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Abstract

The Standard Model of particle physics is a well-established framework which de-
scribes the nature of the matter in the universe and the way this matter interacts
with each other. Though it is a well-tested framework and acts as a fundamental
theory till now, it fails to describe various physics phenomena such as the existence
of dark matter and dark energy in the universe, matter-antimatter asymmetry in the
universe, prediction of neutrino masses and prediction of force carrier for the fourth
fundamental force i.e. the gravitational force. To address these questions, many
theories beyond the standard model have evolved with time such as the Grand Uni-
fied Theories, Supersymmetry, and String theory. These theories predict new gauge
fields and interactions. A common manifestation of these new gauge fields and in-
teractions is particles with TeV scale masses. One such particle is the heavy neutral
spin-1 gauge boson, Z', which arises from extensions of the electroweak symmetry of
the standard model. Z’ is assumed to be a mediator between visible and dark sector
solving the mysteries of dark matter and dark energy. Besides this, Z' with non-
universal coupling to fermions qualifies as the most suitable candidate to answer the
lepton flavour universality violating processes in the B-meson decays observed by
LHCDb, BaBar and Belle experiments. Additionally, recent results of the muon g-2
experiment at Fermilab strongly motivate the search for Z’ to explain the anomalous
magnetic moment of the muon. As Z' is predicted to be of the order of TeV mass,
it is well within the energy reach (14 TeV) of the LHC experiment at CERN. The
ATLAS and the CMS detector at the LHC have a wide range of Z’ search programs.
The recent results from these Z’ searches have eluded the discovery thus far. These
searches have assumed the production of Z’ via Drell-Yan process at the LHC with
sizable coupling to light quarks. One hypothesis is that the Z' coupling to quarks

is smaller than that required for sensitivity in the Drell-Yan Z’ searches.

To complement these searches, a new search for Z' boson produced via vec-
tor boson fusion (VBF) processes is presented in this Thesis. The VBF processes

consider smaller Z' coupling to light quarks and allow the coupling to standard



model vector bosons (W or Z). Of particular interest are models with enhanced
Z' couplings to third-generation fermions, which may explain the B-meson anoma-
lies observed at LHCb, BaBar, and Belle experiments. Extensions to the standard
model, proposed as an explanation for the high mass of the top quark, also predict Z’
bosons that typically couple to third-generation fermions, motivating the Z' — 77
decay states. Additionally, since Z' coupling to the standard model vector bosons
is allowed, therefore, the Z' — WW decay width can be large, and thus motivates

using this decay channel to re-interpret results for the Z' — WW scenario.

In this Thesis, we report the first results of the search for Z’ through VBF pro-
cesses at the LHC, using proton-proton (pp) collision data at the center-of-mass en-
ergy of 13 TeV collected by the CMS detector. The search comprises two decay chan-
nels of VBF Z' — 77 and VBF Z' — WW production: Z' — (WW —)77 — 7.7,
and Z' — (WW —)77 — 7,73, where 7, and 7, are the leptonic decays of tau lepton
and 7, refers to hadronically decaying tau lepton. The potential backgrounds are es-
timated using data-driven techniques and excess of events above the standard model
background predictions are investigated for. In the absence of significant excesses
over standard model predictions, 95% CL upper limits on the cross-section times
branching ratio are calculated and the estimated value is presented as a limit. For a
broad and generic discussion, the upper limits are calculated for various coupling sce-
narios with different values of branching ratios of VBF Z" — 77 and VBF Z' — WW
decays. With the present analysis, Z' for masses lower than 1.77 TeV is excluded for
B(Z" — 77) = 20% with enhanced coupling to third-generation fermions. Similarly,
the Z' for masses lower than 1.20 TeV is excluded for B(Z' — WW) = 80% with
enhanced coupling to third-generation fermions. These are the first and the most

stringent limits set so far.

The present Thesis is also based on the upgradation of the CMS muon detector
system with the gaseous electron multiplier (GEM) detectors. These detectors are
added in the forward region of the muon detector system to improve the triggering
of the forward muons and to increase the reconstruction performance of muons.

A total of 144 GEM detector chambers are installed during the long shutdown 2



(LS2) period, out of which 8 of the chambers are assembled and tested at Panjab
University, Chandigarh. A brief summary of the assembly procedure and the testing
of the fabricated chambers is presented in the Thesis. This Thesis also presents the
sensitivity studies for the GEM detector for different background particles such
as hadrons, electrons, positrons and neutrons. These studies are performed using
FLUKA and GEANT4 simulation packages. The results are then compared with
the pp collision data collected by the GEM chambers installed in the CMS detector
during 2017 and 2018 LHC runs. The results obtained from the simulation agree
well with the data collected by the slice test of GEM detectors in CMS.

The present Thesis also covers radiation damage studies of the barrel hadron
calorimeter (HB) and the endcap hadron calorimeter (HE) using isolated muons
from the pp collision data. These radiation damage studies measure the depletion
in the light yield of the plastic scintillators of the HB and the HE as a function of
the LHC delivered luminosity. In the present analysis, it is observed that the towers
in the central barrel region show a very small degradation, i.e., of the order of 2%.
However, the level of degradation increases in the endcap. It is found that the towers
in the forward region of the endcap show 15% degradation in their light output as
compared to their observed light output in the beginning of 2018 data-taking.
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Chapter 1

Introduction

Particle physics is a field of physics that deals with the nature and properties of
particles at the sub-atomic level. It explains the fundamental laws which govern the
matter in the universe. Many theories and experimental evidence supporting the
predictions have resulted in a benchmark model for particle physics, known as “The
Standard Model (SM) of particle physics” [1]. SM started coming into the picture
during the 1960s with a collective worldwide effort to combine theory and experi-
ment. The discovery of various particles led to the proposal that nucleons have an
internal structure. The whole spectrum of new particles was discovered in different
particle physics experiments during 1960 and ’70s as shown in Figure [[.1l Murray
Gell-Mann gave the concept of “Eightfold Way” to arrange the baryons and mesons
into geometrical patterns depending upon their charge and strangeness [2]. This con-
cept reduced all of the particles known at the time down to just a few elementary
ones. By applying the famous mathematical theorem developed by Emmy Noether
in 1918 [3] which links symmetries with nature’s conservation laws at the subatomic
level, the fundamental particles were arranged in lists and groups, much like the
periodic table of elements. This helped particle physicists to look for patterns and
links. By the mid-1970s, the theory was well-established and became popular as the
Standard Model. The SM successfully explains the fundamental particles and forces

acting between them. The discovery of Higgs Boson of mass 125 GeV at the Large
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Hadron Collider (LHC) in the year 2012 is under the predictions of the SM
and provided the final piece of the Standard Model puzzle. The postulates of the
SM are well tested by different experiments at the Large Electron-Positron (LEP)

collider, Tevatron, B-factories, etc.

I The Standard Model of particle physics |L;-'pmnei | Theorised/explained
0s0ns

Years from concept to discovery Quark | Discovered
1drKs

1880 90 1900 10 20 30 40 50 60 70 &0 90 2000 12
Electron I |
Photon | i
Muon [ ]
Electron neutrino I |
Muon neutrino | {
Down b1
Strange =
Up H
Charm I
Tau I
Bottom -
Gluon | |
W boson i |
Z boson | |
Top I |
Tau neutrino | |

HIGGS BOSON | i

Source: The Economist

Figure 1.1: Spectra of SM particles and their year of discovery @]

1.1 Standard Model

The Standard Model is a quantum field theory (QFT) describing the fundamental
particles and the forces acting between them. These fundamental particles are the
building blocks of the matter and present day visible universe. This theory started
coming into picture when in 1928, Paul Dirac for the first time proposed the incor-
poration of relativity with the quantum mechanics of the electrons which resulted

in Dirac and Klein-Gordan equations . The SM, which is actually a Lagrange
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density (Lagrangian), remains invariant under various symmetry transformations.
For example, the symmetry (or invariance) of a Lagrangian under spacetime trans-
lations implies that the resulting dynamics will conserve energy-momentum. Gauge
symmetry, on the other hand, ensures that particle interactions will conserve the
currents associated with the corresponding gauge field (implying e.g. conservation
of electric charge for the photon gauge field). The SM describes the strong interac-
tion, represented by the theory of Quantum chromodynamics (QCD), and the weak
and the electromagnetic interaction, combined in the Electroweak Theory (EWT).
Gravity, as described by Einstein’s General Theory of Relativity, is the only known
fundamental force, which is not described by the SM framework. The SM is a

non-Abelian gauge theory built on the following symmetry group:

SUB)e © SU2), ®U(l)y (1.1)
—— ~

~
Strong Interaction  Electroweak Interaction

where Y stands for hypercharge (Y = B + S, where, B represents Baryon
Number and S the Strangeness), L for weak isospin and C for color charge. The
particles and interactions described by each symmetry group are discussed in the

next Subsections.

1.1.1 Particles of the Standard Model

According to the SM, the fundamental particles which are the building blocks of the
matter are spin 1/2 particles which obey Fermi-Dirac statistics and are known as
fermions [8] |9]. These fermions are further divided into two categories, leptons and
quarks. Leptons and quarks have three generations with increasing mass in each
generation. All the visible universe is made up of first generation fermions. The
second and third generation fermions are unstable. They have a very short lifetime,
and decay quickly to first generation. The first generation of leptons includes elec-
tron (e) and electron neutrino (v,) which are stable forever. Similarly, the second

generation includes muon y and corresponding muon neutrino (v,), while the third
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generation includes the tau (7) lepton and tau neutrino (v,). Electron, muon and tau
are charged leptons with electric charge of —1e whereas their respective neutrinos
are charge neutral. Apart from their electric charge, leptons also carry additional
quantum numbers: the lepton flavour number (L./,/,) and the weak isospin (I3).
All the leptons have their anti-particles, known as anti-leptons, with reversed signs

of all quantum numberﬂ.

In the quark family, the first generation of quarks consists of “up” (u) quark
which carry electric charge of +2e/3 and “down” (d) quark which carry electric
charge of —1e/3. These quarks combine to form protons and neutrons within the
atom. The second generation of quarks has “strange” (s) and “charm” (c) quarks
with electric charge of +2e/3 and —1e/3, respectively, and are slightly massive than
the first generation quarks. Similarly, the third generation of quarks contains “top”
(t) and “bottom” (b) quarks with electric charge of +2¢/3 and —1e/3, respectively,
with top quark (with mass 171.77 GeV) being the heaviest in the entire quark family.
Like leptons, quarks also carry different flavour numbers: the baryon number (B),
strangeness (S), charmness (C'), bottomness (B') and topness (T). There are six an-
tiquarks present in the SM with reversed signs of all quantum numbers. In addition
to this, the quarks carry a quantum number, the color charge, that is always pre-
served in the SM interactions. Each quark flavor may exist in three different colors:
red (R), blue (B) or green (G); the antiquarks, instead, have the anti-colors (anti-
red, anti-blue and anti-green). Quarks cannot exist alone but only together with
other quarks, exclusively forming states with no color charge. These color-neutral
bound states are called hadrons and they are divided in baryons and mesons. For
example, the mesons are composed of one quark and one antiquark and the baryons
are made out of three quarks. There are also more exotic situations of quarks bound

states, like tetra-quarks or penta-quarks, composed of 4 or 5 quarks, respectively.

Besides fermions, SM contains 12 spin-1 gauge bosons which are force carriers

or mediators of interactions between the fermions. The latest addition in the SM

'In the SM, neutrinos are massless Dirac particles, which have anti-particles. The possibility
for neutrinos to be their own anti-particles (Majorana particles), is still under investigation.
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is the “Higgs Boson”, which is a scalar boson (spin-0) and is responsible for the
mass of SM particles. These bosons carry integral spin and obey Bose-Einstein
Statistics [10]. Figure shows the fermions and gauge bosons categorized in their
respective generations. The properties of fermions |11] are listed in Table

1 st 2nd 3rd
(( YR YA R
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-1 -1 BT 0
12 S 17 72| 1
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e T3 l’l I3 T | y |
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Figure 1.2: Particles of the Standard Model [12].

Generation Leptons Quarks
Flavor Charge Mass(MeV) | Flavor Charge Mass(MeV)

1 e -e 0.51 u +2e/3 2.2
v, 0 <2.2x107° d /3 4.7

2 M e 105.66 c +2¢/3 1.27x10°
Yy 0 <0.17 s -e/3 96

3 T e 1.78 x10° t +2e¢/3  17L.77x10°
v, 0 15.5 b /3 4.18 x10°

Table 1.1: Properties of fundamental particles in the Standard Model [13].

1.1.2 Forces acting between Fundamental Particles

There are four fundamental forces through which all the matter in the universe inter-
act with each other: Strong, Electromagnetic, Weak and Gravitational. These forces

are mediated by spin-1 gauge bosons and depending on the mass of their mediator,
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these forces are characterized based on their strength and range of interaction. A

brief description of these fundamental forces is given below:

1. Strong Interaction: This force acts between the quarks and is the strongest
interaction which binds the nucleus of an atom together. It is mediated
by massless gluons and has a very short range of the order of 1 femtome-
ter (107"°m) which is about the size of a nucleon. The strong interactions
are described by Quantum Chromodynamics (QCD) with a symmetry group
SU(3)¢. The particles interacting via strong interaction (quarks) require an
additional charge, called color charge. The strength of the strong interactions

is given by a strong coupling constant, o, which is expressed as:

2
_ 9

=% (1.2)

aS
where g, is the QCD gauge coupling. The a, behaves differently at low and
high energies depending on the four-momentum (Q*) transferred and is re-

ferred to as running coupling constant which is given by:

(@) = ——— (13)
(33 — 2Np)In(—2—)

2
AQep

where Aéc p ~ 200 GeV, represents the QCD scale. Figure shows the trend
of running coupling constant () as a function of @), together with several

measurements.

