in the cross section calculation.

9 Summary

A search for resonances in the y+jet final state has been performed using proton-proton colli-
sion data at \/s = 13 TeV, corresponding to an integrated luminosity of 138 fb~!. The results
are compared with standard model extensions postulating excited quarks, excited b quarks,
and quantum black holes.
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Figure 7: The expected (dashed) and observed (solid) 95% CL upper limits on the product of
the cross section and branching fraction, as functions of q* mass, for coupling strength f =
1.0 (upper left), f = 0.5 (upper right), and f = 0.1 (lower). The green (inner) and yellow
(outer) bands correspond to 1 and 2 standard deviation uncertainties in the expected limit,
respectively. The limits are compared with the theoretical predictions for q* production for the
corresponding coupling strengths.
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Figure 8: The expected (dashed) and observed (solid) 95% CL upper limits on the product of
the cross section and branching fraction, as functions of b* mass, for coupling strength f =
1.0 (upper left), f = 0.5 (upper right), and f = 0.1 (lower). The green (inner) and yellow
(outer) bands correspond to 1 and 2 standard deviation uncertainties in the expected limit,
respectively. The limits are compared with the theoretical predictions for b* production for
the corresponding coupling strengths. For coupling f = 1.0, the limits are compared for b*
production by gauge interactions (red), contact interactions (violet), and total b* signal by the
addition of these two production modes.

For the coupling strength f = 1.0, the observed (expected) lower mass bounds on the ex-
cited light-flavor quarks and excited bottom quarks from gauge interactions are estimated to
be 6.0 (6.0) and 2.2 (2.3) TeV, respectively. For the same coupling strength, the observed lower
mass bounds on the excited bottom quarks extends to 3.8 TeV, when the production mode from
contact interactions is also considered. For quantum black hole production, observed exclu-
sion limits are estimated to be 7.5 and 5.2 TeV for the Arkani-Hamed-Dimopoulos-Dvali and
the Randall-Sundrum models with 6 and 1 extra dimensions, respectively. These lower mass
bounds are the most stringent to date among those obtained in the y+jet final state.
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the cross section and branching fraction as a function of the minimum black hole mass for the
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yellow (outer) bands correspond to 1 and 2 standard deviation uncertainties in the expected
limit. The limits are compared with the theoretical predictions for QBH production for ADD

(n = 6) and RS1 (n = 1) models.
138 b (13 TeV)_.

) 1 L ) | B R ¢ I"I T T T 1T T T T 1T T 71 T T T 7 T 1T T T I T 1T T T I T 1T T
S ol
= LCMS ! -
o - : : .
£ 8 N : 7
© 0.8— :' H —0.8
S 8 ; ; .
(@] ! !
O S ", ; ]
0.6 —0.6
- : : — <
: / ~
B : \ i §U
0.4 J —0.4
- , ------- Exp. excluded g* — q y
0ok LS e Exp. excluded b* = by _|5 o
B Obs. excluded q* = q v |
- Obs. excluded b* — b y
0 11 | | I I | I | I I | I | I I | I | N I I N [ I I I S I Ny N N Iy N | O
1 2 3 4 5 6 7 8 9
Resonance mass [TeV]

Figure 10: The expected and observed 95% CL exclusion mass limit variation with the SM
couplings for the excited q* and b* signal models.
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ARTICLE INFO ABSTRACT

Keywords:

Gas electron multiplier
Gaseous detector
Muon system

CMS upgrade

The series of upgrades to the Large Hadron Collider, culminating in the High Luminosity Large Hadron
Collider, will enable a significant expansion of the physics program of the CMS experiment. However, the
accelerator upgrades will also make the experimental conditions more challenging, with implications for
detector operations, triggering, and data analysis. The luminosity of the proton-proton collisions is expected
to exceed 2-3 x 10* ecm=2s7! for Run 3 (starting in 2022), and it will be at least 5 x 10* cm=2s~! when
the High Luminosity Large Hadron Collider is completed for Run 4. These conditions will affect muon
triggering, identification, and measurement, which are critical capabilities of the experiment. To address these
challenges, additional muon detectors are being installed in the CMS endcaps, based on Gas Electron Multiplier
technology. For this purpose, 161 large triple-Gas Electron Multiplier detectors have been constructed and
tested. Installation of these devices began in 2019 with the GE1/1 station and will be followed by two
additional stations, GE2/1 and MEO, to be installed in 2023 and 2026, respectively. The assembly and quality
control of the GE1/1 detectors were distributed across several production sites around the world. We motivate
and discuss the quality control procedures that were developed to standardize the performance of the detectors,
and we present the final results of the production. Out of 161 detectors produced, 156 detectors passed all
tests, and 144 detectors are now installed in the CMS experiment. The various visual inspections, gas tightness
tests, intrinsic noise rate characterizations, and effective gas gain and response uniformity tests allowed the
project to achieve this high success rate.

1. Introduction

performance during Run 1 [5] and Run 2 [6] data-taking. After the
upgrade of the LHC injector chain during the second long shutdown
(LS2) of the LHC, the instantaneous luminosity of the colliding beams
will regularly exceed 2 x 10** ecm~2 s~!, which is twice the original

The muon system [1] of the CMS experiment installed at the
Large Hadron Collider (LHC) at CERN currently exploits three different
gaseous detector technologies commensurate with the background rates
in each detector region: Resistive Plate Chambers (RPCs) [2] in the bar-
rel and endcaps, Cathode Strip Chambers (CSCs) [3] in the endcaps, and
Drift Tubes (DTs) [4] in the barrel. The system provided information
for muon triggering, reconstruction, and identification with excellent

design luminosity [7]. Under these conditions, each proton—proton
bunch crossing will experience up to 100 pileup (PU) interactions,
meaning that during each bunch crossing at the interaction point,
up to 50 proton-proton collisions will occur. This increased pileup,
along with an increase of the integrated radiation dose, consequently
leads to a degradation of the current detector performance. In this
scenario, the muon reconstruction in the forward region of the CMS
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Fig. 1. A quadrant of the CMS detector, showing the different types of chambers used in the muon system [7]. The original system consisted of the DT chambers (yellow) in the
barrel region, together with the RPCs (light blue) and CSCs (green) in the endcap regions. The new GEM detector station GE1/1 is indicated in red.

muon system will become particularly challenging, especially for the
Level-1 (L1) Trigger. The smaller track bending in the magnetic field
surrounding the endcap detectors relative to the track bending in the
barrel, combined with multiple scattering of muons in the yoke, leads
to muon momentum mis-measurements by the L1 trigger. This factor
contributes to an increase of the overall muon L1 trigger rate in the
forward region and, together with the general increase in background
rates, will lead to a situation where the L1 rates in the pseudorapidity
region |n| > 1.6 can no longer be controlled by the CSC detectors alone.
This effect will be further exacerbated in the High Luminosity LHC
(HL-LHC) scenario, where 200 PU interactions per bunch-crossing are
expected.

As a consequence, a general upgrade [8] of the present muon system
has been carefully designed and planned by the CMS collaboration.
Here we focus on the first new muon endcap station (GE1/1) [9], which
is based on Gas Electron Multiplier (GEM) detector technology [10] and
was installed in front of the first CSC station (ME1/1) before Run 3
(Fig. 1). Simulation studies [9] have shown that this new station will
improve the muon L1 trigger performance in the forward region. It is
expected to keep the L1 trigger rates under control in the high-radiation
environment of Run 3.

This paper is organized as follows: An overview of the GE1/1 station
is presented in Section 2, while the quality control procedures and
detector performance results are discussed in Section 3. The selection
of the detector working point is described in Section 4, and Section 5
provides a summary and conclusions of the GE1/1 construction and
quality control process, and perspectives for the next two GEM stations
to be built.

2. Overview of the GE1/1 station

The GE1/1 station provides full coverage in the azimuthal coordi-
nate, ¢, while instrumenting the pseudorapidity region 1.55 < |5| < 2.18,
as shown in Fig. 1. A triple-GEM chamber (also simply referred to as
“a detector”), consists of three GEM foils separated by spacers and held

between an anode readout board and a cathode drift board. The choice
of the triple-GEM technology is driven by the excellent performance
of these detectors: triple-GEM detectors exhibit a rate capability well
above the required ~10 kHz/cm?, a time resolution of ~8 ns or better,
and a spatial resolution of ~200 pm, which make them well suited for
the purposes of the CMS Muon System Upgrade [9].

In the GE1/1 station, a pair of triple-GEM chambers is combined
to form a “superchamber” (SC) that provides two measurements of the
muon hit position per muon track. As each superchamber covers a ~10°
sector, 36 superchambers are installed in each endcap. Short and long
chambers alternate in ¢ to maximize the pseudorapidity coverage. A
total of 144 (plus 17 spare) triple-GEM detectors were constructed and
instrumented with electronics for installation.

An exploded view of a GE1/1 detector is shown in Fig. 2. A detailed
description of the chamber design can be found in Ref. [9]. Three GEM
foils, i.e. copper-clad polyimide foils perforated with a high density of
microscopic holes (140 pm pitch and 70 pm hole diameter), are stacked
between an unsegmented drift cathode and a segmented readout anode.