For very small distances and high values of Q?, the quark-quark coupling
decreases, vanishing asymptotically. At very large values of Q?, the quarks are
considered as “free”. This property is known as “Asymptotic freedom” [15]. On
the other hand, at very small values of Q?, the quark-quark coupling becomes
very large which accounts for the stability of the nucleus. This property is
known as “Quark Confinement” [16]. A large amount of energy is required to
separate these confined quarks. As a result, the color force breaks into new

quark-antiquark pairs conserving the energy and other quantum numbers.
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Figure 1.3: Diagram representing the trend of running coupling constant («y) as a
function of @ [14].

2. Electromagnetic Interaction: This interaction is governed by Quantum
Electrodynamics (QED) with U(1)y symmetry group. This force exists be-
tween particles carrying an electric charge via exchange of photons () which
are electrically neutral and massless force carrier for these interactions. This is
a long range force and is inversely proportional to square of the distance. The
strength of these interactions is given by fine structure constant («) which has

a value ~ 1/137.

3. Weak Interaction: This force is a short range force and acts on the sub-
atomic level. The force carriers for this interaction are heavy vector bosons:
W= and Z, and are described by SU (2);, symmetry group. The weak in-
teraction acts between both quarks and leptons, and is stronger than the

gravitational force at the subatomic scale.

Unlike QED, the theory of weak interactions was nonrenormalizable which
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makes the higher order effects difficult to calculate. To solve this discrepancy,
the unification of Electromagnetic Interaction and Weak Interaction into a
single theory, known as FElectroweak theory, was proposed by Glashow, Salam
and Weinberg [17] [18]. This unification led to a new type of interaction,
known as “Electroweak (EW) interaction” which comes into picture beyond

the EW scale (~100 GeV).

The electroweak interaction is explained by non-Abelian gauge symmetry
group : SU(2);, ® U(1)y, where L represents left handedness and Y is the
hypercharge defined as Y = 2(Q — T3) with @ as particle’s charge and T
as weak isospin. The third component of weak isospin, 7° defines the ar-
rangement of left handed (negatively chiral) fermions which can transform
each other through the absorption or emission of a charged boson W*. The
SU(2), introduces three fields with 7% : £1/2 and 0, corresponding to three
gauge bosons: W', W, W°. Similarly, the symmetry group associated to
the weak hypercharge U(1)y gives rise to one gauge field, B,. Thus, the uni-
fied symmetry group, SU(2); ® U(1)y, proposes four force carrying bosons :
photon, positively charged and negatively charged W’s and neutral Z to be

described as compositions of the same underlying states.

However, the unification does not predict mass terms for weak bosons (W=, Z)
which actually have a mass. To resolve this discrepancy, a spontaneous sym-
metry breaking mechanism was proposed by Brout, Englert, Higgs (BEH) and
others simultaneously in the 1960s [19] [20]. With this proposed mechanism,
mass terms are generated by breaking the local gauge invariance in the sym-
metry group SU(2); ® U(1)y and introducing a new scalar field, the Higgs
field, ¢. This leaves the Lagrangian invariant under a given symmetry, while
the state with lowest energy (ground or vacuum state) is not. Once the vac-
uum state is attained, the SU(2); ® U(1)y symmetry group is spontaneously
broken, giving rise to three massive Nambu-Goldstone bosons which give mass
to gauge bosons W* and Z and an additional neutral massive scalar particle

H°, the Higgs boson. The vacuum state (or ground) is invariant under U(1),
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symmetry subgroup transformations, leaving the photon v massless.

The spontaneous symmetry breaking mechanism was incorporated in EW the-
ory in the late 1960s by Weinberg and Salam [21] [22]. Later t'Hooft published
the proof describing that non-Abelian gauge field theory with spontaneous
breakdown of gauge symmetries is renormalizable [23]. The discovery of W=
and Z bosons at CERN in 1983 by the UA1 and UA2 experiments further
strengthened the theory [24]. After decades of probing for new physics, a new
particle consistent with the SM Higgs boson with mass 125 GeV was finally
discovered at the LHC in 2012 [4] [5].

4. Gravitational Interaction: This force is a long range force (infinite range)
and is attractive in nature. This is the weakest force among all the fundamental
forces and has relative strength of 10™® with respect to the strong force at the
atomic scale. This force is predicted to be mediated by a gauge boson called

“graviton” which has not been observed experimentally yet.

Table [1.2] lists the fundamental forces and their properties with their relative

strengths at the atomic scale.

. . . Mass Relative strength
Interaction =~ Mediators ~ Charge Spin (GeV) Range (m) ot atomic scalo
Strong 8 gluons (g) 0 1 0 1077 1
EM Photon (7) 0 1 0 00 1072
W= +1 1 80.40+0.03 s o
Wealk Z 0 1 oLis+0.01 10
Gravitational ~ graviton 0 2 0 00 107

Table 1.2: List of fundamental interactions known in nature |13].

The SM of particle physics has been extremely successful in predicting and
explaining the present day universe. Nometheless, it presents several limitations

which are briefly discussed in the next Section.
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1.1.3 Shortcomings of the Standard Model

The SM of particle physics has been an extremely successful theory in explaining
various particle physics phenomena. Nonetheless, it remains unsuccessful in explain-
ing several fundamental phenomena in nature, indicating that SM is not a complete

theory. Below are the main limitations of the SM:

e Hierarchy Problem: The spontaneous symmetry breaking mechanism in-
troduces masses to the SM particles by the vacuum expectation value of the
Higgs field. However, the bare Higgs boson mass (m p,,.) receives large quan-
tum loop corrections (Am%) from every particle that interacts with the Higgs
field :

mpg = mH,bare + Am%—[ (14)

These corrections are possibly a contribution from fermions or heavy scalars

coupling to the higgs field and its contribution is given by:

)\ 2
Ami ;= —|87f;|2 Aby + ... (1.5)

where A, measures the coupling between fermions and Higgs field and ALy
defines the energy scale at which new physics would enter. Now considering
the contribution from top quark with Ay ~ 1 and assuming SM valid up to the
Planck scale i.e. Ay = m%, the quantum corrections becomes huge, Am7,
~ 0(1030). To get the observable Higgs mass of 125 GeV, the bare mass has to
be fine tuned to 34 digits. Therefore to stabilize the Higgs boson mass, a new
mechanism is needed, which typically requires new heavy particles to cancel

the contributions from the loop corrections.

e Gravity: SM fails to explain the fourth fundamental force in nature i.e. the
gravitational force. The force carriers for other fundamental interactions are
well predicted by the SM but it fails to explain the hypothetical carrier of the

gravitational force, the spin-2 graviton.
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e Dark Matter: Latest results from Cosmological observations [25] |26] have
shown that the composition of the universe requires much more matter than
the of visible matter. SM only explains the 5% of the visible universe. The
remaining 25% is composed of dark matter that either interacts very weakly
or not at all with the SM fields. These “Weakly Interacting Massive Particles”
(WIMP) are predicted to have mass around ~ few GeV to ~ 500 GeV [27] and
interact with themselves and with other matter only through weak force and
gravity. Such particles are not described by the SM. The remaining percentage
of the universe (~70%) is predicted to be composed of dark energy which is
responsible for the accelerated expansion of the universe [28] [25]. SM does

not describe the nature of any such mechanism.

e Matter-Antimatter Asymmetry: At the big bang, the universe should
have equal parts of matter and antimatter. However, the present day universe
is composed of only matter. The absence of antimatter in the present day
universe indicates that either the matter and antimatter are separated away
in space or some unknown mechanism has resulted in excess of matter. While
the SM does have some CP violation which allows for some matter-antimatter
asymmetry [29] [30], but the effect is insufficient to explain the observed asym-

metry in the universe. Hence, this is still an open question.

e Neutrino Masses: SM predicted neutrinos to be massless Dirac particles.
But the observation of neutrino oscillations (v, — v, or v, — v, ) by various

experiments [31] [32] requires the neutrinos to have mass, though very small.

In order to address these phenomena, several possible extensions to the SM
have been proposed over the last few decades. Some of these theories are briefly

discussed in the next Section.
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1.2 Physics beyond the Standard Model

The success of gauge theory to describe particle physics, and in particular the Higgs
mechanism for spontaneously breaking symmetry in the Electroweak sector encour-
aged several theoretical physicists to propose theories containing additional gauge
groups to resolve the limitations of the SM. It was predicted that the SM actually
can be a part of a more fundamental underlying theory, such as grand unification or
superstring theory, perhaps combined with supersymmetry broken at the TeV scale.

Some of the important theories are briefly discussed as follows.

1.2.1 Grand Unified Theories

Grand Unified Theories (GUTSs) proposes the unification of electroweak and strong
interactions into a single force much like the SM, as it does for electromagnetic and
weak interactions. This concept was first proposed by Howard Georgi and Sheldon
Glashow [33]. GUTs require the unified group to be a simple group, e.g., SU(5),
SO(10), or E6 and it must satisfy two conditions: SM group must be a subgroup
of this unified group and it must have complex representations that reproduce the

chiral structure of the SM [34].

The SU(5) model:  The smallest gauge group to postulate is SU(5) [35] [36],
which allows a very neat representation of all the SM particles. This unified group
SU(5) is then assumed to be spontaneously broken into the standard model subgroup
below a very high energy scale called the grand unification scale (~ 10'° GeV). SU(5)
is a group of unitary 5x5-dimensional matrices with unit determinant and consists
of 24 traccless, Hermitian matrices (n®> — 1). In this model, all the left-handed
fermions of a single generation fell into two representations of the group, 5 and 10

in the following way with the possible addition of an SU(5)-singlet right-handed
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neutrino field vp.

ds 0 wus —uy; wu d;
ds —uy 0wy uy dy
B=| a5 |.10=] u§ —u¢ 0 uy ds (1.6)
e —uy —uy —uz 0 €
—v —d, —dy —dy —e° 0

where d; and u; are left-handed up and down quark, d; and u; are their right-handed
counterparts, v is the neutrino and e, ¢ are the left and right-handed electron.
The full SM particle content is contained in the three generations of the following
representation:

SM=5®1031 (1.7)

The spontaneous symmetry breaking of SU(5) occurs when GUTSs scalar field, anal-

ogous to the Higgs field, acquires a vacuum expectation value (VEV).

SU(5) — SU(3) x SU(2) x U(1) (1.8)

This way, the 24 symmetry generators of SU(5) are broken into the 8 + 3 + 1
generators of the SM. This leaves 12 new massive gauge bosons that will generically
couple quarks and leptons in the same interaction. These new massive bosons will

mediate proton decay, among the many new interactions.

Eg model:  Another popular unification gauge group is the Fg group which is
large enough to contain the SM as a subgroup [37] [38]. It is of rank 6, and breaks un-
der spontaneous symmetry breaking to SO(10)x U (1) or SU(3)oxSU(3),xSU(3) .
Each fermion family is assigned to an irreducible 27-dimensional representation of

the group, which contains the SM fermions plus exotic fields as:

2T~50100 1650501 (1.9)
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The first three representations are precisely the set needed for the SM and the 1 is
an additional SM singlet which can break the U(1), symmetry when it obtains a
vacuum expectation value. The 5@ 5 contains new predicted exotic fermions which
can be given masses when U(1), symmetry breaks. The higher-scale breaking of Ej
is given as:

Eg — SU((5) x U(1) x U(1) (1.10)

The particles associated with the U(1)s are new, heavy gauge bosons which can gain
mass through the addition of more Higgs fields and potentially couple to the matter
fields of the SM.

Sequential Standard Model:  Another well motivated and the most basic ex-
tension of the SM is the Sequential Standard Model (SSM) [39]. It predicts the new
gauge boson as the heavy version of the SM Z boson which has same coupling to
the fermions as the SM Z boson but with suppressed coupling to W and Z bosons.
This model proposes the additional U(1)" symmetry to the existing SM structure
(SU3)e x SU(2),®@U(1)y). Like SM Z boson, this Zgg,, is predicted to decay into

known SM fermion-antifermion pair.

1.2.2 Supersymmetry

Supersymmetry (SUSY) refers to possible relations between the spectrum and inter-
actions of fermions and bosons. A supersymmetry transformation turns a bosonic
state into a fermionic state, and vice versa [40]. The operator @) that generates such

transformations must be an anti-commuting spinor, with

Q|Boson) = |Fermion), Q|Fermion) = |Boson) (1.11)

In supersymmetry, each particle from one class has an associated particle in the
other, known as its superpartner, the spin of which differs by a half-integer. For

example, if the tau lepton exists in a supersymmetric theory, then there would be
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a particle called a “stau” (superpartner tau), a bosonic partner of the tau. One
of the most attractive features of SUSY is that it can stabilize the electroweak
scale against quantum corrections and hence solves the hierarchy problem [41] and
provides a mechanism for dynamic electroweak symmetry breaking [42]. In addition,
with R-parity being conserved [43], the lightest supersymmetric particle (LSP) is
stable and cannot decay. Therefore, SUSY automatically predicts the existence of
a Dark Matter candidate and can easily produce scenarios with the correct relic

abundance [44] [45].

1.2.3 String Theory

String theory is a candidate for a unified theory of the four fundamental interactions:
electromagnetic, weak, strong, and gravitational. The basic idea of this theory is
that matter does not consist of point-like particles but rather strings extended in one-
dimension [46-48]. These one-dimensional strings oscillate and look like localized,
particle-like excitations at low energy. Thus, depending on the state of oscillation,
a single oscillating string can give rise to different kinds of particles. An interesting
feature of this theory is that it automatically contains a massless spin-2 particle,
which can be identified as the graviton. Thus, string theory is a natural candidate for
a complete theory of quantum gravity. The natural energy scale for quantum theory
of gravity is at the Planck scale ~ 10'® GeV, which is well beyond any current testable
energy regime. String theory incorporates many different possible extensions to the

SM, including gauge unification, supersymmetry, and extra dimensions.

Each of these extensions predicts new gauge fields and interactions beyond the
SM. The common manifestation of these interactions is particles at the TeV scale.
One such particle is a heavy neutral spin-1 gauge boson, Z’, which arises from the
extensions of the electroweak symmetry of the SM. The new U(1) gauge symmetry
arising in Fy model predicts a new gauge boson Z'(6) = Z{pcose + Z;(sme where 6
is the mixing angle determining the coupling of Z’ to fermions. Similarly, the SSM

is the most commonly used model, which assumes the Z' gauge boson has same
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couplings to fermions as the SM Z boson and assumes no coupling to the W and Z
bosons. Similar to the discovery of the Higgs boson, hypothetical Z' boson arising

from new gauge symmetries is another example of new massive resonances that can

be searched for at the LHC.

1.3 Search for Z' at the LHC

In most of the proposed new physics models, the symmetry breaking scale is at
high energy (O(~ TeV)) accounting for non-observation of the Z’ boson at LEP
and Tevatron. The Z' predicted by these models is in reach of the Large Hadron
Collider experiment at CERN. The current searches for Z’ are carried out by mainly
two detectors: Compact Muon Solenoid (CMS) detector [49] and A Toroidal LHC
ApparatuS (ATLAS) [50] which are general purpose detectors situated at the LHC
ring. The search for Z' conducted thus far considered the direct production of
7' through quark-antiquark annihilation, known as the Drell-Yan process [51] [52].
Representative Feynman diagram for the production of Z’ and their decay to lepton

pair of either electrons or muons or taus is shown in Figure[1.4] Recent search by the

q £

g 4

Figure 1.4: Representative Feynman diagrams for the Drell-Yan production of neutral
heavy gauge boson Z'.

CMS Collaboration, targeting Z’ proposed by the E6 model (Zz/p> and the Sequential
Standard Model (Z4g;), considered Z" — ee/u" 1~ decay. In this search, no excess
above SM expectations has been observed and excluded Zsgy, (Z;) below 5.15
(4.56) TeV [53] as shown in Figure (left). These are the most stringent limits
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set so far by CMS for Z’ decaying to first (e"e”) and second (u" ™) generation
leptons. ATLAS Collaboration at CERN performed a similar search for the Z’,
assuming production via Drell-Yan mechanism, targeting E6 motivated pr and SSM
motivated Zgg),. No deviation from SM expectations has been observed thus far
and excluded Zy, (Zggy,) for masses below 4.5 (5.1) TeV [54] as shown in Figure

(right). The Z’ search via Drell-Yan mechanism necessitate a sizable coupling for
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Figure 1.5: 95% CL exclusion limit on the product of the production cross-section
and the branching fraction for Z' relative to the product of the production cross-
section and the branching fraction for a Z boson as a function of Z’ mass obtained by
CMS [53] (left). Upper limits at 95% CL on the cross-section times branching fraction
as a function of Z’' mass obtained by ATLAS [54] (right).

the Z' to light quarks (k,) for large production cross-sections. One hypothesis as to
why the Z’ boson has eluded discovery in the searches conducted thus far is that the
coupling for Z’ to light quarks is actually smaller than that required for sensitivity
in the DY searches. These searches can be complemented by investigating the vector

boson fusion production mode of Z’ as discussed in the next Section.

1.4 Vector Boson Fusion production of Z’

Vector Boson Fusion (VBF) process is an electroweak mechanism in which the in-
coming quarks from the LHC radiate vector bosons that undergo fusion forming
the particle under study (i.e. Z'). This process occurs in t-channel [13] and gives

two quarks (or jets) in the forward regions of the detector having large dijet invari-
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ant mass. Additionally, no QCD color is exchanged in these processes leading to
suppressed hadronic activity between the two forward jets. This distinct topology
provides good discrimination against any kind of QCD background processes thus
providing the motivation for the analysis reported in this Thesis. Figure [1.6| shows
the Feynman diagram for the VBF production of Z’. In this new approach, the Z’
produced via VBF process is considered to couple to SM fermions similar to SM
Z boson, much like as in Sequential Standard model but with allowed coupling to

heavy vector bosons (g, V=7 or W).

Figure 1.6: Representative Feynman diagram for the VBF production of neutral heavy
gauge boson Z'.

Unlike Drell-Yan mechanism, Z’ coupling to quarks in VBF processes is con-
sidered to be small (k, < 0.3). As a result, the sensitivity of this search is higher
than the traditional DY Z’ search conducted thus far [55]. As can be seen in Fig-
ure VBF Z' signal significance gets higher than DY Z’ at smaller coupling to
quarks (k, < 0.3). Furthermore, VBF processes become increasingly more impor-
tant for probing large mass scales due to collinear logarithmic enhancements in the

production cross-sections [56-5§].

To allow a broad and model-independent search, the Z' coupling to heavy
vector boson, g, is kept as a free parameter. The range is constrained naturally

by the limits of no Z'VV coupling and a very broad Z' decay width. The maximal
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Figure 1.7: The ratio of VBF Z’ to traditional Z’ signal significance, as a function of
kg and for fixed ry =1 [55].

allowed coupling of Z’ to vector bosons is given by:

max MW 2
gZIVV = (53 X M_Z/) (112)
where M, is the mass of W boson. Hence, Z' coupling to vector bosons can be

written as :

Izvv = Kv X Gy (1.13)

where ky < 1, to avoid unitarity violation. In addition to this, there is a strong
motivation to consider enhanced coupling to third generation fermions (proposed
by topcolor-assisted technicolor model) [59] to answer B-meson decay anomalies
observed by LHCb, BaBar and Belle experiments [60-63]. The idea of the model is
that the fermions gauge groups are split into two SU(2). One for the light fermions
of the first and second generation and one for the heavy third generation. The two
groups would mix and result in the SM gauge bosons plus heavy gauge bosons.
While the light bosons would have a universal coupling to all fermions, the new
heavy gauge bosons would have a non-universal coupling. To parameterize this
possibility, two couplings can be introduced, ¢, and g, for the light and heavy

fermions, respectively.
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In the context of enhanced coupling to third generation fermions, Z’ decaying

to 7

7~ is considered. Besides this, due to pure electroweak production of Z’ in
the VBF processes, the SM jet backgrounds are suppressed significantly leading
to increased signal sensitivity for this channel. In addition to this, with allowed
coupling of Z' to the SM vector bosons, the Z' — WW decay width can be large,
and thus VBF Z' decaying to WW is considered for re-interpretations. In light of
these facts, the first LHC search for the Z' produced by the VBF mechanism at

center-of-mass energy of 13 TeV is performed and presented in this Thesis.

1.5 Organization of the Thesis

This Thesis is based on the participation in the CMS experiment with detector
performance studies and the search for physics beyond the standard model. The

layout of the Thesis is as follows:

Chapter 1 covers a brief overview of the Standard Model (SM) and its findings and
shortcomings. The need for the physics beyond Standard Model and motivation for
the search for Z’ through VBF processes is also presented in this Chapter.

Chapter 2 gives a brief overview of the Large Hadron Collider (LHC) and the
various detectors at the LHC. The main emphasis is given on the Compact Muon
Solenoid (CMS) detector on which present study is based on. A brief overview of

the various sub-detectors of the CMS detector has also been presented.

Chapter 3 gives a brief description of the event generation methodology with dif-
ferent Monte Carlo event generators, simulation of the detector geometry and recon-
struction of the particles in the detector. Also, a brief overview of the reconstruction
of various physics objects used in the analysis such as electron, tau lepton, muon,

jets and the missing transverse energy has been presented.

Chapter 4 covers the radiation damage studies of the Hadron Calorimeter (HCAL)

of the CMS detector using isolated muons from pp collision data.

Chapter 5 covers the details of the analysis workflow for the search for Z’ through
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VBEF processes using the data collected by the CMS experiment at the center-of-mass
energy of 13TeV. In this Chapter, the signal and potential background processes
have been discussed in details. The estimation of each contributing background
process in the high mass region i.e. signal region is presented along with the final

results.

Chapter 6 summarizes the experimental results and observations of the physics

analysis performed in this Thesis.



Bibliography

[1] M. Herrero, “The Standard model”, NATO Sci. Ser. C' 534 (1999) 1-59,
doi:10.1007/978-94-011-4689-0_1, arXiv:hep-ph/9812242.

[2] M. Gell-Mann, “A Schematic Model of Baryons and Mesons”, Phys. Lett. 8
(1964) 214-215, doi:10.1016/S0031-9163(64)92001-3.

[3] E. Noether, “Invariant Variation Problems”, Gott. Nachr. 1918 (1918)
235-257,|d01:10.1080/00411457108231446| arXiv:physics/0503066.

[4] CMS Collaboration, “Observation of a new boson at a mass of 125 GeV with
the CMS experiment at the LHC”, Physics Letters B 716 (Sep, 2012)
30-61,doi:10.1016/j.physletb.2012.08.021l

[5] ATLAS Collaboration, “Observation of a new particle in the search for the
Standard Model Higgs boson with the ATLAS detector at the LHC”, Physics
Letters B 716 (Sep, 2012) 1-29, doi:10.1016/j.physletb.2012.08.020.

[6] Quantum Theory Timeline.

https://particleadventure.org/other/history/quantumt.html.

[7] P. A. M. Dirac, “The quantum theory of the electron”, Proc. Roy. Soc. Lond.
A 117 (1928) 610624, doi:10.1098/rspa.1928.0023.

[8] E. Fermi, “On the Quantization of the Monoatomic Ideal Gas”, arXiv (12,
1999) arXiv:cond-mat/9912229.

[9] P. A. M. Dirac, “On the Theory of quantum mechanics”, Proc. Roy. Soc.
Lond. A 112 (1926) 661677, doi:10.1098/rspa.1926.0133.

22


http://dx.doi.org/10.1007/978-94-011-4689-0_1
http://www.arXiv.org/abs/hep-ph/9812242
http://dx.doi.org/10.1016/S0031-9163(64)92001-3
http://dx.doi.org/10.1080/00411457108231446
http://www.arXiv.org/abs/physics/0503066
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1016/j.physletb.2012.08.020
https://particleadventure.org/other/history/quantumt.html
https://particleadventure.org/other/history/quantumt.html
http://dx.doi.org/10.1098/rspa.1928.0023
http://www.arXiv.org/abs/cond-mat/9912229
http://dx.doi.org/10.1098/rspa.1926.0133

BIBLIOGRAPHY 23

[10]

[11]

[12]

[13]

[14]

[20]

D. Greenberger, K. Hentschel, and F. Weinert, “Compendium of Quantum
Physics”. 2009. |doi:10.1007/978-3-540-70626-7.

M. Goldhaber, “A closer look at the elementary fermions”, Proceedings of the
National Academy of Sciences 99 (Jan, 2002) 33-36,
doi:10.1073/pnas.221582298.

The Standard Model.
https://www.physik.uzh.ch/groups/serra/StandardModel.html.

D. H. Perkins, “Introduction to High Energy Physics”. Cambridge University
Press, 4 edition, 2000. |doi:10.1017/CB09780511809040.

Particle Data Group Collaboration, “Review of Particle Physics”, PTEP
2020 (2020), no. 8, 083C01, doi:10.1093/ptep/ptaalO4. and 2021 update.

H. D. Politzer, “Asymptotic Freedom: An Approach to Strong Interactions”,
Phys. Rept. 14 (1974) 129-180, |doi:10.1016/0370-1573(74)90014-3.

J. L. Marrero and A. R. Swift, “Color confinement and the
quantum-chromodynamic vacuum. II. Gluon propagation and the Coulomb
interaction”, Phys. Rev. D; (United States) 31:4 (2, 1985)
doi:10.1103/PhysRevD.31.917.

S. L. Glashow, “Partial-symmetries of weak interactions”, Nuclear Physics

22 (1961) 579-588, doi:https://doi.org/10.1016/0029-5582(61)90469-2.

A. Salam and J. C. Ward, “Electromagnetic and weak interactions”, Phys.

Lett. 13 (1964) 168-171, doi:10.1016/0031-9163(64)90711-5.

F. Englert and R. Brout, “Broken Symmetry and the Mass of Gauge Vector
Mesons”, Phys. Rev. Lett. 13 (1964) 321-323,
doi:10.1103/PhysRevLett.13.321.

P. W. Higgs, “Broken Symmetries and the Masses of Gauge Bosons”, Phys.
Rev. Lett. 13 (1964) 508-509, doi:10.1103/PhysRevLett.13.508.


http://dx.doi.org/10.1007/978-3-540-70626-7
http://dx.doi.org/10.1073/pnas.221582298
https://www.physik.uzh.ch/groups/serra/StandardModel.html
https://www.physik.uzh.ch/groups/serra/StandardModel.html
http://dx.doi.org/10.1017/CBO9780511809040
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1016/0370-1573(74)90014-3
http://dx.doi.org/10.1103/PhysRevD.31.917
http://dx.doi.org/https://doi.org/10.1016/0029-5582(61)90469-2
http://dx.doi.org/10.1016/0031-9163(64)90711-5
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.508

24

BIBLIOGRAPHY

[21]

[22]

[25]

[28]

[29]

[30]

S. Weinberg, “A Model of Leptons”, Phys. Rev. Lett. 19 (1967) 1264-1266,
doi:10.1103/PhysRevLett.19.1264.

A. Salam, “Weak and Electromagnetic Interactions”, Conf. Proc. C' 680519
(1968) 367-377, doi:10.1142/9789812795915_0034.

G. 't Hooft, “Renormalizable Lagrangians for Massive Yang-Mills Fields”,
Nucl. Phys. B 35 (1971) 167-188, doi:10.1016/0550-3213(71)90139-8.