The induced electrical signal produced by the particles that hit the
detector is picked up by the anode readout board, which is segmented
into 384 radial readout strips with a pitch of 461 prad. These readout
strips are grouped into three main sectors along the azimuthal coordi-
nate and eight sectors along the n coordinate, thus resulting in a total
of 24 readout sectors. Each of these 24 readout sectors are assigned
a two-coordinate designation, (in, i¢)), with in = 8 at the narrow end
(closest to the beamline), and in = 1 at the wide end, and from i¢p = 1
to i¢p = 3 from left to right (see Fig. 3).

While operating in CMS, each sector is read out by one VFAT3 chip,
which is an Application Specific Integrated Circuit (ASIC), adapted for
gaseous detector readout [11]. The voltage is provided to the GEM foils
through the drift board, a single, contiguous drift cathode that routes
a total of seven potentials (drift electrode plus two sides of each of the
three GEM foils) to the various GEM electrodes and to the drift cathode.

Assembly and gas sealing of the detector are entirely mechanical.
A brief overview of the construction process is shown in Fig. 4. The
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Fig. 2. Exploded view of the mechanical design of a triple-GEM detector.

stack of three GEM foils is first completed outside of the drift board,
as shown in Figs. 4(a) and 4(b). Fig. 4(c) displays the transferring of
the GEM stack to the drift board. The GEM foils are then tensioned by
the stretching screws (Fig. 4(d)), after which the resistances of the GEM
foils and gaps are tested (Fig. 4(e)). Finally, the chamber is closed by
fixing the readout board to the drift board, as shown in Fig. 4(f). For
a comprehensive and detailed description of the assembly techniques,
see Ref. [12]. No glue is applied during assembly, which makes it
possible to open a detector again for repairs if needed while also
minimizing any remaining risk from potential gas contamination due to
epoxy glue outgassing, which may be present even with glues generally
accepted for chamber construction because glue production batches
and mixing of epoxy components by the operator may still vary to some
extent and may cause outgassing. The three GEM foils are sandwiched
at their edges between four thin frames. Square stainless steel nuts
are embedded into the frames every few centimeters to host stainless
steel screws that are inserted into small “pull-out” posts, which are
located within the gas volume. When the pull-out screws are tightened
manually, the GEM foils in the stack are tensioned against the posts. A
large outer glass-epoxy frame is placed around the tensioned GEM stack
and around the pull-outs providing the enclosure of the gas volume. The
standard gas mixture for operating and testing this triple-GEM detector
is Ar/CO, (70:30).

3. Quality control process and performance of GE1/1 detectors

Several institutions from six countries participated in the assembly
and quality control process of the GE1/1 detectors. These institutions
are located in Switzerland (CERN), Italy (INFN Bari and Frascati),
Belgium (U. Ghent), India (U. Delhi, BARC, Punjab U., Saha Inst.
of Nuclear Physics), Pakistan (National Centre for Physics), and USA
(Florida Inst. of Technology). An additional satellite site in Germany
(RWTH Aachen U.) performed quality control tests on a subset of the
chambers produced in Belgium. This distributed production model was
adopted by the collaboration to ensure timely mass production with
built-in redundancy.

Before becoming a production site, each institution had to follow
a two-year certification program organized by the GEM Collaboration.

This program is designed to ensure that all GE1/1 chambers are pro-
duced in suitable conditions using the same infrastructure, and that
the same procedures for construction and quality control testing are
performed. All steps of the certification program are reviewed by the
collaboration, culminating in a final certification after an on-site visit.
The entire process is supported by a set of technical documents that
describe the composition of the test setups and provide guidance for
the local management of the production [13].

To ensure proper and robust operation of the chambers within their
performance specifications once installed in CMS, a detailed Quality
Control (QC) procedure [12-14] is employed in all the production
sites, which are equipped with the same laboratory infrastructure and
instrumentation. This protocol aims to carefully assess the detector per-
formance at each step. If measurements are found that are incompatible
with predefined standards, the detector undergoes further adjustment
until it fulfills those requirements. The results of all QC tests are
systematically reviewed by the production community and the final
validation of the chambers is submitted to the GEM collaboration every
two months during dedicated reviews.

The first group of tests is performed on the components before the
assembly. The second set of tests are completed on a single chamber
while the third set of tests are performed after superchamber assem-
bly. Single-chamber assembly and QC tests are done at the different
production sites, while the assembly and the QC tests on the SC are
only performed centrally at CERN. The detailed step-by-step description
of the QC process performed at the production sites and the results
obtained for single chambers are the focus of this paper. The five main
steps that comprise this component and single-chamber QC are listed
in Table 1, and are discussed in detail below.

3.1. QC step 1 — Initial inspection of the chamber components

The quality control procedure starts with the initial inspection of
the components that will form the main structure of the chamber, i.e.
the printed circuit boards (PCBs) that host the drift and readout elec-
trodes, the internal frames, and the external frame with its embedded
Viton O-rings. While the mechanical dimensions of all components are
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ib=1 ip=2 ip=3
(b) The local coordinate system, showing the local pseudo-
rapidity coordinate, denoted by ¢n, and the local azimuthal
coordinate, denoted by i¢. Some readout strips (red lines)
are pictured to indicate their orientation on the readout

board. Note: readout strips not drawn to scale.

Fig. 3. The readout board and the partitioning scheme of the readout sectors.

Table 1
Quality control steps for GE1/1 chamber components and assembly.
QC step QC procedure
1 Initial inspection of the chamber components
2a Electrical cleaning of the GEM foils and resistance check
2b Long-term monitoring of the GEM foil leakage current
3 Leak test of closed detector volume
4 Linearity test of high voltage divider and intrinsic noise rate
measurement
5a Effective gas gain measurement
5b Response uniformity measurement

carefully verified using a precision caliper, an additional systematic
visual inspection of the materials helps to identify potential defects,
such as mechanical degradation, scratches and cracks, and the presence
of any residues of chemicals used during manufacturing or other con-
taminants. Components outside the specifications or showing defects
are discarded from the production materials or returned to the factory
for rectification.

Particular attention is paid to the planarity of the drift and readout
PCBs, which directly impacts the electric field uniformity, and conse-
quently the overall detector performance. To determine the planarity,
the boards are placed on a flat marble table, and then gaps between
PCBs and the table are measured with precision calipers. Boards with
deviations from flatness above 3 mm from the center are rejected.
The readout boards undergo an additional electrical test to ensure the
integrity of all readout paths. The setup for this test, based on an
ARDUINO microprocessor, automatically measures the continuity of
the signals between the internal strips and the external connectors and
also identifies any short circuits between neighboring strips. For more
information on the chamber components and their quality control, see
Ref. [12].

3.2. QC step 2a — Electrical cleaning of the GEM foils and resistance check

The GEM foil is the core component of the amplification structure
of the detector. Because of its microscopic nature, the qualification
of the GEM foils is not done optically, but electrically. The presence
of dust, chemical contaminants, or mechanical defects creates a low
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(e) Resistance testing of all GEM foils and gaps.
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(f) Closing the chamber with the readout board.

Fig. 4. Various steps of the assembly process of a CMS GE1/1 GEM detector.

resistance bridge between the two electrodes of the GEM foil as shown
in Fig. 5. For healthy foils, the total resistance should be greater than 20
GQ in environments with relative humidity below 50%. In the extreme
scenario of a short-circuit between the GEM electrodes, the measured
resistance of the foil is equal to 10 MQ - the value of the protection
resistors that are soldered directly onto the GEM foils — or lower in
case of multiple short-circuits.

The resistance across the foil is measured in a cleanroom envi-
ronment (ISO 7/class 10,000 or better) using a handheld Giga-Ohm
insulation meter (Megger MIT485). The meter applies 550 V across the
foil and measures the corresponding leakage current to derive the foil

resistance (see Fig. 6 for a schematic representation of this test, and
Fig. 7 for a photo of the procedure being performed).

The same procedure is repeated multiple times during the various
steps of the detector assembly to detect any foils that might have
developed short-circuits because of the manipulations required for
testing, transport, and assembly. In this case, the voltage is applied on
dedicated pads present on the assembly table or on the drift PCB on
which the GEM stack is mounted, as shown in Fig. 8. This voltage is
applied to the pads on the GEM foil via spring-loaded pins which are
in turn soldered to the HV circuit on the drift PCB.
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Fig. 6. Resistance test setup of a single GEM foil with a Megger Giga-Ohmmeter.

The same technique is also used as needed during production,
testing, or operation of a chamber, to clean the GEM foils in case of
contamination, defects, or dust particles trapped inside the GEM holes.
The current injected by the Giga-Ohmmeter flows primarily through
contaminated areas with low impedance, resulting in the evaporation
or burning of the impurity. In dry environments, it is also possi-
ble to clean the inside surfaces of a damaged hole responsible for a
short-circuit between the GEM electrodes.

3.3. QC step 2b — Long-term monitoring of the GEM foil leakage current

3.3.1. Motivations
While the impedance check helps to identify major problems with
a GEM foil, it might not be sufficiently sensitive to minor issues or

hidden defects that can affect the long-term stability of the chamber.
Specifically, some GEM foils could reach their nominal voltages with
high impedances, while simultaneously experiencing discharges at high
frequency (e.g., several per hour). These discharges can seriously and
permanently damage the GEM foils, and they can also prevent stable
operation of the detector, once in continuous run mode. Consequently,
it is essential to monitor the leakage current and discharge rate of all
the GEM foils for several hours before the detectors are assembled.

3.3.2. Selection criteria

The total leakage current of a GEM foil mainly depends on the
resistivity of the biconical holes of the polyimide layer between the
two copper layers of the foil. This resistivity can vary with the ambient
humidity or because of contaminants. For a precise measurement of



M. Abbas, M. Abbrescia, H. Abdalla et al.

Nuclear Inst. and Methods in Physics Research, A 1034 (2022) 166716

0000
(2]
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Fig. 8. Resistance test setup of a GEM stack during assembly.

the leakage current, the foil needs to be operated at the maximum
stable voltage, i.e. just below the breakdown voltage of the gas. As
the Paschen curves in Fig. 9 indicate that the breakdown voltage in
pure nitrogen is close to 660 V for a GEM foil where the two copper
layers are separated by 50 pm, an appropriate voltage for testing GEM
foil stability is 600 V in pure nitrogen. In such conditions, and with a
relative gas humidity below 10%, we require that the leakage current
of a GE1/1-sized foil not exceed 1 nA, with a maximum discharge rate

below 3 discharges per 5 h.

3.3.3. Test setup and procedure
Before performing this quality control step, both sides of the foils

are mechanically cleaned using an anti-static silicone roller to remove
dust and contaminants. The GEM foils are enclosed in a plexiglass box
filled with pure nitrogen flowing at a rate of 30-40 L/h. The box, which
can accommodate up to 8 foils, is placed in a cleanroom and covered
to prevent ambient light from reaching the foils. This is done because
electrons can be released from the GEM copper as a consequence of a
photoelectric effect induced by UV photons emitted from fluorescent
lighting. We observed that when the foils operate at the maximum
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Fig. 9. Paschen curves for electrical breakdown voltages of parallel plates in dif-
ferent gas mixtures [15] at standard temperature. For GEM foils surrounded by
gas at atmospheric pressure and room temperature, the pressure X spacing value is
3.8 Torr x cm.

voltage of 600 V, these photo-electrons can get sufficiently amplified
by the GEM to generate a leakage current of the order of 2-3 nA, which
can bias the test results for the intrinsic leakage current measurement.

The foils are powered by an 8-channel CAEN R1471HETD power
supply, which has a current monitoring resolution down to 50 pA. The
power supply is controlled by a LabView interface that is programmed
to run the test automatically. A picture of the QC2b test setup is shown
in Fig. 10.

The test procedure consists of three main steps: the initial ramp-up
phase, a power cycling phase, and the final stability phase. During the
ramp-up phase, the voltage is increased from 0 to 500 V in steps of
100 V, and then from 500 V to 600 V in smaller steps, typically in
increments of 50 V. After a desired voltage is reached, it is maintained
for 15 s before moving to the next step. During the cycling phase, the
voltage is quickly ramped up and down between 600 V and 100 V
within ten seconds in order to stress the foil and to lift potential solid
contaminants off the foil via the oscillating electric field. During the
stability phase, the foil is maintained at the maximum voltage of 600 V
for 6-8 h. This final step is designed to verify the long-term behavior
and the stability of the foil during continuous operation. At any phase
of the test, if the leakage current exceeds a limit of 20 pA (a typical
magnitude of a discharge current), the system trips and automatically
restarts at the same phase. If the system records more than three trips
in the same phase, it automatically goes back to the previous phase.
Three phase failures result in aborting the test and automatic rejection
of the foil from chamber production.

3.3.4. Typical results

Fig. 11 shows typical QC2b data for a “good” GEM foil, that is
fully validated and approved for detector assembly. All three phases
are completed and it is demonstrated that the foil can safely operate
long-term at 600 V without high voltage (HV) trips and with an average
leakage current below 0.5 nA.

Conversely, Fig. 12 shows the typical QC2b data of a “bad” GEM foil
that suffers from instabilities. The plot shows multiple trips that force
the system to go back from the stability phase to the cycling phase. The
repetition of the trips and the measurement of a high leakage current
prematurely abort the test. Such a foil would require an additional, in-
depth cleaning at the manufacturer’s facility before going back through
the entire QC protocol from the beginning.

Nuclear Inst. and Methods in Physics Research, A 1034 (2022) 166716

Over the course of the GE1/1 detector mass production, on average,
about one to two foils per batch of 15 foils were rejected by the QC2
tests and sent back to the manufacturer. After additional, in-depth
cleaning at the manufacturer?s facility, those foils were tested again
and most of them could be validated for assembly. Overall, only one
foil out of 485 had to be completely rejected without any possibility
for recovery.

3.4. QC step 3 — Leak test of closed detector volume

3.4.1. Motivations

Detector gas-tightness is crucial to avoid gas leaks and to reduce
the possibility of contamination by external pollutants. The presence
of undesired gas molecules, e.g. those found in air, particularly oxygen
and other electronegative elements, can deteriorate the charge ampli-
fication and electron transfer process, which will affect the detector
performance during operation. Additionally, dust particles could enter
the gas volume and jeopardize the foil integrity. Such effects can have
a significant impact on the HV stability and the long-term behavior of
the chamber. Given the design of the GE1/1 detectors, where a large
number of screws are employed, the leak test is the first verification
performed after the assembly.

3.4.2. Selection criteria

To maintain high gas purity, the maximum acceptable leak rate for
a single detector is set to 1% of the total incoming gas flow rate. For
GE1/1, this rate is initially set to 2.5 L/h with a maximum internal
over-pressure of 25 mbar. Directly measuring a leak rate as little as
0.025 L/h is challenging and would require a specific and expensive
tooling, which is not necessarily available at all production sites. The
leak rate, however, can also be derived from the measurement of the
internal pressure loss when the chamber input and output are both
closed. Such a measurement is much easier and more reliable with
standard laboratory equipment.

Assuming that the detector volume remains constant during the test,
the time evolution of the internal pressure can be expressed as a simple
exponential:

Py = Pye /" @

where P, is the initial over-pressure and r is the time constant of the
system that depends on the leak point dimensions. From the ideal gas
law, PV = nRT, with P being the absolute pressure inside the detector
volume V, we can then derive the quantity of gas » lost after a given
time #:

P,

n atm T Pint(f))- )

= &7
Substituting P,,; from Eq. (1) in Eq. (2) and differentiating with respect
to time, we find

dn _ VR (=1 e/, 3)
dt RT T

Consequently, we can calculate the detector leak rate from the
measurement of the pressure-loss time constant r. Fig. 13 shows the
gas leak rate as a function of the time constant for different values
of internal over-pressure P, during operation. Fig. 14 shows the gas
leak rate as a function of the internal over-pressure for different time
constants 7. To ensure that the leak rate will remain below 1% of the
total incoming flow rate, the time constant for each GE1/1 chamber
should be greater than 3.04 h.

3.4.3. Test setup and procedure

The leak test aims to quantify the gas leak rate of a GE1/1 detector
by monitoring the drop of the internal over-pressure as a function
of time. A pressure sensor connected to an ARDUINO-Mega micro-
controller allows the monitoring of the over-pressure in the detector
and the gas system. The ambient temperature and pressure are also
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Fig. 10. Test setup for the long-term measurement of leakage currents in the GE1/1 GEM foils.
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Fig. 11. Typical leakage current behavior in a validated GEM foil.

monitored via sensors connected to the ARDUINO board during this
quality control procedure. The top schematic in Fig. 15 shows a basic
diagram of the data acquisition (DAQ) and gas system setup for this
test. Before the leak test is conducted, the DAQ system is calibrated to
ensure accurate measurement of the leak rate (see the bottom diagram
of Fig. 15). We first check the manufacturer’s calibration of the pressure
transducers by connecting it to a closed-off stainless steel cylinder of
similar volume as a detector. We ensure that the gas system itself
does not have any leak by connecting the inflow and outflow systems
together and thus by-passing the detector, as shown at the bottom
of Fig. 15. With the outflow valve closed, the system is pressurized
to 25 mbar and the internal pressure is monitored over one hour. If
the pressure decreases more than 1 mbar over the course of the hour,
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Fig. 12. Typical leakage current behavior in a rejected GEM foil.

the system is checked for leaks and the procedure is repeated. After
calibration of the system, a chamber is connected to the gas system
with its outflow gas line plugged. The chamber is then pressurized to
about 25 mbar, and the over-pressure is monitored every minute over
the course of one hour.

3.4.4. Typical results

The pressure drop is modeled by the function P(r) = P, e'/*
discussed above, where P, is a constant representing the initial over-
pressure of the detector (set to about 25 mbar at all the production sites
and for each detector) and the time constant r quantifies how fast the
over-pressure inside the detector decreases as a function of time.

Results of the leak tests for two different chambers measured at two
different sites (serial numbers: GE1/1-X-L-CERN-0018 and
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GE1/1-X-S-FIT-0004) are displayed in Fig. 16. The expected exponen-
tial behavior is exhibited by GE1/1-X-L-CERN-0018 (green data points
with a blue fitted exponential curve), and shows a time constant of
T = (21.6 + 0.14) hr, which is well above the acceptance criterion
for a gas-tight chamber (r > 3.04 hr). In some cases, we observe
chambers that initially do not follow an exponential leak profile. This
can be attributed due to the bulging of the readout and drift PCBs after
the initial pressurization of the chamber to 25 mbar. Once the PCBs
return from the deformed shape to their planar shape, the gas volume
returns to its nominal, constant shape, and the gas escaping from the
closed chamber exhibits the theoretically predicted exponential leak
behavior. Consequently, the time constant determined from the fit for
GE1/1-X-S-FIT-0004 (black data points with a red fitted exponential
curve) has the first few points excluded. Note that this chamber exhibits
a time constant of © = (33.27 + 0.41) hr, which is also well above
the acceptance criterion. Out of the 161 fully assembled chambers,
158 chambers could be tested in this QC step; three chambers were
eliminated due to failures in earlier QC steps and were not tested for
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leak tightness. As shown in Fig. 17, all 158 GE1/1 detectors are found
to be gas-tight except two built with a pre-series internal frame. These
two detectors with excessive leak rates are not installed in CMS.