UA1 Collaboration, “Experimental Observation of Lepton Pairs of Invariant
Mass Around 95-GeV/c**2 at the CERN SPS Collider”, Phys. Lett. B 126
(1983) 398-410, doi:10.1016/0370-2693(83)90188-0.

C. L. Bennett et al., “Nine-Year Wilkinson Microwave Anistropy Probe
(WMAP) Observations: Final maps and results”, American Astronomical

Society 208 (sep, 2013) 20, doi:10.1088/0067-0049/208/2/20.

P. A. R. Ade et al., “Planck2015 results”, Astronomy & Astrophysics 594
(Sep, 2016) A13,ldoi:10.1051/0004-6361/201525830.

A. Green, “Determining the weakly interacting massive particles mass using
direct detection experiments”, Journal of Cosmology and Astroparticle

Physics 2007 (08, 2007) 022, doi:10.1088/1475-7516/2007/08/022.

Particle Data Group Collaboration, “Review of Particle Physics (RPP)”,
Phys. Rev. D 86 (2012) 010001, doi:10.1103/PhysRevD.86.010001.

M. Dine and A. Kusenko, “The Origin of the matter - antimatter
asymmetry”, Rev. Mod. Phys. 76 (2003) 1, doi:10.1103/RevModPhys.76.1,
arXiv:hep-ph/0303065.

KTeV Collaboration, “Observation of direct CP violation in Kg  — 77
decays”, Phys. Rev. Lett. 83 (1999) 22-27,
doi:10.1103/PhysRevLett.83.22, arXiv:hep-ex/9905060.


http://dx.doi.org/10.1103/PhysRevLett.19.1264
http://dx.doi.org/10.1142/9789812795915_0034
http://dx.doi.org/10.1016/0550-3213(71)90139-8
http://dx.doi.org/10.1016/0370-2693(83)90188-0
http://dx.doi.org/10.1088/0067-0049/208/2/20
http://dx.doi.org/10.1051/0004-6361/201525830
http://dx.doi.org/10.1088/1475-7516/2007/08/022
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/RevModPhys.76.1
http://www.arXiv.org/abs/hep-ph/0303065
http://dx.doi.org/10.1103/PhysRevLett.83.22
http://www.arXiv.org/abs/hep-ex/9905060

BIBLIOGRAPHY 25

[31]

[38]

[39]

[40]

R. Davis, Jr., D. S. Harmer, and K. C. Hoffman, “Search for neutrinos from
the sun”, Phys. Rev. Lett. 20 (1968) 1205-1209,
doi:10.1103/PhysRevLett.20.1205.

Y. Ashie et al., “Evidence for an oscillatory signature in atmospheric neutrino
oscillations”, Physical Review Letters 93 (Sep, 2004)
doi:10.1103/physreviett.93.101801!

H. Georgi and S. L. Glashow, “Unity of All Elementary Particle Forces”,
Phys. Rev. Lett. 32 (1974) 438-441, doi:10.1103/PhysRevLett.32.438.

J. C. Baez and J. Huerta, “The Algebra of Grand Unified Theories”, Bull.
Am. Math. Soc. 47 (2010) 483-552, |doi:10.1090/80273-0979-10-01294~-2,
arXiv:0904.1556.

Ross G. Graham, “Grand unified theories”. Benjamin/Cummings Pub. Co.,

1984.

Rabindra N. Mohapatra, “Unification and Supersymmetry”. Springer, New
York, NY, 1986. |doi:https://doi.org/10.1007/978-1-4757-1928-4.

F. Gursey, P. Ramond, and P. Sikivie, “A Universal Gauge Theory Model
Based on E6”, Phys. Lett. B 60 (1976) 177-180,
doi:10.1016/0370-2693(76)90417-2.

D. London and J. L. Rosner, “Extra Gauge Bosons in E(6)”, Phys. Rev. D
34 (1986) 1530, doi:10.1103/PhysRevD.34. 1530

G. Altarelli, B. Mele, and M. Ruiz-Altaba, “Searching for New Heavy Vector
Bosons in pp Colliders”, Z. Phys. C' 45 (1989) 109,
doi:10.1007/BF01556677. [Erratum: Z.Phys.C 47, 676 (1990)].

S. P. Martin, “A Supersymmetry primer”, Adv. Ser. Direct. High Energy
Phys. 18 (1998) 1-98, |doi:10.1142/9789812839657_0001,
arXiv:hep-ph/9709356.


http://dx.doi.org/10.1103/PhysRevLett.20.1205
http://dx.doi.org/10.1103/physrevlett.93.101801
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1090/S0273-0979-10-01294-2
http://www.arXiv.org/abs/0904.1556
http://dx.doi.org/https://doi.org/10.1007/978-1-4757-1928-4
http://dx.doi.org/10.1016/0370-2693(76)90417-2
http://dx.doi.org/10.1103/PhysRevD.34.1530
http://dx.doi.org/10.1007/BF01556677
http://dx.doi.org/10.1142/9789812839657_0001
http://www.arXiv.org/abs/hep-ph/9709356

26

BIBLIOGRAPHY

[41]

[42]

[44]

[45]

[46]

[48]

[49]

S. Dimopoulos, S. Raby, and F. Wilczek, “Supersymmetry and the Scale of
Unification”, Phys. Rev. D 24 (1981) 1681-1683,
doi:10.1103/PhysRevD.24.1681.

E. Witten, “Dynamical breaking of supersymmetry”, Nuclear Physics B 188
(1981), no. 3, 513-554,
doi:https://doi.org/10.1016/05650-3213(81)90006-7.

G. R. Farrar and P. Fayet, “Phenomenology of the Production, Decay, and
Detection of New Hadronic States Associated with Supersymmetry”, Phys.
Lett. B 76 (1978) 575579, |doi:10.1016/0370-2693(78)90858-4.

G. Jungman, M. Kamionkowski, and K. Griest, “Supersymmetric dark
matter”, Phys. Rept. 267 (1996) 195-373,
doi:10.1016/0370-1573(95)00058-5, arXiv:hep-ph/9506380.

J. R. Ellis et al., “Supersymmetric Relics from the Big Bang”, Nucl. Phys. B
238 (1984) 453-476,/doi:10.1016/0550-3213(84)90461-9.

M. B. Green, J. H. Schwarz, and E. Witten, “SUPERSTRING THEORY.
VOL. 1: INTRODUCTION”. Cambridge Monographs on Mathematical
Physics. Cambridge University Press, 7, 1988.
doi:https://doi.org/10.1002/asna.2113090428, ISBN 978-0-521-35752-4.

J. Polchinski, “String theory. Vol. 1: An introduction to the bosonic string”.
Cambridge Monographs on Mathematical Physics. Cambridge University
Press, 12, 1998. doi:10.1017/CB09780511816079, ISBN 978-0-511-25227-3,
978-0-521-67227-6, 978-0-521-63303-1.

O. Aharony et al., “Large N field theories, string theory and gravity”, Phys.
Rept. 323 (2000) 183-386, /doi:10.1016/50370-1573(99) 000836
arXiv:hep-th/9905111.

CMS Collaboration, “The CMS Experiment at the CERN LHC”, JINST 3
(2008) S08004, doi:10.1088/1748-0221/3/08/308004.


http://dx.doi.org/10.1103/PhysRevD.24.1681
http://dx.doi.org/https://doi.org/10.1016/0550-3213(81)90006-7
http://dx.doi.org/10.1016/0370-2693(78)90858-4
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://www.arXiv.org/abs/hep-ph/9506380
http://dx.doi.org/10.1016/0550-3213(84)90461-9
http://dx.doi.org/https://doi.org/10.1002/asna.2113090428
http://dx.doi.org/10.1017/CBO9780511816079
http://dx.doi.org/10.1016/S0370-1573(99)00083-6
http://www.arXiv.org/abs/hep-th/9905111
http://dx.doi.org/10.1088/1748-0221/3/08/S08004

BIBLIOGRAPHY 27

[50]

[51]

[53]

[54]

[55]

[56]

[58]

ATLAS Collaboration, “The ATLAS Experiment at the CERN Large Hadron
Collider”, JINST 3 (2008) S08003, doi:10.1088/1748-0221/3/08/508003.

S. D. Drell and T.-M. Yan, “Massive lepton-pair production in hadron-hadron
collisions at high energies”, Phys. Rev. Lett. 25 (Aug, 1970) 316-320,
doi:10.1103/PhysRevLett.25.316.

S. D. Drell and T.-M. Yan, “Massive lepton-pair production in hadron-hadron
collisions at high energies”, Phys. Rev. Lett. 25 (Sep, 1970) 902-902,
doi:10.1103/PhysRevLett.25.902.2.

CMS Collaboration, “Search for resonant and nonresonant new phenomena in
high-mass dilepton final states at /s = 13 TeV”, JHEP 07 (2021) 208,
doi:10.1007/JHEP07(2021)208, arXiv:2103.02708.

ATLAS Collaboration, “Search for high-mass dilepton resonances using 139
fb~" of pp collision data collected at /s =13 TeV with the ATLAS detector”,
Phys. Lett. B 796 (2019) 68-87, doi:10.1016/j.physletb.2019.07.016,
arXiv:1903.06248.

A. Florez et al., “Searching for New Heavy Neutral Gauge Bosons using
Vector Boson Fusion Processes at the LHC”, Phys. Lett. B 767 (2017)
126-132, doi:10.1016/j.physletb.2017.01.062, arXiv:1609.09765.

D. Choudhury et al., “Slepton production from gauge boson fusion”, Phys.
Rev. D 68 (2003) 075007, doi:10.1103/PhysRevD.68.075007,
arXiv:hep-ph/0304192.

B. Dutta et al., “Vector Boson Fusion Processes as a Probe of
Supersymmetric Electroweak Sectors at the LHC”, Phys. Rev. D 87 (2013),
no. 3, 035029, |[doi:10.1103/PhysRevD.87.035029, arXiv:1210.0964.

A. G. Delannoy et al., “Probing Dark Matter at the LHC using Vector Boson
Fusion Processes”, Phys. Rev. Lett. 111 (2013) 061801,
doi:10.1103/PhysRevLett.111.061801, arXiv:1304.7779.


http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1103/PhysRevLett.25.316
http://dx.doi.org/10.1103/PhysRevLett.25.902.2
http://dx.doi.org/10.1007/JHEP07(2021)208
http://www.arXiv.org/abs/2103.02708
http://dx.doi.org/10.1016/j.physletb.2019.07.016
http://www.arXiv.org/abs/1903.06248
http://dx.doi.org/10.1016/j.physletb.2017.01.062
http://www.arXiv.org/abs/1609.09765
http://dx.doi.org/10.1103/PhysRevD.68.075007
http://www.arXiv.org/abs/hep-ph/0304192
http://dx.doi.org/10.1103/PhysRevD.87.035029
http://www.arXiv.org/abs/1210.0964
http://dx.doi.org/10.1103/PhysRevLett.111.061801
http://www.arXiv.org/abs/1304.7779

28

BIBLIOGRAPHY

[59]

[62]

C. T. Hill, “Topcolor assisted technicolor”, Phys. Lett. B 345 (1995)
483-489, doi:10.1016/0370-2693(94)01660-5, arXiv:hep-ph/9411426.

G. D’Amico et al., “Flavour anomalies after the R(K*) measurement”,
Journal of High Energy Physics 2017 (Sep, 2017)
doi:10.1007/3hep09(2017) 010!

B. Capdevila et al., “Patterns of New Physics in b — s¢* ¢~ transitions in the
light of recent data”, Journal of High Energy Physics 2018 (Jan, 2018)
doi:10.1007/jhep01(2018)093.

Belle Collaboration, A. Abdesselam et al., “Angular analysis of
B° — K*(892)°¢*¢™", in LHC Ski 2016: A First Discussion of 13 TeV
Results. 4, 2016. arXiv:1604.04042.

J. P. Lees et al., “Search forB—K(*)v7 and invisible quarkonium decays”,

Physical Review D 87 (Jun, 2013) doi:10.1103/physrevd.87.112005.


http://dx.doi.org/10.1016/0370-2693(94)01660-5
http://www.arXiv.org/abs/hep-ph/9411426
http://dx.doi.org/10.1007/jhep09(2017)010
http://dx.doi.org/10.1007/jhep01(2018)093
http://www.arXiv.org/abs/1604.04042
http://dx.doi.org/10.1103/physrevd.87.112005

Chapter 2

Experimental Setup

New physics beyond the standard model is expected to have mass at the TeV scale.
To search for particles at the TeV scale, the particles must be produced with the TeV
energy. The Large Hadron Collider (LHC) at CERN is the largest proton-proton
collider in the world which is designed to collide proton beams at the center-of-
mass energy (1/s) of 14 TeV. The search presented in this Thesis is performed by
analyzing data collected by the Compact Muon Solenoid (CMS) detector situated at
the interaction point 5 at the LHC ring as shown in Figure[2.T] A brief description of
the LHC accelerator complex and its experiments, followed by a detailed description
of the CMS experiment and its main components is given in the later Sections of

this Chapter.