3.5. QC step 4 — Linearity test of the HV divider

3.5.1. Motivation

The goal of this test is to check the on-detector circuitry that
distributes the high voltage to the detector electrodes. The proper func-
tioning of this circuitry is important for the operational stability of the
GE1/1 detector with respect to the applied HV, both for guaranteeing a
stable effective gas gain and for avoiding discharges that could damage
the surface of the GEM foils or the readout electronics. This need is
particularly crucial for GE1/1 detectors because of the large size of the
GEM foils. Even with the foils being segmented into 40 HV sectors (with
the sensitive sector areas ranging from dozens to a hundred cm?), the
foils still have large total capacitances — on the order of tens of nF —
and store considerable charge.

During the detector production and test phase, a simple ceramic
voltage divider, directly soldered onto the drift board, is used to divide
the voltage from a single high voltage input line [9]. This ceramic
divider comprises a small network of ohmic resistors (see the bottom of
Fig. 18 for the circuit diagram) with resistances R; (see the top right of
Fig. 18 for the values of the resistors). This HV divider has an equivalent
resistance of Ryiger = 4.7 MQ. The current I, through this network
produces voltage drops V; = R; X I, across the various resistors that
are used to create the appropriate electric potentials needed to power
the different electrodes i of the detector. A custom low-pass protection
filter (with equivalent resistance Ry, = 0.3 MQ) connects the detector
to the power supply to eliminate the high frequency noise (see the top
of Fig. 18 for the circuit diagram). The total equivalent resistance of
the ceramic divider and low-pass filter is 5.0 MQ. The HV stability is
quantified by monitoring two quantities: the deviation of the measured
total resistance of the powering circuit with respect to the one predicted
by Ohm’s law, and the noise induced on the bottom of the third GEM
foil in a gas with high ionization energy.

3.5.2. Selection criterion

For each HV step, the current through the powering circuit is
recorded, as shown in Fig. 19. The measured resistance of the powering
circuit R,, is then obtained by computing the average of all the values
recorded in each step. This value is compared with the nominal resis-
tance R, of the powering circuit measured with a standard multimeter
(at a few volts) before soldering the divider onto the detector, and
the resistance deviation is computed. The deviation of the resistance
of the powering circuit with respect to Ohm’s law, labeled Dy in the
following discussion, is defined in Eq. (4) as the relative deviation of
the measured resistance, R,,, with respect to the nominal value, R,:
R, — R,
—

n

Dp= (€]
The value of the resistance deviation includes the tolerances on the
resistors in the HV divider and HV filters used for biasing the GE1/1
detector. Ten resistors are employed in total in this powering cir-
cuit, each of them rated with a 1% tolerance. Summing all of the
involved tolerances in quadrature shows that a deviation Dy of up
to 3% can be tolerated. Consequently, GE1/1 detectors exhibiting
resistance deviation greater than this value are rejected or undergo
further investigation.

3.5.3. Test setup

A commercial power supply able to provide up to 1 mA current with
1 pA monitoring resolution is used to ramp the HV applied to the filter
and divider (connected to the detector) up to 5 kV in steps of 100 V,
and also used to monitor the current. The detector is flushed with pure
CO, gas with a flow rate of 5 L/h.



M. Abbas, M. Abbrescia, H. Abdalla et al.

/P Atmospheric
Pressure indicator =GRl
Amiblat / ARDUINO
m
@Temperature indicator ¢
Pressure
indicator

{>'k} />, Gas OUT
(=) >

Pressure Output valve Flow meter

regulator

Valve
flow meter

Input valve

Possible leak

for calibration D-% O\ Gas OUT
o/ -

Pressure Output valve Flow meter

regulator

Valve
flow meter

Input valve

Possible leak

Fig. 15. Diagram of the ARDUINO DAQ and the gas system for the leak test (top diagram) and for calibration (bottom diagram).

Nuclear Inst. and Methods in Physics Research, A 1034 (2022) 166716

= 28— GETi-X-LCERN-0018 » 351
.g —E— GET1-X-S-FIT-0004 =7 595758 S K GE1/1 Detector Production
= 27 Peern(t) = [POJe po 25.94 +0.004412 O N
o —— Prr(t) = [p0)e”™" Pl 0.0463 + 0.0002969 Q 30 P(t) = P, x exp(-t/7)
=] i )
7 -
@ 26 = (21.60 +0.14) hr 0 o5 Gas = CO,
o - T 158 GE1/1 detectors
251 — . AH .
C w20+ 00 Acceptance Limit t > 3.04 hr
C O
24— =
- O 15
- @
L [/ ndf 359.1/52
23 éo 2414+0005444 | T =(33.27 £0.41) hr O
C [P 0.03006+0.0003714 £ 10
n >
PR A S U U B
225 02 04 06 08 1 =z
Time (hr)
Fig. 16. Examples of the measured gas leak rate for closed GE1/1 chambers over one

hour (serial numbers: GE1/1-X-L-CERN-0018 and GE11-X-S-FIT-0004). Both chambers
display time constants that are well above the acceptance criterion for a gas-tight
chamber (z > 3.04 h).

3.5.4. Results

To characterize the biasing circuit, the slope from the linear fit on
the points of a plot of the applied voltage as a function of divider
current is obtained (see Fig. 19), and then the resistance deviation is
computed using Eq. (4). The distribution of the resistance deviations
for all of the GE1/1 detectors is displayed in Fig. 20. The HV biasing
circuits for all detectors were found to have a resistance deviation Dy
better than the 3% tolerance.

3.6. QC step 4 — Intrinsic noise rate measurement

3.6.1. Motivation

Micro-pattern gaseous detectors are known to suffer from spurious
discharges, particularly when operating at very high counting rates
or at exceptionally high gas gains. These glow discharges — which
are not induced by the direct detection of any ionizing particles, but
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Fig. 17. Gas leak time constants of all the GE1/1 detectors. The threshold for
acceptance is also shown. Results for 158 GE1/1 detectors out of 161 produced are
shown. Out of these, 156 detectors are accepted and two are rejected.

rather from imperfections in the electrodes or from design flaws of
the detector — can produce spurious signals and must therefore be
reduced to an acceptably low rate. At high counting rates, other effects,
such as statistical avalanche overlapping, the cathode excitation effect,
and electron jets contribute to the spurious noise rate [16]. The test
described in this section is designed to quantify the intrinsic noise
rate of the detectors due to those spurious signals originating from
the detector design flaws and electrode imperfections. To perform this
measurement, the detectors are put into a safe mode by flushing them
with a gas that has a high ionization energy, such as pure CO,, which
suppresses signals from cosmic rays. The rate of spurious signals as a
function of the applied high voltage is then observed. This procedure
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serves to disentangle effects related to the detection of actual radiation
from those induced solely by the application of high voltage.

Fig. 21 shows the number of spurious signals recorded by each strip
in the eta sector next to the narrow base of the trapezoid for a prototype
of the GE1/1 detector. In this reference measurement, the detector is
operated with Ar/CO, (70:30) with an average effective gas gain of
only ~300 to reduce the detection efficiency for cosmic ray muons to
a few percent. It is found that the discharges that create the spurious
signals here are induced mainly in strips near the screws used to stretch
the GEM foils. Similar results are found for the eta partition next to

Resistance Deviation (%)

Fig. 20. Deviation of the measured resistance, Dy, for the high voltage powering circuit
connected to the detector, with respect to its nominal value for all 156 GE1/1 detectors
(the two missing detectors did not pass the previous QC test). The 3% threshold for
accepting a detector is also shown.

the long base of the trapezoid while measurements performed in the
remaining sectors showed no substantial contribution to the spurious
signal rate. We conclude that the origin of the spurious signals in the
GE1/1 detectors under these conditions is a coronal discharge from the
active area of the GEM along the internal frame (which holds the GEM
foils inside the gas volume) to ground through the anode strips where
the signal is read out.

13
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Fig. 21. Number of intrinsic noise signals recorded by each strip in the eighth in
partition (next to the short base of the trapezoid) for a prototype GE1/1 detector
(serial number GE1/1-VII-L-CERN-0001). The layout in the bottom part of the picture
shows the location of the stretching screws along the internal frame in this partition
that the intrinsic noise signals correlate to.

3.6.2. Selection criteria

The rate of intrinsic noise signals produced by coronal discharges
across the full 3500-4000 cm? surface area of a normally operating
GE1/1 detector is found to not exceed O(10~2) Hz/cm?. Consequently,
the detector is accepted if the intrinsic noise rate for the full detector
does not exceed 100 Hz. This value is negligible when compared to
the 4.5 kHz/cm? background rate [9] expected in the CMS experiment
during standard operating conditions.

3.6.3. Test setup

A grounding plate is attached to the backside of the detector readout
board and connected to the ground pad of the drift PCB to reduce
environmental RF noise pick-up. The readout sectors are grounded via
Panasonic-to-LEMO adapters with 50 Q termination. To measure the
intrinsic noise rate, signals are read from the contiguous bottom of the
third GEM foil through a decoupling CR differentiator circuit soldered
onto the drift board of the GE1/1 detector. The signals are then pro-
cessed with a readout chain (Fig. 22) that comprises a charge-sensitive
preamplifier, an amplifier, and a discriminator with the threshold set
to suppress the environmental noise (140 mV). The resulting digital
pulses go through a dual timer and then to a counting unit for the
rate measurement. A linear fan-in fan-out module is placed between
the shaper and the discriminator to allow simultaneous monitoring of
the intrinsic noise signals on the scope.

3.6.4. Results

The rate of intrinsic noise signals induced on the bottom of the third
GEM foil is measured as a function of applied HV for each detector as
shown in Fig. 23. The maximum measured value of the intrinsic noise
rate at 4.9 kV is taken as a final result. All GE1/1 detectors show a noise
rate that is well below the 100 Hz acceptance threshold, as displayed
in Fig. 24.
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3.7. QC step 5 — Effective gas gain measurement

3.7.1. Motivations

The effective gas gain is a crucial parameter for operating a gaseous
detector in proportional mode. It is a combination of two main com-
ponents: the amplification factor given by each GEM foil and the
transparency factor which depends on the fraction of the electrons that
get lost because they recombine with the gas ions or attach to gas
molecules or get absorbed by one of the GEM electrodes. It governs the
detection performance such as efficiency and time resolution, which are
key parameters for successfully reconstructing detector hits associated
with charged particles that traverse the active detector volume.

The effective gas gain is determined experimentally by comparing
the primary current induced in the drift gap by an incident, ionizing
radiation quantum, with the output current provided by the amplifica-
tion structure of the detector, i.e. the three GEM foils, with the signal
induced on the readout electrode. The effective gas gain primarily
depends on the operating gas and the electric field configuration inside
the detector. For a triple-GEM detector, the effective gas gain is also a
function of the electron multiplication factor in the GEM holes and the
electron transparency of the GEM foils.

3.7.2. Selection criteria

To successfully detect muon hits used by the CMS trigger and
offline reconstruction, a time resolution below 8 ns and at least a
97% detection efficiency are necessary. Previous test beam campaigns
showed that such performance can be obtained using GE1/1 detectors
operating with an effective gas gain around 2 x 10*. The gain of all
detectors should fall within +37% of this nominal effective gas gain
value to ensure a detection system with sufficiently uniform gain [17].
The typical HV range for obtaining such gain values is 3290-3390
V applied on the drift electrode for GE1/1 detectors. Previous stud-
ies [18] show that this operational regime is far from the breakdown
voltage that would trigger discharges towards the readout electrode
with non-negligible probability.

3.7.3. Test setup and procedure

The effective gas gain of a GE1/1 detector is measured in the central
readout sector as a function of the current through the HV divider.
To perform the test, we use an X-ray generator with an emission cone
size of 120 degrees that makes it possible to irradiate the entirety of
the chamber simultaneously. The X-ray generator uses an electron gun
with electrons incident on a silver target. The X-rays emitted from the
silver consist mainly of K, and K; emission lines, centered on energies
of 22.5 and 25 keV, on top of a Bremsstrahlung continuum. The X-
ray photons are absorbed by the copper atoms that constitute the drift
electrode which in turn emit 8 keV photons by fluorescence. These
8 keV photons are then converted to electrons via the photoelectric
effect in the gas atoms in the detector volume — in particular in the
drift gap. The primary current induced in the drift gap is given by the
product of the rate R of electrons converted from the photoelectric
effect from the incident photons, multiplied by the elementary charge
e and the number of primary electrons N, produced by the incident
photoelectron in the Ar/CO, (70:30) gas mixture. To measure the rate
of incident photoelectrons, the readout electrode in the sector under
test is connected to the signal processing chain in Fig. 25.

The current Izo induced on the readout electrode is measured
separately with a pico-ammeter connected to the sector under test
(Fig. 25). For each measurement, the thermal noise current and noise
rate are also measured and treated as pedestals to be subtracted from
the readout current and the photoelectron rate, respectively, that are
measured when irradiating the detector with the X-ray beam. The
effective gas gain G is given by:

Iro

C=Ren, &
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are among the most critical components of this processing chain, we indicate the specific models in the schematic. The measurement is performed on the contiguous bottom
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Fig. 24. Intrinsic noise rates for 155 GE1/1 detectors operated with pure CO, and a
signal threshold of 140 mV out of 156 that passed the previous QC test. (Results for
the one missing detector have been lost.)

For determining the experimental error on the gain values, Poisso-
nian uncertainty is assumed on the number of recorded photoelectrons

15

for the determination of R. For the determination of the readout cur-
rent, a sample of 300 measurements is taken and the standard deviation
of the mean is taken as the uncertainty on Iyq.

3.7.4. Measuring the number of primary electrons

A dedicated calibration procedure is performed to measure the
mean number of primary electrons N, created by an incident X-ray
photon in a GE1/1 detector filled with the Ar/CO, (70:30) gas mixture.
The energy spectrum of the resulting photoelectrons is recorded by
a GE1/1 detector with a multi channel analyzer for several detector
operating points, each corresponding to a particular value of the ef-
fective gas gain. The peak position of each energy spectrum, which
is extracted with a fit procedure assuming a Gaussian model for the
peaks and a polynomial distribution for the underlying continuum, is
taken as the measured value of the amplified charge recorded by the
GE1/1 detector for an incident photoelectron from copper fluorescence
with an energy of 8 keV. By assuming that the effective gas gain of the
operating detector is precisely known, the number of primary electrons
can be obtained. The mean number of primary electron induced by an
8 keV X-ray photon in an Ar/CO, (70:30) gas mixture in the GE1/1
detector is found to be N, =346 + 3 from this measurement.

As a cross-check, this procedure is performed with two more X-ray
sources (55Fe, 199Cd) with the same detector under the same conditions.
These same X-ray sources are then used to measure the effective gain
calibration curve of the detector. It is found that the resulting respective
gain curves, obtained with the same detector under irradiation by
different sources, agree with each other within the uncertainties.

3.7.5. Typical results

Examples of typical effective gas gain curves for GE1/1 production
detectors, measured as a function of the HV applied to the drift elec-
trode and the current in the HV divider, are shown in Fig. 26. The blue
and red curves refer to GE1/1 detectors produced and tested at different
production sites. The difference in the measured effective gain is due
to the different environmental conditions at the two production sites.
Given the dependence of the effective gas gain on the exponential of the
Townsend coefficient, which in turn depends on the ratio between envi-
ronmental temperature and pressure, the gain curves are normalized to
a predefined reference pressure and temperature. The reference values
correspond to the average pressure and temperature at the location of
the GE1/1 station in the CMS apparatus observed over one year, with
Py =964 mbar and T;, = 297 K. Rather than correcting the gain values,
the value of the applied drift voltage Vg (or the current running
through the divider), for a given production site X, is corrected by the
relation
Tx

corr _ X
drift — Vdrlft PX

B 6)
Ty

The impact of the normalization procedure is clearly evident in Fig. 27,
where the two curves are shown after applying the pressure and tem-
perature correction. While this particular correction was used during
the QC process described here, we note that an empirical correction
was developed subsequently to improve the description of the gain
dependence on environmental temperature and pressure [19].
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3.8. QC step 5b — Response uniformity measurement

3.8.1. Motivations

The gain measurement performed in a central readout sector of each
GE1/1 detector sets the absolute gain scale of the detector as a function
of HV. To find the gain across the entire detector and to quantify its
variation, the relative response is measured for all readout strips.

3.8.2. Test setup

The drift electrode is irradiated with a wide X-ray beam from the
X-ray generator described in Section 3.7.3. The charge induced on
the readout strips is amplified by analog pipeline voltage 25 (APV25)
analog readout chips [20], digitized by analog-to-digital converters
(ADCs), and recorded by front-end concentrator cards (FECs), which are
components of the RD51 Scalable Readout System (SRS) [21]. Fig. 28
gives a schematic of this test setup.

During data taking, one would ideally want to trigger on the signal
from the contiguous bottom electrode of the third GEM foil, which
is the mirror image of the signals collected on all the readout strips.
However, because of the large capacitance of this electrode relative to
the anode strips, the electronic noise is typically too high to reliably
trigger the APV system, in particular for the lower range of the energy
distribution of the interacting particles. Consequently, the APV25 is
operated in random trigger mode. Given the rate from the X-ray gun,
which is on the order of several MHz over the entire chamber, and the
size of the APV25 acquisition time window (up to 750 ps), it is basically
guaranteed that at least one event is recorded for each random trigger.

As the APV25 ASICs were initially designed for detection of
minimum-ionizing particles with silicon-based detectors [20], the am-
plifiers tend to saturate when operating with X-rays in gaseous detec-
tors at full nominal gain. This saturation typically prevents the proper
reconstruction of the collected charge and diminishes the data quality.
To overcome this issue, the GEM chambers under test are operated at a
reduced gas gain (typically between 500 and 600), below the saturation
level. Fig. 29 demonstrates that at lower operating voltages, i.e. at
lower total effective gains, the response uniformity measured across
all readout sectors of the chamber is very similar to that measured
at higher voltages and gains. This is an important result as it allows
flexibility when setting the operating point of the chamber. A broad
range of drift voltages can be used without compromising the uniform
response of the detector.