2.1 The LHC accelerator

The LHC [2] is a proton-proton (and heavy ions) collider based at CERN in Geneva,
Switzerland. The accelerator ring, which lies between 45m and 170 m below the
surface and is 26.7km in circumference, was constructed between 1984 and 1989
for the CERN LEP machine. Inside the accelerator ring, two beams of high-energy
particles (6.5 TeV for each beam) travel in opposite directions and collide at four

points of the ring. During the first running period (Run 1) from 2010 to 2012,
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Figure 2.1: A schematic view of LHC ring and its four interaction points [1].

the LHC was operated at a center-of-mass energy of 7TeV and 8 TeV for the pp
collisions. The data collected from the first run (Run 1) led to the discovery of
the Higgs Boson in 2012 [3], for which the LHC was designed for. After the long
shutdown for the technical upgrades, the LHC was operated at a center-of-mass
energy of 13 TeV during the second running period (Run 2) from 2015 to 2016.
The LHC uses proton beams accelerated in bunches and each bunch consists of
approximately 1.15x 10" protons [4]. These protons are extracted from the hydrogen
gas by stripping electrons from the hydrogen atom. By design, each beam has 2808
bunches, which are separated by 25ns. The proton beams are guided along the ring
by strong magnetic fields maintained by superconducting electromagnets operated
at very low temperatures (around 1.9°K) by a cryostats system filled with liquid
helium. The magnets used are of various shapes and sizes; 1232 magnetic dipoles of
15m in length are used to guide the proton beams around the ring; 392 magnetic
quadrupoles of 5 —7m each are used to focus the beams; just before the collision,
an another type of magnet is used to reduce the size of the proton bunches, in order
to maximize the collision probability and therefore the luminosity.

Before injecting these protons in the LHC ring, they are accelerated in a series
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of machines that increase the energy of the beams in subsequent steps as shown in
Figure At first, they are accelerated to 50 MeV in the linear accelerator (LINAC
2) and are formed in bunches. The proton bunches are then injected in a sequence
of circular accelerators. Starting with the Proton Synchrotron Booster (PSB) and
the Proton Synchrotron (PS), the protons are accelerated to an energy of 26 GeV.
The energy of the protons is further increased in the Super Proton Synchrotron
(SPS) to 450 GeV, before being transferred to the LHC ring in both clockwise and
anti-clockwise direction. In the LHC ring, the radio-frequency cavities increase the
proton energy by 0.5MeV per turn. The protons can be accelerated up to the
design energy of 7 TeV (4 TeV in 2012). The particles are kept in a circular orbit

via superconducting dipole magnets.
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Figure 2.2: Overview of the accelerator complex and the various experiments at

CERN [5].
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In the LHC, the proton (and heavy ion) beams are focused and brought to
collision at four interaction points where four detectors are situated. The ATLAS
(A Toroidal LHC ApparatuS) and the CMS (Compact Muon Solenoid) detectors,
located at opposite points at the LHC (Point 1 and 5 respectively), explore a wide
range of physics phenomena and are referred to as general purpose detectors. The
ALICE (A Large Ion Collider Experiment) and the LHCb (LHC-Beauty) detectors
on the contrary are dedicated to more specific studies. The ALICE, located at
point 2, investigates the quark-gluon plasma created by heavy ion collisions and
the LHCb, located at point 8, focuses on B meson physics and the CP-symmetry

violation.

Some of the interesting processes to search for new physics beyond the standard
model, in particular those presented in this Thesis, happen not only at high energies,
but also with low cross-section values. To produce enough statistics of such rare
processes, it is necessary to have a large number of proton—proton collisions, and
the magnitude to measure the number of collisions is defined by the luminosity,

which is described briefly in the next Section.

2.1.1 Luminosity

The performance of the experiments in the search for new physics and for the preci-
sion measurements of the standard model physics depends on the two parameters of
the LHC proton beams: the energy and the luminosity. The energy of the colliding
protons is determined by how strong the magnets must be to keep the beams travel-
ing in a circle. The dipole magnets with a magnetic field of ~8.33 T are the primary
magnets which keep the protons with momenta of the order of TeV inside the LHC
ring by bending the trajectories of circulating protons. The superconductive coils
of the magnets are placed on two sides of the beam pipe obtaining a magnetic field
orthogonal to the LHC ring plane as shown in the Figure 2.3] The magnetic field is
directed in the opposite direction in each beam pipe, allowing the proton bunches

to circulate in opposite directions.
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Figure 2.3: Cross section of a LHC dipole magnet [IEI]

The luminosity is determined by several factors such as how many protons are
kept together in a bunch, how many bunches are present in the ring, and how small
the size of a bunch can be maintained in the ring. The luminosity, L of a collider
experiment is a measurement of the number of collisions that can occur in a detector

per square centimeter and per second and is defined as:

L = sznbf'rev’y
dreB*

0.0.\°
(5]

here, N, is the number of protons in a bunch, n, is the number of bunches in the ring,

~1/2 (2.1)

where F' =

frev 1s the frequency of revolution of the beam, « is the relativistic Lorentz factor of
the particles being collided, € is the normalized transverse beam emittance, 5* is the
value of the betatron function at the interaction point (IP). F describes the reduction
factor due to the non-zero crossing angle of the beams which depends on the crossing
angle (6,), the length of the proton bunch (o,) and the transverse beam size (o).
To maximize the number of interactions per bunch crossing, the transverse size of

the beams and consequentially the 3° parameter, is reduced when approaching the
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interaction point. At the same time, the crossing angle and the transverse offset
of the beam crossing are minimized in order to have proton bunches meet almost
head-on.
The expected rate of events produced in a given process with a cross-section, o is
given by

AN
— =0l 2.2
7 =0 (2:2)

and therefore, high luminosity values are needed in order to study physics processes
with low production cross-sections. The total number of events over a time period

is proportional to the integrated luminosity:

Lipy = / Ldt (2.3)

During the Run 2 of the LHC, a total integrated luminosity of ~ 163fb™' was
delivered by the LHC, of which CMS recorded ~ 150fb™" as can be seen in
Figure 2.4, The empty spaces depicts the timeline of the end-of-year technical stops
(EYETS). This Thesis work is based on the analysis of the data collected by the
CMS experiment between 2016 and 2018, leading to total integrated luminosity of
~ 137fh "

CMS Integrated Luminosity, pp, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
/ / /] 180
] ] [
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Figure 2.4: Graph of the total integrated luminosity delivered by the LHC and recorded
by the CMS detector during Run 2 data-taking period .
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2.1.2 Pileup

Colliding proton beams travel in bunches, with ~ 10" protons in each bunch. As a
result, more than one interaction takes place in each bunch crossing. The number
of additional collisions, with respect to the collision with the largest momentum
transferred (hard interaction), are called pileup (PU) and are strongly affected by
the beam squeezing via reduction of the 5 parameter. The major improvements in
the beam squeezing were performed during EYETS between 2015 and 2016, and in
the later part of 2017. This resulted in an increase in the number of PU interactions
during Run 2, which can be seen in Figure |2.5| This clearly reveals the increased
instantaneous luminosity, achieved each year of the data-taking during Run 2 of the
LHC, and consequently increasing the probability of production of rare processes to
search for new physics beyond the standard model.

CMS Average Pileup (pp, Vs=13 TeV)
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Figure 2.5: Distribution of the pileup for proton-proton collisions recorded by the CMS
experiment during Run 2 .

At the time of writing this Thesis, the LHC is going under the second long-shutdown
(LS2) (2019-2021), in preparation for the Run 3 operations. Run 3 is expected
to start in mid-july of 2022, and to last until 2025. Then, after the third long-
shutdown (LS3) of 2—-3 years, the LHC will operate at its ultimate high luminosity
configuration, the HL-LHC. During this phase, several upgrades are planned for

the accelerator complex, which should allow to increase the peak instantaneous
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luminosity to at least five times the nominal value. Several upgrades are foreseen
also for the detectors [9] to account for the increase in the number of PU interactions
and in the collision rate. The plan for the HL-LHC is to collect data between 3000

and 4000 b by 2040, increasing the total recorded luminosity by at least 10 times.

2.2 The CMS Experiment

The Compact Muon Solenoid (CMS) is one of the two large general purpose detec-
tors, placed about 100 m underground at point 5 of the LHC accelerator complex.
The detector has a cylindrical symmetry around the LHC beam axis and is designed
to study a wide range of physics processes. The detector got its name based on

three notable features it possesses:

e It has compact geometry, weighing 14,000 tonnes while being 28.7m long and

with an overall diameter of 15m;

e [t is designed to achieve optimal muon identification and momentum resolu-

tion;

e [t has solenoid magnet providing magnetic field of 3.8 T with large bending
power for the precise measurement of the charge and the momenta of charged

particles. This is one of the largest superconducting solenoids ever built.

One of its main goals has been the search for the Higgs boson. Since its discovery,
the CMS physics program is focused on the precise measurements of its character-
istics as well as its couplings with other standard model particles. The experiment
has also measured the properties of several other processes predicted in the standard
model and continues its efforts in the search for signals of new physics at the TeV
scale.

The compactness of the detector emerges from the need to host its various subdetec-
tors (as shown in Figure , aimed at particle identification and reconstruction, in

an artificial cavern built at a depth of 100 m. The main aspect of its design is easier
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Figure 2.6: Sectional view of the CMS detector |\

access to subdetectors for easier and faster maintenance. The CMS detector was
built in fifteen separate sections or “slices” on the surface and then lowered down in
the cavern. All these sections can be moved to access its various modules without
uncabling the attached subdetectors. This is important for upgrading the detector
during technical stops and long-shutdown. The detector is cylindrical symmetric
with respect to the nominal beam intersection point and can be divided in two main

groups:

e barrel: the central region of the detector which is closest to the primary inter-

action point;

e two endcaps: the endcap discs which are placed farther from the interaction

point to detect particles emitted at a low angle with respect to the beam line.

The energy and momenta of particles produced in the proton-proton collisions are
obtained by the information of all subdetectors, which are described in detail below.

A more detailed description can be found at [11]. In order to describe the coverage
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and placing of the subdetectors, it is necessary to define a frame of reference which

is discussed below:

CMS Coordinate system Due to the cylindrical symmetry of the CMS detec-
tor, the most suitable choice is to use cartesian (z,y, z) or cylindrical coordinates
(r,0,¢) [12]. The origin of both the coordinate systems is located at the nominal
collision point. The x-axis points radially toward the center of the LHC accelerator
ring, the y-axis vertically upward and the z-axis parallel to the beam line in the an-
ticlockwise direction as illustrated in Figure[2.7] The azimuthal angle ¢ is measured
with respect to the +z-axis in the x — y plane. The polar angle 6 is defined with
respect to the z-axis over the y — z plane such that 6 is zero at the positive and 7
at the negative z-axis. For convenience, pseudorapidity (n) is used instead of polar
angle (0) and is defined as:

0
n = —Intan 3 (2.4)

The angular distance,AR, between the two physics objects originating at the inter-
action point with coordinates (1, ¢;) and (1, ¢5) is given by:

AR = \/An® + A®?, (2.5)

where An =1, —ny and A¢ = ¢, — ¢,. Quantities lying in the x — y plane, or the
transverse plane, are denoted in the text with a T subscript: X;. For instance, the
momentum of an object perpendicular to the LHC beam axis is termed as transverse
momentum pp. Similarly, the energy imbalance in the transverse plane is defined

by the missing transverse energy, FE*

2.2.1 CMS Magnet System

The central feature of the CMS detector is the superconducting solenoid magnet
of length 12.5m and 6m internal radius [13]. It is the key component for the

measurement of the particle charge and momentum by bending the trajectory of
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Figure 2.7: Coordinate system followed by the CMS detector.

charged particles. The magnet occupies the 2.9m < r < 3.8m, |n| < 1.5 region,
making it the largest magnet of its type ever constructed.

The magnet is made up of four layers of aluminum-coated NbTi superconducting
coil, through which ~ 18kA current is made to flow. The entire solenoid is placed
within a vacuum tank cooled down to 4.7 K using a liquid helium cooling system.
The magnet generates a magnetic field of 3.8 T in the central region of the detector.
The magnetic field lines are confined to the volume of the detector through a steel
return yoke of 14m in diameter and 21.6 m in length. The yoke weighs over 10,000
tonnes. The magnetic field in the return yoke has an intensity of 1.8 T and is directed
in the opposite direction with respect to the magnetic field in the central region.
The layers of the return yoke are interleaved with the muon chambers, allowing
a more precise reconstruction of the muon trajectory. With the exception of the
muon chambers, all other detectors are placed inside the solenoid coil. This allows
the tracking and the energy measurement of the particles to be performed without

interaction with the bulk of magnet material.

2.2.2 Silicon tracker detector

The Silicon tracker system is the innermost subsystem of the CMS detector placed

around the interaction point at a distance of ~ 4.3 cm, where the rate of particles is
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around 107 s™'. Due to high radiation levels produced in the collisions, the detec-
tor is built with radiation hard silicon and also it provides the needed spatial and
momentum resolution. The purpose of the silicon tracker is to provide efficient mea-
surement of trajectories of the charged particles which are bent in the magnetic field.
This allows to reconstruct the primary points of interactions of protons, referred to
as vertices. This system is also an essential component to reconstruct secondary
vertices, decay vertices for particles with average decay length of the order of cen-
timeter, like hadrons that contain b or ¢ quarks. Furthermore, the tracker plays a
crucial role in the high-level trigger system of the CMS detector which is needed for
the reduction of the event rate (from 40 MHz to about 100 Hz) to reach values com-
patible with detector readout, offline storage and analysis capability. The detector
design features high granularity and fast timing response such that the trajectories
can be identified reliably and can be attributed to the correct bunch crossing. The
detector material is kept as minimum as possible, in order to limit the multiple scat-
tering processes which can cause the charged particles to lose energy in the detector
layers and alters their trajectory, causing inefficiency in the track reconstruction.