In the data analysis, the readout of the GE1/1 detector is divided
into 768 slices with each slice comprising four readout strips that are
adjacent in the i¢p coordinate. For each detector slice, the position of
the main peak in the spectrum - the copper fluorescence photopeak —
is determined from fitting a Cauchy distribution to the ADC spectrum
of the total measured strip-cluster charges. Here, the total charge in
each X-ray conversion is obtained by summing the ADC counts over
the strips in the strip cluster. To model the background, a fifth-order
polynomial is fit to the data. Fig. 30 shows a typical example of this
strip-cluster charge ADC spectrum for one slice of a production GE1/1
detector.
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Fig. 29. Gas gain uniformity as a function of the HV applied to a GE1/1 chamber.
The results shown are for GE1/1-X-L-GHENT-0002.

3.8.3. Selection criteria

As discussed in Section 3.7, the effective gas gain is a combination
of the amplification factor given by each GEM foil and the transparency
factor. The uniformity of the amplification factor is mostly driven by
the consistency of the GEM hole geometry across the foil since the
applied voltage is usually constant. Past measurements [22] show that
the main variations in the GEM geometry are the thickness of the
polyimide layer and the inner and outer diameters of the biconical
holes. From the manufacturer’s specifications, the polyimide thickness
is typically (50.0 + 0.1) pm. The corresponding uncertainty on the
electric field propagates into a gain variation of 2.4% for a single
GEM and 4.2% for a triple-GEM stack [22]. Similarly, the effect of
the uncertainty on the hole diameter can be translated in terms of
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Fig. 30. X-ray spectrum measured within one 4-strip slice of a GE1/1 production de-
tector (serial number GE1/1-X-S-BARI-0007) in ADC units. The spectrum is dominated
by the copper fluorescence peak that occurs when irradiating the GEM detector and its
various Cu components with X-rays from an X-ray tube with Ag or Au anode. The data
are fit to a Cauchy function (peak) plus a fifth-order polynomial for the underlying
continuum.

gain variations. Based on the measurements shown in Fig. 31 [22], we
estimate that with a typical outer GEM hole diameter of (70.0+5.0) pm,
the corresponding gain uncertainty is on the order of 15% for a single
foil, and 26% for a triple-GEM stack.

The transparency factor is mostly affected by the variations of the
electric field across the detector volume. While the input voltage is
unique for each entire electrode, the variation of the gaps between the
electrodes impacts the electric field uniformity. In the particular case
of the GE1/1 detector, the gaps between the foils are defined by the
thickness of the internal frame pieces and the foil stretching applied
from the periphery of the GEM stack. The corresponding variation



M. Abbas, M. Abbrescia, H. Abdalla et al.

Effective&Real Gain vs Hole

10*
g
i<}
o A
*{. Real Gain
10° e
Effeftive Gai L
} =1 SRl
10 Ar-COZ 70-3f . N -
‘\sz_M =500V +
E =1kVcm!
D
E =3kV cm! xf_‘ |
| |
\ ! |
10! 1 | 1
20 40 60 80 100 120 140 160

Metal Hole Diameter (x#m)

Fig. 31. Real and effective gas gains of a single-GEM detector as a function of the
outer hole diameter (reproduced from [22]). The real gain is the absolute multiplication
factor, which neglects losses of the secondary electrons to the bottom of the GEM foils
and electron-ion recombination. The effective gain, which considers these losses, is the
more relevant measure of gain.

Table 2
Parameters contributing to the uncertainty in uniformity response.

Uncertainty Description Contribution (%)
Oihickness Gap size between the GEM foils 1

O giameter Diameter of holes in the GEM foil 4.2

G drifi—bend Bending of the drift PCB 25

ORO-bend Bending of the RO PCB 7.5

of the gap sizes is below 1% and introduces only negligible gain
variations. However, the drift and readout boards are large PCBs with
uneven copper deposits on one side, and both are subject to significant
mechanical tensions when they are fixed to the foil pull-outs. As a re-
sult, those boards can slightly bend, causing variations in gap thickness,
especially near the center of the trapezoid. In addition, the boards can
bulge in the center due to the applied gas pressure. Consequently, the
typical dimension and variation of the drift gap is (3.0 + 0.6) mm and
(1.0+£0.4) mm for the readout gap. The corresponding relative errors on
the electric fields are 20% for the drift field and 40% for the induction
field in the readout gap. Figs. 32 and 33 show the influence of these
electric field variations on the effective gain. From these values, we
estimate the gain variations arising from the deformations of the PCBs
to be 7.5% on the drift side and 25% on the induction side. The impact
of the various effects are summarized in Table 2.

Combining the uncertainties for each parameter discussed above
in quadrature yields the total expected relative uncertainty on the
effective gain within a GE1/1 chamber:

=37.1% (@]

+ 62

2 2
+o drift-bend T PRO-bend

- /52
Otot = \/athickness diameter
Thus, a maximum gain variation of 37% is taken as the upper threshold

on the allowed response variation across a GE1/1 detector.

3.8.4. Results

The position of the copper fluorescence photopeak in the ADC
spectrum of the total strip-cluster charges is a good measure of the local
gain across the chamber. A typical distribution of the fitted positions of
these photopeaks across all 768 slices in a chamber is plotted in Fig. 34.
This distribution is fitted with a Gaussian to extract the mean (x) and
the standard deviation (¢) of the distribution.

The standard deviation is a measure of the response uniformity of
the detector. Specifically, the relative response uniformity of a GE1/1
detector, quoted as a percent, is defined as %-IOO%, which characterizes
the gain variation across the whole detector area. Fig. 35 shows two
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Fig. 33. Effective gas gain as a function of the electric field in the induction gap. The
results are shown for detector GE1/1-X-L-CERN-0002.

examples for the absolute azimuthal gain variations across a chamber
for each in sector, and Fig. 36 gives an example of the relative gain
variation across a chamber. In general, we observe a continuous, “u
shaped curve that peaks at the edges of the detector and attains a
minimum at the center of the detector (Fig. 35, bottom). This phe-
nomenon can be attributed to the bending of the readout and drift
electrodes previously discussed. We also observe chambers with less
variation along the azimuthal direction (i¢), e.g. Fig. 35 (top), which
results from more planar drift and readout PCBs. As Fig. 37 shows, all
tested GE1/1 detectors exhibit gain variations below 30%. This value
is well below the threshold (37%) that was described in the previous
section and consequently all detectors pass this final QC step.

”»

4. Choice of the operational working point

By combining the detector response uniformity with the gain mea-
surement in the reference readout sector, we can infer the gas gain of
each detector slice for each HV operating point. The average detector
gain, i.e. the mean of the gain values for all 768 strip slices in the
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Fig. 34. Example of the aggregated ADC spectra of strip-cluster charge across one
entire long chamber (serial number GE11-X-L-PAKISTAN-0005). The peak positions of
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overall measure of the gain uniformity for the chamber; for this particular chamber
o/u = 22.6%.

detector, at a fixed drift voltage of 3102V, is plotted in yellow for
all short (Fig. 38) and long (Fig. 39) detectors initially installed in the
GE1/1 station.

It is important to choose HV working points that guarantee uniform
behavior of the SCs in terms of gain and, consequently, uniform effi-
ciency and time resolution across the GE1/1 system. During operation
in CMS, the two detectors in a SC are powered together by the same
power supply, i.e. the corresponding electrodes of the two GE1/1
detectors in one SC are connected in parallel and supplied by the
same output channel of the HV supply. While gain variations between
SCs can be compensated by adjusting the HV working points of the
SCs, gain variations between two detectors in the same SC cannot be
compensated by individual HV adjustments. To minimize the impact
of this constraint, the detectors are sorted by increasing value of the
gain and then neighboring chambers in this sorted list are paired into
a SC. This ensures that the two detectors in each SC have similar gain
performance.

Finally, for each SC, the HV operation point that ensures a SC
gain of 10* averaged over the two chambers, is computed from the
QC data. The corresponding gas gain distributions, obtained after this
optimization procedure, are shown in blue in Figs. 38 and 39, for
short and long detectors, respectively. As seen in the yellow histograms
in Figs. 38 and 39, the distribution of the average effective gas gain
before the pairing procedure is quite spread out. The width of these
distributions, as quantified by the RMS, is found to be 2822 for long
SCs and 3122 for short SCs. After the pairing procedure, the width of
the distribution of the average effective gas gain is strongly reduced. A
Gaussian fit of the blue histograms in Figs. 39 and 38 is performed and
the sigma values obtained from the fits are found to be 290 + 29 for
long SCs and 619 + 83 for short SCs.

5. Summary, conclusions, and perspectives
In total, 161 GE1/1 detectors were assembled and subjected to

stringent quality control tests at several production sites. Of these, three
were rejected in the QC2 HV test and two in the QC3 leakage test,
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Fig. 35. Example of the gain variation across two GE1/1 chamber (serial numbers:
GE11-X-L-GHENT-0003 [top] and GE11-X-L-GHENT-0023 [bottom]). The fitted peak
position of the distribution of all strip cluster charges (Fig. 30) within slices of four
strips is plotted as a function of the center of the strip slice position across the eight in
sectors. The response uniformity, o/u - 100%, for GE11-X-L-GHENT-0003 is (6.6 +0.3)%,
and the response uniformity for GE11-X-L-GHENT-0023 is (24.9 +0.9)%. The systematic
difference in gain variation between these two detectors is primarily due to a difference
in the planarity of the drift and readout boards.

while 156 were successfully validated following all the quality control
processes described in this paper. Subsequently, 144 detectors have
been installed in the CMS muon endcaps with 12 detectors being kept as
spares. The five rejected chambers are also kept as one can recuperate
components as needed due to the assembly technique without the use
of glue.