The overall layout of the CMS tracking system is shown in Figure [2.8|
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Figure 2.8: Layout of the CMS tracking system section in the r — z plane. Each black
line represents a detector module and closely spaced double lines represents back-to-
back silicon strip modules. Note. This layout illustrates the pixel detector before its

upgrade .
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The tracking system occupies a cylindrical volume, 5.8 m in length and 2.5m
in diameter, around the interaction point, covering a pseudorapidity range |n| <
2.5. It consists of two distinct subdetectors : a silicon pixel detector surrounding
the beam pipe (r < 160 mm) coping with larger particle densities, and a silicon
strip detector surrounding the pixel detector. During the EYETS between 2016
and 2017, the pixel detector was upgraded [15] from its design during Run 1 and
2016 data-taking (Phase-0) to Phase-1, which will be kept unchanged till the end
of Run 3. Since this Thesis work uses data collected across Run 2, the description
of the silicon tracker is presented for the Phase-1 tracker, with a brief mention to

its Phase-0 design.

Silicon Pixel detector The silicon pixel detector is the innermost detector, dis-
tributed concentrically in cylindrical layers surrounding the interaction point. It
has an essential role in identifying the primary vertices of the interactions and, if
present, the secondary vertices as well. It also provides the seed, i.e. the starting
point, for the algorithm which fits a track onto the measured tracker hits. In 2017,
the detector was upgraded by moving the innermost layer closer to the interaction
point in the barrel section (BPIX), from 4.4 cm to 2.9 c¢m, and adding a new fourth
outer layer at 16 cm. Each cylindrical structure is divided in two semi-cylinders each
equipped with a support structure and a cooling system. The two endcap regions of
the pixel detector, referred to as forward pixel detector (FPIX), comprise of total 3
disks structures during Phase-1 replacing two forward disks during Phase-0 design.

The Phase-1 design and its differences with respect to the Phase-0 are illustrated in
Figure

The layout of the CMS Phase-1 pixel detector is optimized to have four—hit
coverage and an improved track reconstruction. It is built from 1856 segmented
silicon sensor modules, where 1184 modules are used in the Barrel Pixel detector
(BPIX) and 672 modules are used for the Forward Pixel (FPIX). Each module is
made up of 66,560 pixel sensors connected to 16 readout chips (ROCs). In total

there are 124 million readout channels. These pixel sensors have a size of 100
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Figure 2.9: The CMS pixel detector. Left: Pixel barrel layers geometry previously
(left) and after the upgrade (yellow area). Right: Pixel longitudinal view comparing
Phase-1 in the upper part with Phase-0 in the lower part.

x 150pm?* and are made with a substrate of type n on which n+ electrodes are
mounted. Phase-1 tracker is designed to operate at very high luminosity (up to
2 x 10* cm_QS_l). The track hit position resolutio{l provided by the pixel detector

is 10 gm and 20 pm in the r — ¢ plane and r — z plane, respectively.

Strip detector The silicon strip detector is placed around the pixel detector in
the radial region from 20 to 110 cm with an overall length of 5.6 m and diameter
of 2.4m. Like the pixel detector, the strip detector has cylindrical elements in the

barrel and disks in the endcap and is divided in four sections as shown in Figure 2.8}

e Tracker Inner Barrel (TIB) with 4 coaxial cylinders in the inner part of the

barrel section covers the radial range 20-55 cm over a distance |z| < 65 cm;

e Tracker Outer Barrel (TOB) consists of 6 coaxial cylinders in the outer part

of the barrel surrounding TIB up to a radius r = 110 cm;

e Tracker EndCaps (TEC) with 9 external layers are placed between 120 cm
< |z| < 280 cm on each side of the endcap. In the radial direction, the TEC
coverage extends from r = 20 cm to r = 100 cm to cover the range up to ||

= 2.5;

Inr— ¢ plane, due to strong magnetic field of 3.8 T, the resolution benefits from Lorentz angle
of 27°%in the barrel, spreading the ionization charge over several pixels. In the endcap, the pixel
detector is rotated by 20°to benefit from the same effect.
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e Tracker Inner Disk (TID) consists of 3 layers in the inner part of the endcaps

and fill the gap between TIB, TOB and TEC.

Both TEC and TID modules are arranged in rings with their strips pointing towards
the beam line. The Strip detector has 15148 silicon modules with 9.3 million strips
in total. Each module has a silicon sensor with a substrate of type n on which p+
are implanted. Both the pitch between the strips and the thickness of the modules
vary according to their position in the detector. Modules in the inner layers are
320 pm thick and contain sensors with a strip pitched every 80 pwm, while in the
outer layers thickness and strip pitch increase to 500 wm and 205 um respectively.
At a distance of r < 60 cm, the tracker hit point resolution varies from 23-35 um
in the r — ¢ plane and is 230 um in the z direction in the TIB. Due to maximum
cell size and large thickness (500 pm) of silicon strips at > 60 cm, the tracker hit
point resolution varies from 35-53 pwm in the r — ¢ plane and is 530 pm in the z
direction of the TOB.

The transverse momentum resolution is ~1.5% for tracks of low momentum charged
particles (< 10GeV) and ~2.8% for high momentum muons ( = 100 GeV) in the

central region of the CMS experiment [16].

2.2.3 Electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) is a homogeneous calorimeter with cylin-
drical geometry and is placed right after the silicon tracker. It is the main component
for measuring the energy and position of photons and electrons, as well as for the
identification of electrons and neutral pions and measurement of the energy in elec-
tromagnetic showers. The ECAL consists of total 76k scintillating lead tungstate
(PbWO,) crystals located in a cylindrical barrel section and in two endcap disks.
The crystals have the shape of a truncated pyramid and are grouped into 5 x 5
matrices called towers. The geometrical layout of the ECAL can be found in Fig-
ure The PbWO, crystals act as scintillator and absorber simultaneously and

are characterized for having high density (8.28g/ Cm3). These crystals are chosen
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Crystals ina Preshower

Figure 2.10: Geometric view of the ECAL .

due to their short radiation length X of 0.89 ¢cm and small Moliere radius of 2.2 c¢m,
resulting in a compact calorimeter with a fine granularity. The fast time response of
the crystals allows ~ 80% of the scintillating light to be collected within the 25ns
gap between two consecutive bunch crossings. The crystals are also characterized by
a good radiation resistance enabling the calorimeter to operate with limited deteri-
oration on the scale of several year. The shortcoming of this crystal is the low light
production ~ 10 photoelectrons/ MeV, which makes a light amplification system
necessary. This is achieved by using Awvalanche PhotoDiodes (APD) in the elec-
tromagnetic barrel (EB) and Vacuum PhotoTriodes(VPT) in the electromagnetic
endcaps (EE). Both types of photomultipliers are able to tolerate the hard radiation
and strong magnetic field inside CMS. The ECAL is sub-divided in three regions as

can be seen in Figure [2.10;

e ECAL barrel (EB), covers the pseudorapidity region up to |n| < 1.479 and has

a cylindrical symmetry;
e ECAL endcap (EE), covers the pseudorapidity region with 1.479 < || < 2.6;

e a preshower (ES), lies in the |n| < 0.9 and 1.65 < |n| < 2.61 region.

The cylindrical EB calorimeter is located in a region of r = (1.29 to 1.75) m with
a length of 6.09m, thus covering |n| < 1.479 and has a volume of 8.14m”. It con-
sists of 61200 tapered (23 cm long) crystals with a (2.2 x 2.2) cm® front face and a

D

Endcap
ECAL (EE)

1T 1T 1 1T 7
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(2.6 x 2.6) cm® back face (25.8 radiation lengths). The crystals are inclined by 3°
with respect to a line through the nominal interaction point. The EB crystals are
arranged into modules, whereby four modules (85 x 20 = 1700 crystals) are packed
into one supermodule.

The EE disks are located at a longitudinal distance |z| = 3.14 - 3.9 m from the inter-
action point. Each endcap disk is made of two so-called “Dee”s, each consisting of
3662 PbWO, crystals. A 22 cm long tapered PbWO, crystal has a (2.86 x 2.86) cm®
front face and a (3 x 3) cm? back face pointing to a focus 1.3m beyond the nominal
interaction point. The 7324 crystals of an EE disk correspond to a thickness of 24.7
radiation lengths. An area of 5 x 5 crystals is defined as one supercrystal as seen in
Figure [2.10] The transition region (1.4442 < || < 1.566) between the EB and the
EE results in smaller reconstruction efficiencies and is not considered in analyses
requiring good electron and/or photon reconstruction.

A preshower system is placed in front of the EE disks to improve the position reso-
lution for electrons and photons and discriminate between highly energetic photons
and two closely spaced lower energy photons coming from 7° — ~v decays. The
20 cm thick preshower detector has an inner radius of 45.7 cm, an outer radius of
123 c¢m and covers a region of 1.65 < |n| < 2.6. This sampling calorimeter consists of
two lead absorber layers with a thickness of 2 X, and 1 X|), respectively, interleaved
with two planes of silicon strip sensors.

The energy resolution for ECAL can be written as a function of the energy E:

O a

b
= +—=+c 2.6
where: a is a stochastic term related to the statistical fluctuations of the pho-
ton collection; b is related to the electronic noise and PU effects; ¢ dominates at
high energy and takes into account systematic effects like shower leakage and im-
perfections of the calorimeter. The ECAL barrel energy resolution was measured for

electrons obtaining the following values: a = 2.8%, b = 12% and ¢ = 0.3% [18] [19)].
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2.2.4 Hadronic calorimeter

The Hadronic Calorimeter (HCAL) is a sampling calorimeter with brass absorber
plates interleaved with plastic scintillator tiles acting as the active medium. It com-
pletely surrounds the ECAL and covers pseudorapidity range -5.2 < n < 5.2. It
is responsible for measuring the energy deposited by charged and neutral hadrons
which is crucial for the reconstruction of hadronic jets and the missing transverse
energy. Incident hadrons interact with the absorber via nuclear force and gener-
ate hadronic showers in the absorber and scintillator. The total amount of light
produced by a shower in the scintillator is collected by wavelength-shifting fibers
(WLS) and transported to photodetectors for readout. The interaction length (A;)
of a material is the average distance traveled by a hadron before an inelastic nuclear
interaction. Depending on 7, the HCAL thickness varies within 10 - 15 A;, and
thus provides good containment of the hadronic shower . Figure shows
the layout of the HCAL detector, showing the different subsystems: barrel (HB),
endcap (HE), outer (HO), and forward (HF).

0 . 0.2 0.3 0.4 Q.5 0.6 0.7 0.8 ,0.8 1.0 S04 1.2 i )

T Z

e e e 0
|
/

Figure 2.11: Longitudinal layout of the CMS hadronic calorimeter (HCAL) .
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Hadronic Barrel Calorimeter (HB) HB is located between radii of 1775 and
2876.5 mm and covers |n| < 1.39. The HB is divided into two half-barrels in the
direction along the beam (z). It consists of 70k scintillator tiles distributed in 2304
towers with a granularity of An x A¢ = 0.087 x 0.087. FEach tower in the HB
is composed of 15 layers of 5 cm thick brass absorbers and 3.7 mm thick plastic
scintillators. The additional inner-most and outermost absorber plates are made of
stainless steel to strengthen the mechanical structure. The innermost towers start
with a 9 cm thick plastic scintillator layer directly behind the ECAL, which collects
1.5 times the energy in comparison to the other layers. The energy is read out with
multi-channel Hybrid Photo-Detectors (HPDs) that can operate in a high magnetic
field and give an amplified response for a large range of particle energies. The
energy from each of the 17 active layer is optically added, thus forming 32 barrel
HCAL towers in n with tower index (in) from 1 to 16 as shown in Figure[2.12] The
exceptions are towers 15 and 16 located at the edge of the HB half-barrel (orange
layers in Figure where multiple optical readouts are present and are read out
with separate HPDs. During LS2 after Run 2 data taking, HPDs in the HB are
replaced by Silicon Photomultipliers (SiPMs) leading to increased photon detection

efficiency and increased depth segmentation. More details about this upgrade can

found at this Reference [21] [22].

~16

v. 2017-06-A

HCAL HB

~0

Figure 2.12: The schematic view of the tower mapping in r — z plane of HCAL Barrel

region.
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Hadronic Endcap Calorimeter (HE) HE covers the region with 1.3 < |n| < 3
partially overlapping HB. The innermost surface of HE is located 4006.5 mm from
the interaction point and is radially divided into 14 rings containing 20 k scintillator
tiles distributed in 2304 towers per endcap disk. The structure and the design is
similar to the HB calorimeter with larger brass absorbers of 8 cm. For |n| < 1.6, the
towers has 5 ° segmentation in ¢ similar to the HB with a granularity of An x A¢ =
0.087 x 0.087. However, in the high-n region (|n| > 1.6), the ¢ segmentation of the
tiles is reduced to 10 ° to accommodate the bending radius of the WLS fiber readout,
whilst the 1 segmentation varies from 0.09 to 0.35 at the highest 7. Starting from
Run 1 till 2017 data-taking, HPDs are used as a photodetectors in the HE similar
to the HB. As of 2018, the HPDs are replaced by Silicon Photomultipliers (SiPMs)
increasing gain factor from 2 x 10* to 10° [21]. SiPMs are quite compact (a surface
area of 1 mm ? to 9 mm 2) and require an applied voltage less than 100V. The
high performance of the SiPM devices have allowed significant increase in depth
segmentation in the HE. Figure [2.13|shows the layout of depth segmentation of the
HE indicated by the color/shading of the tile structure for 2016-2017 geometry in the
left and 2018 geometry in the right. This segmentation has allowed better tracking of
hadronic shower development which is important for the particle identification and
jet reconstruction techniques. The increased depth segmentation has also allowed
better management of the radiation damage which is sizable in the high-n region of
the HE calorimeter. More details on the radiation damage studies for the HB and

the HE towers are discussed in the next Chapter of this Thesis.