The QC procedure succeeds in ensuring robust performance and
comparable results for detectors assembled and tested at different
production sites. This is a great success for the distributed-sites pro-
duction model, which has established a widespread community of GEM
technology experts in CMS. The high success rate is indicative of the
quality and pre-testing of the components, which is described in [12].

A few lessons have been learned that now inform the construction
and testing of the detectors for the other two stations, GE2/1 and MEO.
For example, the intrinsic noise can be reduced by slightly modifying
the shape of the inner frames and the T-nuts. Also, a central pillar
is now introduced into modules that provides a rigid connection be-
tween drift and readout PCBs which reduces the deformation of the
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Fig. 37. Relative response uniformity of all 156 GE1/1 detectors as determined by
o/mean obtained from the respective distributions of the type shown in Fig. 34.

pressurized detector, which leads to a more uniform response across
the detector. This community is now ready to produce new modules
for the two additional muon stations based on GEM technology, i.e.
GE2/1 and MEO [8], which are currently slated to be installed in CMS
in 2023 and 2026, respectively, to further enhance the muon system
during Runs 4 and 5 at the HL-LHC.
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Abstract. There is a vast range of gases which get ionized, produce electron-ion pairs, on the
passage of high energy charged particles. Such gases are extensively used in experiments such
as LHC, Belle-11, RHIC, DAFNE, etc which produce high energy particles. Panjab University
established a detector assembly and characterization laboratory dedicated to gaseous detectors
such as Resistive Plate Chamber (RPC) and Gas Electron Multiplier (GEM) for the LHC
experiment. Here, we present the recent work on the fabrication and characterizations of the
GEM detector at Panjab University.

1. Introduction

Gaseous detectors generally have two electrodes separated by the gas medium in which primary
charged particles interact and produced electron-ion pairs. The GEM detector is one of the most
important Micro-Pattern Gaseous Detector (MPGD) first introduced in 1997 by F. Sauli [1] at
the European Organization for Nuclear Research (CERN). It records the ionization produced
by charged particles in the gaseous medium consists of three GEM foils embedded between the
drift board (acting as the cathode) and the readout board (acting as the anode) [2]. The GEM
detector abundantly used in High-Energy Physics (HEP) experiments like CMS [3], LHCb [4],
TOTEM [5], COMPASS [6] at Large Hadron Collider (LHC), Belle II [7], etc, and in medical
diagnostics [8] as well as in astronomy due to their high rate detection [9] capability up to 100
MHz/cm? with efficiency above 97%, an excellent spatial resolution of ~ 340 um, an excellent
time resolutions [10] of ~ 8 ns. In most of the experiments to achieve high gain a high voltage
supposed to apply across the detector which leads to an electrical breakdown problem. This
problem can be avoided by using multi-layer GEM foils placed at a relative distance of a few mm
in a suitable gas mixture. In this case, amplification is shared over different gem foils [11], with
a relatively low voltage on each GEM foil. Panjab University has been collaborated with CMS
[12] and build high-energy physics laboratory to assemble and test [13] triple-GEM detectors
(referred to GE1/1 detector) that are installed in the 1! ring in 1% muon station in both end-
caps of the CMS detector. The GEM foils and other components of production chambers are
delivered from CERN.

C(mtént from this work may be' use'd under the terms of the Crefnive Commons Attributio'n 3:0 licence. Any further distribution

[ of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
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2. Description and working principle the GEM detector

The GEM detector works in a gas medium in which gas ionization takes place due to the
acceleration of electrons under the influence of the electric field. Since among noble gas Argon
(Ar) is having high specific ionization and is less expensive. It can cause avalanche creation
beyond the limits which leads to sparks and cause permanent damage to the detector. There is
a need for a small amount of quenching gas which can be used to reduce the spark probability
and to stop fake avalanche due to the emission of UV photons. The Carbon-dioxide (COz)
has the properties of electro-negativity, it attracts electrons and attached to its molecules. A
lot of studies have been performed on the selection of gas mixture to be used for this detector
[14]. The gas mixtures of Ar and COy are used in proportions of 70:30. Basically, a triple
GEM gaseous detector is made by a drift cathode, three GEM foils, and the Printed Circuit
Board (PCB) anode (or readout board). Readout board has two gas connectors located at
two diagonal corners, one for gas inlet and another one for gas outlet. GEM foils are made
of Kapton of 50 um each coated with a copper layer of 5 um on each side. The Kapton is a
good insulator which remains stable in a very wide range of temperature. Each foil has equally
spaced small holes perforated by chemical etching in a hexagonal pattern with 50 pum internal
and 70 pum outer diameter and a pitch of 140 um as shown in Figure 1 (Left) where the signal
gets amplified as shown in Figure 1 (right). The cms triple GEM production chamber has
a 3/1/2/1 mm (drift/transferl/transfer2/induction) gas gap configuration as shown in Figure
2 which is enclosed between two electrodes with an electric field applied between them. The
primary electrons produced ionization in the gap between the cathode and the first GEM foil
(drift gap). In transfer region electron-ion pairs are attracted by electric filed applied on GEM
foil where they get multiplied in the hole. After crossing the last GEM foil they drift to the
anode in the induction gap where the signal is registered by the readout strips.

Drift cathode

Drift
GEM 1----1‘-];-----------
' Transfer 1
— ~, . p) \ GEM 2m o o o o o o o i
& & 1 {Togin Transfer 2
< GEM 3mm/

1

Readout PCB /=T

Amplifier

Figure 1. Left: Scanning Electron Microscope Figure 2. Sketch of a Triple-
(SEM) picture of a GEM foil GEM chamber. Free electrons
Right : schematic view of the electric field lines coming from ionization pro-
(white), electron flow (blue), and ion flow (purple) cesses undergo three stages of
through a bi-conical GEM hole amplifications.

3. Assembly and quality control testing

After receiving a kit of the different parts of the production chamber from CERN, they inspected
very carefully for any possible damages that happened during transport. After that next step is
the assembly of the different parts of the GE1/1 detector. Many quality control(QC) test have
been perfomed during and after the assembly such as current leakage in foil, gas leak rate of the
detector, noise, effective gas gain, etc.



ICIIIE 2020 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 1033 (2021) 012055 doi:10.1088/1757-899X/1033/1/012055

3.1. Pre-assembly and assembly

3.1.1. Pre-assembly : The drift board and readout are cleaned using a vacuum cleaner. All
the screws and pull-outs are cleaned with an ultrasonic bath to remove any dust. Then the drift
board is prepared by placing high voltage pins as shown in Figure 3 (Left), mounting resistor and
capacitor as shown in Figure 3 (Middle), and pull-outs as shown in Figure 3 (Right). Spacers
are prepared by fixing the brass-inserts using pressure and are used for creating gap between
the foils. Readout board screwed gently with the gas connector on the readout board as shown
in Figure 4 (Left).

Figure 3. Left: Soldering of the HV pins, Middle : Soldering of the SMD components,
Right:Mounting of the pull-outs

3.1.2. Assembly: A class 100 clean room is built at PU site for the assembly. All foils are
stretched in the frames and cleaned gently by using an anti-static sticky roller over the foils
on both sides in order to remove the dust particles as shown in Figure 4 (middle). Then foils
are tested with the MegaOhm /insulation meter by applying 550V voltage to foil by putting
a negative pin on the top and positive pin on bottom high voltage (HV) pads of the foils for
several minutes. The foil is accepted if the resistance of foil reaches 10 GS) after few seconds
with relative humidity less than 40%. During assembly first cleaned plexiglass is placed then
3 mm clean spacer is inserted on the guiding pins. After that GEM1 foil is placed then 1 mm
spacer as shown in Figure 4 (Right). Then in a similar way, GEM2 foil, 2 mm spacer, GEM
foil3, 1 mm spacer are placed to form a stack called GEM foil stack as shown in Figure 5 (Left).
Plexiglass is placed on the top of the GEM foil stack using guiding pins and then uses screws
to the protect GEM stack. Then the excess amounts of Kapton foils are removed using a sharp
blade and detached stack from bottom plexiglass and placed it on the drift board. The chamber
moved to the assembly jig and clamp the drift board to the assembly table using aluminum
bars as shown in Figure 5 (Middle). After placing all the screws in place, the plexiglass and
aluminum bar is removed. After that, the GEM foils and all gaps are tested at 550V and the
foils are discharged after the test. To test the induction gap, the Panasonic-to-Lemo adapters
are connected to one of the readout sectors and 550 V applied between GEM3 bottom and signal
pad of the Panasonic-to-Lemo adapter, keeping the chamber in a vertical position as shown in
Figure 5 (Right). The impedance should immediately reach 100 GQ2. All QCs results reported in
this paper are obtained from a GEM detector having the ID “GE1/1_X_S_INDIA-00YY” (where
“YY’ stand for ‘02°, ‘07, ‘08’, ‘09’, ‘10°, ‘15, ‘167, ‘17’).
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Figure 4. Left: Fixing the gas connector onto the readout board, Middle : Cleaning of the
GEM foil with the anti-static roller, Right : Placing the internal frame after testing.