Hadronic Outer Calorimeter (HO) In order to increase the number of inter-
action lengths in the barrel region and due to space limitations inside the magnet,
an additional outer hadronic (HO) calorimeter is placed on the outer surface of the
solenoid. It samples the energy from penetrating hadron showers leaking through
the rear of the calorimeters and so serve as a “tail-catcher” after the solenoid mag-
net [23]. It follows the segmentation geometry of the HB calorimeter, consisting

of a 10 mm thick layer of scintillators, except in a region |z| < 2.868 m, where the
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Figure 2.13: The schematic view of the towers mapping in r — z plane of the HE during
2016 and 2017 (left) and after the SiPM upgrade in 2018 (right).

HO consists of two 10 mm thick layers of scintillators on either side of a 19.5 cm
thick iron absorber. The HO calorimeter covers |n| < 1.3, increasing the minimal
interaction lengths in the barrel region to 11.8)\; using the iron return yoke as an
additional absorber material as shown in Figure The scintillating light is col-
lected by wavelength shifter fibers (WLF) and transported to SiPMs placed on the
side of the return yoke [24].

20

without HO

m with HO
15

[~
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<

Figure 2.14: Number of interaction lengths till the last sampling layer of the hadron
calorimeter as a function of 7. The two shaded regions correspond to the setup with
or without the outer hadron calorimeter (HO) .
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Hadronic Forward Calorimeter (HF) To close the detector hermetically and
ensure a good reconstruction of E7*** an additional hadronic forward (HF) calorime-
ter surrounds the beam pipe covering the radial range from 12.5 cm to 130 cm at a
distance |z| = 11.2m from the interaction point, thus enlarging the pseudorapidity
coverage to 2.9 < |n| < 5.0. HF is placed in the forward region order to contain
hadronic showers from energetic forward jets in the intense radiation levels in the
forward region [25] [26]. Plastic scintillators are not suited for such high radiation
environment, hence they are made of 5 mm thick steel absorber plates interleaved
with 0.6 mm thick layers of radiation hard quartz fibers, resulting in a thickness of
10A;. The incoming particles release energy in the form of Cerenkov light emitted
in the quartz fibers, which is then channeled by the fibers to photomultipliers.

The energy resolution for the hadronic calorimeters in the barrel region and in the

endcaps can be parameterized as a function of the energy E:

OF 0.9
— = ————=—+0.045, 2.7
E E(GeV) 27)
while for HF the energy resolution is:
— = — +0.09. 2.8
E E(GeV) (28)

The fluctuations in sampling and energy loss through leakage make the performance

of HCAL worse than the ECAL.

2.2.5 Muon system

Outside the solenoid magnet and embedded in the iron return yoke, the muon sys-
tem is designed for muon identification, precise momentum measurement and trigger
capabilities, given the key role muons play in both, SM measurements, and in new
physics searches. Muons have an average lifetime of 2.2 s [27], their decay length is
therefore much larger than the size of the CMS detector. They interact weakly with

the calorimeters and escape the magnet without being stopped since they are mini-
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mum ionizing particles. Their detection, and momentum measurement are operated
by the tracking system in conjunction with the muon system. Figure [2.15| shows
improvement in the muon momentum resolution at high momentum combining the

measurements of inner tracker and muon detectors. CMS muon system has three

Ap/p
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0.0<n<0.2

e Full system I o Full system
u Muon system only + ® Muon system only
Olnner Tracker only + o Inner Tracker only
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Figure 2.15: Comparison of muon momentum resolution as a function of momentum
(p) with muon system only, the inner tracker only, or both [12].

different kinds of gaseous chambers inserted in the segmented iron return yoke as
shown in Figure [2.16] The different particle flux and residual magnetic field found
in the various regions covered by the muon detectors required the use of different
technologies to build each subsystem. In the barrel region with relatively low muon
and neutron induced background rates, layers of drift tubes (DT), green-coded in
the Figure, are used up to |n| = 1.2. In the forward region both these rates are
higher and therefore cathode strip chambers (CSC), pictured in blue in Figure
are used in this region up to a pseudorapidity of 2.4. Additionally to the DTs and
CSCs resistive plate chambers (RPCs) are installed (colored in red in Figure [2.16)).
The 1400 muon chambers (250 DTs, 540 CSCs and 610 RPCs) have a total surface of
25000 m* with about 1 million electronic channels. Tracks in the muon detector are
built by combining the hits from the three muon sub-detectors, DT, CSC, and RPC,
using the Kalman—filter technique [28]. Afterwards, this track is combined with a

track in the Tracker detector to reconstruct the full muon track. More details on



52

Chapter 2

R (cm)

1200
Z (cm)

Figure 2.16: Layout of one quarter of the CMS muon system in the r — z plane with
the four DT stations in the barrel (MB1-MB4, green), the four CSC stations in the
endcap (ME1-ME4, blue), and the RPC stations (red) [12].

muon track reconstruction can be found in the next Chapter. From the curvature of
the track, the muon transverse momentum and charge are determined. The details

of three muon subsystems are given below.

Drift Tubes (DT) The muon barrel detector consists of 250 aluminium drift
tube chambers in the region |n| < 1.2, located in four layers inside the return yoke,
labeled as muon stations MB1-4 as shown in Figure [2.17 These layers are arranged
in concentric cylinders at a distance of 4.0, 4.9, 5.9 and 7.0 m from the beam axis.
Each layer is divided into 5 wheels and subdivided into 12 sectors each covering
an azimuthal angle of 30°. A DT cell consists of a high voltage carrying wire in
the middle of a 4 cm diameter gas tube filled with a Ar(85%)/CO,(15%) mixture.
A DT chamber consists of 12 layers of such cells arranged in three groups of four,
and has a size of about 2m x 2.5m. The middle group, rotated by 90°, provides
a measurement of the z coordinate parallel to the beam line and the two outside
groups measure the perpendicular coordinate in r — ¢ direction. The outermost
muon stations MB1 and MB4 have only eight layers of DT cells per chamber and
measure only the r — ¢ direction. The two layers MB1 and MB2 carry RPCs on
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both sides, while layers MB3 and MB4 are combined with one RPC each as seen
in Figure In the DT chambers the spatial resolution is around 100 pm with

precision of approximately 1 mrad in direction.

Figure 2.17: Layout of CMS barrel muon DT chambers in one of the 5 wheels .

Cathode Strip Chambers (CSC) CSC have shorter drift path and faster time
response. For this reason they are located at the endcaps regions (0.8 < |n| < 2.4) of
CMS where the muon rates and particle multiplicities are higher. In order to provide
precise space and time information, the CSCs have closely spaced wires. This make
the CSC a fast detector suitable for triggering. The two muon endcap detectors
contain 270 CSC chambers each, distributed in four disks per endcap perpendicular
to the beam line (labeled as the ME1 to ME4 stations) as shown in Figure[2.18] (left).
A station is divided into 36 sectors each covering an azimuthal angle of 10°. A CSC
chamber is a trapezoidal proportional chamber consisting of six anode wire planes
interleaved with seven radially arranged copper strip cathode panels as shown in
Figure (right). CSC chambers are filled with a mixture of Ar(30%)/CO,(50%)
with CF,(20%) as a quencher, that provides a drift path shorter than DT. The
size of each CSC chamber is about 2-3m x 1-1.5m. A charged particle passing
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through the chamber produces a charge on the anode wire and an image charge on
a group of cathode strips. In each CSC chamber up to six space coordinates (7, ¢, z)
are computed for each track. The spatial resolution is about 100 pm. The timing

resolution per layer is approximately 5ns [30].

wire plane (a few wires shown)

cathode plane with strips

ME3/2

‘‘‘‘‘
‘‘‘‘‘

7 trapezoidal panels form 6 gas gaps

Figure 2.18: Layout of CSCs (red in color) in one quarter of the CMS(left) and
Schematic view of a CSC chamber (right) [12].

Resistive Plate Chambers (RPC) RPCs are placed both in the barrel and
endcaps for robustness and redundancy. They are fast gaseous detectors that provide
a muon trigger system with a time resolution better than 3ns, complementary to
those given by the DT and CSC chambers . However, the RPCs give coarse
spatial resolution of about 1 cm since they work in avalanche mode) . There
are 480 RPC chambers in the barrel region placed parallel to the wires of the DT
chambers and 36 RPC chambers parallel to the CSC strips in the endcap. The
RPC are made of four Bakelite planes coated with graphite as electrodes and two
gas gaps between them of 2 mm. The central part of every chamber is equipped
with insulated aluminum strips in order to collect the signals generated by crossing
particles. The gas gaps are filled with mixture of CyHyFy(95%)/iCyH,o(5%).

The transverse momentum resolution for muons in CMS with py < 100 GeV ranges

from 1.3-2.0% in the barrel region to less than 6% in the endcap region as shown

in Figure 2.19
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Figure 2.19: Relative transverse momentum resolution in data and simulation using
muons produced in the decays of Z bosons [34].

Gas Electron Multipliers (GEM) During LS2 after Run 2 data-taking, GEM
detectors are installed in the forward muon endcap covering pseudorapidity range
1.6 < |n| < 2.2 at a distance of 5.6m from the interaction point. There are total
144 chambers in both endcaps of muon system and are placed in front of CSC
chambers as shown in Figure and are referred as GE1/1 detector. This detector
will enhance the existing muon triggering and tracking capabilities in combination
with CSC information in the forward region [35]. GEM detectors are micropattern
gas detectors invented by Fabio Sauli in 1997 [36]. GEM detectors installed in
CMS muon endcap system are trapezoidal in shape with an active area of 990
X (220 - 445) mm * and consist of three foils having 3/1/2/1 mm electrode gap
filled with Ar(70%)/CO4(30%) gas mixture. GEM detectors provide an excellent
timing resolution of ~8ns with a spacial resolution of ~250 pm [37]. Besides other
production sites across the world, Panjab University fabricated eight of the GEM
chambers. After performing needed quality control tests, the chambers were shipped

to CERN and later installed at CMS detector. More details on the fabrication and



56 Chapter 2

the testing of these chambers by Panjab University are discussed in the next Section.
GEM detectors are placed in the forward region of the CMS detector, where they
are subjected to intense particle flux. For an optimum design and efficient operation
of the detectors, a precise knowledge of the detector performance in the presence
of such a high background is essential. As a result, a detailed study of the GEM
detector response to incident background particles is performed and is discussed in

the following Section.
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Figure 2.20: A quadrant of CMS detector in r — z plane, highlighting (in red) the
location of the GE1/1 detector .

e GEM detector fabrication and testing : Each of the eight GEM cham-
bers are assembled mainly in two steps at the Panjab University site. The
first step, named as the Pre-assembly, involves the preparation of the readout
board, soldering of resistances (potential divider) on the drift board, cleaning
of internal frames and external frame of the detector. The second step in-
volves the main assembly of the detector, which includes the testing of foils,

assembly of the GEM stack and closing of the chamber. Both the steps are
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performed in the class-100 clean room, to avoid any dust particles entering
the detector which can lead to irregular operation of the detector or can even
damage the detector. The entire assembly takes 3-4 days to complete. For
the main assembly, the GEM foils are cleaned thoroughly, first using a sticky
roller to remove any visible dust and then the foils are placed overnight in
a N, gas chamber to remove moisture or any impurities. The foils are then
tested, by applying 550V for several minutes using a Multi-Mega ohmmeter
(also known as Megger). If the observed resistance of the foils reaches 20 G2,
the foils are marked OK for the next steps of the assembly. Similarly, all the
three foils are tested and are prepared for the main assembly. The tested foils
are then stacked together using the dedicated spacers of 3mm, 1 mm, 2mm
and then 1 mm and are fixed loosely using dedicated screws. The foils are
then stretched carefully by attaching a tape to the dead area on the side of
the foils, to fix for any deformities as shown in Figure (left). The stack
is then tightly packed by tightening the screws. The stacked foils are again
tested by applying 550V using the Megger as shown in Figure (right).

The observed resistance should again reach 20 GS2.

Figure 2.21: Placing the metallic screws in the spacers (Left). Testing the GEM foils
using the Megger (Right).

The assembled stack is then placed on the drift board carefully and is packed
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tightly using the FR4 frame, to avoid gas leaks in the closed chamber. After
cleaning and testing the foils again, the GEM chamber is closed by placing
the readout board on top of the GEM stack and tightly packing it using the
screws as shown in Figure (left). The assembled GEM chamber is again
tested at 550V to check for any impurities as shown in Figure (right).

Figure 2.22: Mounting the readout board on the stack (Left). Testing the assembled
chamber using Megger (Right).