Figure 5. Left : Assembled GEM stack, Middle : Finalizing the stretching of the stack, Right
: Assemble detector and testing the induction gap

3.2. Quality control testing

3.2.1. Post-assembly QC2 test: To check again GEM foils after assembly if they are clean
or not by measuring the leakage current of the GEM foils and gas gap. The leakage current
is that current which flows from the top surface of the foil to the bottom due to the surface
conductivity. Due to deposition of some contaminants on the surface of foil in the form of
moisture or dust particles will increase this leakage. The detector is accepted if the impedance
of each foil and gap is above 10 G2 and 100 Gf2 respectively and the number of sparks are zero
after every minute over a period of 10 minutes. Similarly, an impedance also measured over all
24 Panasonic connectors and it should be greater than 100 GS2. If impedance does not fulfill
these criteria then there are might be some short circuit and in that case, the detectors have to
be reopened and fixed the issue in the clean-room. All the 8 detectors assembled at the Panjab
University site qualified the QC2-Leakage current test.

3.2.2. QC3 (Gas leak) test: If the first test goes fine, then we proceed for the QC3 test which is
Gas leak test to identify the gas leak rate of the detector by monitoring the drop of the internal
over-pressure as a function of the time. A typical QC3 system has 2 flow-meters, a micro-
controller based Arduino chip having 3 sensors for atmospheric pressure, internal gas pressure,
and temperature measurements stand prepared at the Panjab University is shown in Figure 6
(Left). The detector is connected in between the inlet and outlet of the calibrated gas system
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and filled with CO2 at the rate of 5 L/h. The chambers cannot sustain internal over-pressure
higher than 40-50 hPa. All chambers, except our first production chamber, were tested with an
initial over-pressure of 25 hPa, and its internal pressure is monitored for 1 hour. The internal
gas pressure is parametrized by P(t)=Ppexp(-t/7), where Py is the initial internal over-pressure
[15]. The QC3 acceptance limit is 7 > 3.04 hour, corresponding to a maximum acceptable gas
leak rate of about 7 hPa/hr. All the detectors successfully passed the QC3 gas leak test because
gas leak reduction rate is less than 7 hPa/hr as shown in Figure 6 (Right).

45

GAS LEAK STATION

GE1/1 Production Chambers
Quality Control: QC3 Gas Leak Test
Gas: CO,

40|~

35
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Figure 6. Left : Front view of QC3 Gas Leak Test Stand, Right : Results from the QC3 Gas
Leak Test on the GE1/1 detectors assembled at Panjab University.

3.2.3. QCY (High Voltage) test: After the QC3 test, the QC4 test is performed which is a high
voltage test to determine the voltage vs. current curve of the detector and to identify possible
malfunctions, defects in the HV circuit, and intrinsic noise rate in GEM detector. The detector
is shielded from the background noise with a ground shielding placed on the top of the readout
board. The GE1/1 detector under this test is first flushed with pure CO2 gas at least for 5 hours
at the rate of 5 L/h. The high voltage (VSET) is provided by programmable HV power supply
(CAEN SY5527) which allows the user to control the current limit (ISET), the steps to ramp up
and down the voltage, the maximum voltage, and the trip time. A high voltage low pass filter
was placed between the power supply and detector to reduce the electronics noise (by rejecting
the high frequency noise from the power supply) so that a stable voltage can be provided to
the electrodes [16]. The signal generated at the anode is processed using charged sensitive pre-
amplifier connected to the bottom electrode of the third GEM foil through a decoupling RC
circuit. Further to amplify and record the signal obtained from readout strips signal sent to
timing filter amplifier (TFA). The output of TFA is fed into the discriminator to convert it into
a rectangular digital pulse which further passes through a dual timer which generates a veto
signal to avoid the fake counts. Finally, the resulting digital pulse sent to a scaler and counter
unit for the rate measurement.

The discriminator threshold and the scaler clock are set to -140 mV and 60 s respectively.
The total resistance (R-multimeter) of the HV circuit (divider plus HV filters) is measured using
a multimeter and is used to calculate the current in the divider for every high voltage points.
The current limit ISET of the power supply is set according to the expected target value plus 5
1A, and the corresponding high voltage VSET is switched on. After the operating current and
voltage get stable, the values of actual voltage V,on, the current I,,,,, and the intrinsic noise
rate of the detector are recorded. The intrinsic noise rate is defined as the rate of signals not
arising due to ionization of the gas. The number of counts are measured using the scaler unit
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Figure 7. QC4 HV test experimental setup.

for interval of 60 s. These steps are repeated until the voltage reaches 4900 V on the detector.
The detector is ramped up to 3000 V in the step of 200 V and up to 4900 V in the step of 100
V. The I-V curve is plotted, which must be a linear, and is fitted by a straight line to determine
a resistance (“fitted resistance”). The reciprocal of its slope gives the resistance (RIV) of the
HV distribution system. This calculated resistance R_IV is then compared with the value of
measured resistance R_multimeter. The detector is said to pass the test if the deviation in
the resistance between R_multimeter and R_IV is < 2% because the deviation greater than 2%
indicates a loss of linearity. The maximum intrinsic noise rate should be < 100 Hz at the value
of current ~ 999 ;1A and this rate is below 1072 Hz/cm?, which is a negligible value with respect
to the 4.5 kHz/cm? background rate expected in CMS in standard operating conditions. Table
1 shows the value of measured resistance (R-multimeter) by multimeter, resistance (R-IV) by
IV curve, and the maximum intrinsic noise rate (at the value of current ~ 999 pA) for all the
detectors assembled at Panjab University. Figure 8 (Left) shows the monitored voltage (Vimon)
as a function of the monitored current (I,,,) and Figure 8 (Right) shows intrinsic noise rate as
a function of monitored current for different GE1/1 production chambers assembled at Panjab
University site. All the detectors successfully passed the QC4 HV test as deviation in resistance
is < 2% and maximum intrinsic noise rate is 11.88 Hz which is very less than 100 Hz . Some
data points of 8 chambers are overlapped, as the I-V relation of each chamber is similar to each
other.

-
Iy

V]

F - ~
= = - I i
£ 4500F GE1/1 Production Chambers " X [ GE1/1 Production Chambers
L “ [+>) = .
>E E Quality Control: QC4 High Voltage Test .-"_~° = 12f Quality Control: QC4 High Voltage Test e
E e® o L .
% 4000 E nonV,o) = 1 % Vo o* . o [ Gas: CO,-5L/h -
8 E [ — o 8 [ Qca acceptance limit: Intrinsic Noise Rate < 100 Hz at 4.9 kVg
% B3500F Gas:co,-5uLh ot S 10—
3 9000f ! = 2 T o -
E ‘mutimeter’ o, ® o _X_S_| - 3
g S3000E ™ x100% - o ‘s gl e GEI1-X_STINDIA 0008 .
S E QcCa acceptance limit: A8 <29, o o = N GE1/1_X_S_INDIA_0009 - -
= 2500F R P = F e GE1/1_X_S_INDIA_0010 o
S E P = - GE1/1_X_S_INDIA_0015 . .
— e  GE1/1_X INDIA_0002 6 GE1/1_X_S_INDIA_0016 e
= 2000} ee e GE/1 7X7§7INDIA70007 [L e GEI1 XS INDIA 0017 o0 %% eges”
E XS = o e%ece
1500F o e GE1/1_X_S_INDIA_0008 aF .
E . GE1/1 X S INDIA 0009 C -
1000 o ® GE1/1_X_S_INDIA_0010 - JoS
E - GE1/1_X_S_INDIA_0015 oF orci oo’ o
500 o % GE1/1_X_S_INDIA_0016 L e o
E e GE1/1_X_S_INDIA_ 0017 o oq e °®® oo
obTil 1 1 1 T T T T T o 1 & TS ST PIPRT L0 L Lk rivividl] 1
O 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Monitored Current | [LA] Monitored Current | [LA]

Figure 8. Left : Results from QC4 HV test, Right : Intrinsic Noise Rate as a function of
monitored current for different assembled GE1/1 production chambers.
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Table 1. Results from QC4 HV test showing the value of measured resistance (R-multimeter)
by multimeter, resistance (R_IV) by IV curve, and the maximum intrinsic noise rate (at the
value of current ~ 999 pA) for all the detectors assembled at Panjab University.

Detector ID Resistance by Multimeter Resistance by I-V curve Intrinsic Noise
(RIV)(MQ) (R_multimeter) (M) Rate(HZ)

GE1/1.X_S_INDIA_0002 4.67 4.69 11.88
GE1/1_X_S_INDIA_0007 5.00 5.01 3.50

GE1/1 _X_S_INDIA_0008 5.00 5.02 6.57

GE1/1 X_S_INDIA_0009 5.00 5.01 5.62
GE1/1.X_S_INDIA_0010 4.97 5.02 5.72
GE1/1_X_S_INDIA_0015 4.96 5.01 11.30

GE1/1 X_S_INDIA_0016 4.97 5.02 8.58

GE1/1 X_S_INDIA_0017 5.00 5.02 8.25

4. Conclusion

All the QCs test have been performed at Panjab University and the results are consistent as
recommended by the CMS GEM collaboration. In total, 8 production chambers have been
assembled and tested at PU site and shipped to CERN, Geneva and successfully installed in the
CMS detector. In future, Panjab university group will be receiving more kits of GEM detector
for assembly and testing.
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