After testing, the assembled chamber is fully ready for the next quality control
(QC) tests, to ensure fully efficient assembled GEM chamber. The assembled
detectors are then named as “GE1/1_X_S_INDIA_00YY” (where YY stand for
02, 07, 08, 09, 10, 15, 16, 17). The main QC tests performed at the Panjab

University site are discussed below:

QC2 Leakage Current test : The QC2 leakage current test is aimed to
determine the production quality of a GEM-foil. The test includes the mea-
surement of maximum leakage current flowing on the surface of the GEM foils.
The foils and the gas gaps are tested with 550V using the Megger and then
the impedance as well as the number of sparks are measured after 30s and
then every minute over a period of 10 minutes. The detector is accepted if the

impedance of all the GEM-foils is above 10 G2 after a few minutes, and no



2.2 The CMS Experiment 59

sparks are observed after a period of 10 minutes. Similarly, the impedance of
all the gas gaps must be measured, and it should reach 100 G{2 or more after
only a few minutes, with no sparks. Similarly, an impedance of 100 G2 should
also be measured over all the 24 Panasonic connectors. All the eight chambers

qualified the QC2 test successfully and are then taken to the QC3 test.

QC3 Gas Leak test : The QC3 gas leak test is performed to identify any
possible leakage of gas from the detector. Since the drift board and readout
board are closed using several hundred screws, hence it is possible that gas
can get leak from these screw points either due to some screws remain loose
during assembly or some are tightened with too much force that they get
break inside the frames. The QC3 gas leak test is performed on the assembled
detector when the detector is connected in between the inlet and outlet of the
gas system. The flow-rate is again set to 5 L/hr using the input valve of flow
meter, and the over-pressure in a detector is set to about 25 mbar. The DAQ
system records the over-pressure inside the detector and other environmental
parameters (room temperature, relative humidity and atmospheric pressure)
as a function of time. The GE1/1 detector is validated, if the pressure drop in
the detector + gas system does not exceed 7 mbar per hour. The QC3 gas leak
test result of all the GE1/1 detectors assembled at the Panjab University site
is shown in Figure [2.23] All the detectors assembled at the Panjab University
production site successfully passed the QC3 gas leak test.

QC4 HV test The aim of the QC4 High Voltage (HV) test is to determine
the current vs. voltage (I-V) characteristics of the assembled GE1/1 detector
to identify the possible malfunctions and defects in the HV circuit and to
calculate the intrinsic noise rate. The GE1/1 detector under test is first flushed
with pure CO, gas for at least 5 hours before the test and is connected to
negative high voltage (V) provided by programmable HV power supply which

allow a user to control the current limit (/,.,), steps to ramp up and ramp down
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Figure 2.23: Results from the QC3 Gas Leak Test on the GE1/1 detectors assembled
at Panjab University. All the detectors successfully passed the QC3 gas leak test.

the voltage, maximum voltage and the trip time. The ORTEC pre-amplifier is
connected to the bottom electrode of the third GEM-foil through a decoupling
RC circuit, which is already present on the detector’s drift board. The output
of the pre-amplifier is then sent to an amplifier+shaper unit and then to the
discriminator. For the rate measurement, the resulting digital pulses are sent
to the dual timer and then to the scaler unit. To cut the high-frequency noise,
HV low-pass filter is connected between the SHV connector of the detector
and the power supply. Also, copper ribbons should be used for the proper
grounding of the detector, the pre-amplifier, and the HV filter. To perform the
QC4 HV test on the assembled detector, the total resistance of the HV circuit
(including the divider and all HV filter) is measured using a digital multimeter.
The discriminator threshold and the scaler clock are set to -140mV and 60s,
respectively. After the operating current and voltage gets stable, the actual
voltage V,,,, and the current [,,,, is recorded, and the number of counts is
measured using the scaler unit for 60s. All these parameters are recorded
in online DAQ system. These steps are repeated until the voltage reaches
4900V on the detector with a step of 100 V. The I-V curve is plotted, which

is expected to be a straight line, and the reciprocal of its slope gives the
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total equivalent resistance of the HV distribution system. This value is then
compared to the value of resistance measured using a digital multimeter. The
test is said to be validated if the difference between the two resistance values
is less than 2%. Further, the intrinsic noise rate, which is defined as the rate of
signals not arising due to ionization of the gas, is calculated. The detector is
said to pass the test if the average intrinsic noise rate of the GE1/1 detectors
is found to be less than 15 Hz at 4.9kV. Figures (left) and (right)
show the V,,,, as a function of I, and intrinsic noise rate as a function of
I,on for different GE1/1 detectors assembled at Panjab University site. All the
detectors assembled at the Panjab University site passed all the QC tests [3§]
and were shipped to CERN for further testing followed by installed in the
CMS detector.
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Figure 2.24: Mounting the readout board on the stack (Left). Testing the assembled
chamber using Megger (Right).

e GEM background particle simulation : The GEM detectors are installed
in the forward region of the CMS detector, where particles from the multiple
interactions during the pp collision reach the GEM detector. These incident
particles from the pp interactions interact with matter, resulting in low energy
neutrons, photons, electron/positrons and charged hadrons. These particles

are commonly referred to as background particles. These background particles
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can damage the detector elements and can cause spurious signals that degrade
the detector performance. To study the radiation environment and its im-
pact on the detector performance, the estimation of the hit rate for various
background particles is performed. The hit rate is defined as the number of

particles detected per unit of time in a single chamber and is given as follows:

Hit rate = Sensitivity x Flux (2.9)

where, Sensitivity is defined as the probability for a charged particle to de-
posit energy in the sensitive volume of the detector (i.e., Ar/CO, gas mixture),
and to produce primary ionized electrons [39] [40]. Hence, the sensitivity can
be expressed as the ratio of the number of hits recorded above a certain en-
ergy threshold to the total number of incident particles entering the active
surface of the GEM detector from any direction. The readout electronics for
the GEM detector have a threshold of 3 fC. The sensitivity is measured from
the GEANT4 simulation package [41], by defining the accurate geometry of
the GEM detector. Flux is defined as the incident number of particles per
unit area per unit time weighted for their track length in the GEM detector
volume. Particle flux is estimated using the FLUKA simulation package [40]
with Run 2 CMS detector condition and at LHC instantaneous luminosity of
1.5 x 10** em™2s™!. The FLUKA simulation provides the information needed
for all possible particle types arriving from different directions at a given posi-
tion and time. The flux of the incident background particles such as neutrons,
photons, e* and charged hadrons is shown in Figure . As can be seen from
the figure, the major contribution in the GEM region comes from low energy
neutrons, photons whereas very small contribution comes from the e* and the
charged hadrons. Minor contribution comes from the muons from gauge boson

decays, and are neglected in the presented study.

Sensitivity is the measure of the detector response and depends on the particle

type, its kinematic properties, and the composition of the material in which
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Figure 2.25: Flux of particles, normalized to the instantaneous luminosity, incident at
the GE1/1 volume.

the particle interacts. The sensitivity is estimated using the same detector
configuration as used in the GE1/1 slice test performed during Run 2 [43].
The GEM detectors are installed in a pair, and are referred to as supercham-
ber, with Layer 1 and Layer 2. The average sensitivity is obtained from the
convolution of the sensitivity at a given energy and incident angle with the
normalized abundance of particles at that energy and incident angle as shown

in Figure [2.26]

The accuracy of the sensitivity relies on the correct description of the physics
processes and on realistic detector modeling. The physics processes considered
in this simulation are well known and have been validated in the GEANT4
framework [44] [45]. To quantify the impact of the detector modeling on the
sensitivity, detector configuration, such as drift gap width, gas mixture propor-
tion and the distance of impact parameter, is varied. The drift gap variation
of £0.3 mm is considered w.r.t. the nominal value of 3 mm. Similarly, to
measure the effect of the gas mixture proportion, two Ar/CO, compositions
w.r.t. the nominal (70:30) composition, 60:40 and 80:20 are considered. The
impact parameter distance of 3 mm, perpendicular to the GEM surface, is

considered in this study. The effect of this on the sensitivity is measured by
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Figure 2.26: Sensitivity of the GEM detector as a function of incident energy for
different particles. The sensitivity is convoluted over all possible incident angles.

varying the distance by +2 mm. A total variation of 0.5-0.8%, 0.0-1.0%, 0.2-
0.4%, and 3.9-8.8% on the average sensitivity for neutrons, photons, e*, and
charged hadrons, respectively, is estimated. The systematic uncertainty asso-
ciated with the particle flux is estimated by comparing the Run 2 scenario in
FLUKA with an alternative scenario. In this alternative scenario, the material
composition of the shielding in front of the Hadron Forward (HF) calorimeter
is changed, replacing borated polyethylene by non-borated polyethylene; this
change impacts the number of particles reaching the muon stations. The un-
certainty is evaluated by comparing the particle flux between the two scenarios
and a variation of 10 to 20% is found, depending on the perpendicular distance

from the beam line (R), with a mean value of 15%.

At last, the hit rate from simulation is obtained from the convolution of the
average sensitivity and the particle flux, and is shown in Figure 2.27 As
expected, the hit rate is higher at lower R (higher n) because the flux from
the collision is higher in this region. The largest contribution in the hit rate
comes from the neutrons while photons contribute about ~ 15%. Charged
hadrons and e* contribute about 1% only. The estimated hit rate is compared

with the data collected by the GEM detector during the slice test performed
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during Run 2 operation. As can be seen from this figure, the measured hit rate

for the GEM detector agrees with the estimated hit rate from the simulation

within the uncertainty [46] except for n-sectors 1 and 2 for which data were

taken with higher readout thresholds i.e., 8.8 fC and 4.0 fC respectively. The

developed framework can be used for evaluation of hit rates on other detectors

at HL-LHC, providing a better understanding of trigger rates and longevity of

detectors.
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Figure 2.27: Comparison of the background particles hit rate observed in data with

the estimated hit rate using the particle flux from FLUKA simulation and sensitivity

from GEANT4 simulation. The bottom panel shows the ratio of hit rates from data to

those predicted from the simulation.

2.2.6 CMS Trigger system

At the design luminosity and center-of-mass energy of 14 TeV, around 10° interac-

tions per second are produced at the LHC. Only a small fraction of these collisions

contain events of interest to the CMS physics program, and only a small fraction of

those can be stored for later offline analysis. It poses challenge to the CMS trigger

system to select only interesting events for offline storage from the bulk of the inelas-

tic collision events. Of the proton-proton collisions happening per bunch crossing

in every 25ns, most can be classified as almost elastic or diffractive events, which
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correspond to interactions where the colliding protons either recoil from each other
without being destroyed in the process, or the proton structure is broken leading to
the emission of highly forward jets. These events present low transverse transferred
momentum and therefore are of minor interest when looking at processes involving
exchange of on-shell gauge boson, or Higgs physics. Only a fraction of these mini-
mum bias events are written on disk, and are mainly used for detector calibration
or luminosity measurements. In order to select and store interesting events, a re-
duction is applied via a triggering system [47]. The CMS trigger system has two
levels: the hardware based first level (L1) trigger [48] and the software based second
level trigger (high level trigger - HLT) [49]. The two systems achieve the combined
reduction rate of the order of 10°. More description of the two systems is given

below.

Level-1 Trigger (L1) The L1 trigger system is composed of custom hardware
processors that rely on information from the calorimeters and from the muon system.
The decision process starts in the local detector subsystems. Muon identification is
performed separately for the different muon chambers (DT, CSC, RPC) using e.g.
hit patterns to supply independent information. This information is combined in
the Global Muon Trigger (GMT) system. The four best muon candidates in the
endcap and barrel regions are further sent from the GMT to the Global Trigger
(GT) system. FEnergy deposits in the ECAL and HCAL towers are processed in
the Regional Calorimeter Trigger (RCT) system. Regional energy sums, i.e. elec-
tron/photon and jet candidates are identified in the RCT and further sent to the
Global Calorimeter Trigger (GCT) system. From the GCT system, the four best
isolated and non-isolated electron and photon candidates as well as the four best jets
per barrel, endcap and tau category and the total (and consequently also missing)
E7 sums are sent to the GT system. The GT system contains 128 trigger algorithms
with different requirements on the candidates from the GCT and GMT systems such
as Ep, pr and combinations of objects. After 3.2 um, the L1 trigger system reaches

a result and the detector data, which was stored in buffers, is either discarded or
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transferred to the front end read out devices. The L1 trigger system has zero dead
time (128 events are processed in parallel and there is a pipeline delay of ~3 pm and
reduces the event rate from 40 MHz to around 100 kHz. Much of the logic in the trig-
ger system is contained in custom Application Specific Integrated Circuits (ASICs),
semi-custom and gate-array ASICs, Field Programmable Gate Arrays (FPGAs),
Programmable Logic Devices (PLDs), and discrete logic such as Random Access
Memories that are used for memory Look-Up Tables (LUTSs). Figure shows the

architecture of the CMS Level-1 Trigger system.

L1 Accept
Global Trigger [ Trigger Control System
4 with MIPISO bllg/ WET Hy, 12 Ny, E™8
| Global Muon Trigger Global Calorimeter Trigger
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Figure 2.28: Architecture of CMS Level-1 Trigger .

High Level Trigger (HLT) The HLT system uses a slim version of the CMS
offline reconstruction software distributed on a cluster of commercial rack-mounted
computers comprising over 13k CPU cores. The HLT system exploits the informa-
tion of the whole detector. The fast reconstruction algorithms start with the L1
trigger candidates and add information from other sub-detectors such as the tracker
system to reconstruct the HLT trigger objects (electrons, photons, muons, jets). A

sequence of requirements on the trigger objects correspond to a specific trigger path
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(or data stream), addressing specific physics object selections. If the event recon-
structed by the HLT system meets the requirements of any such trigger path, it is
recorded. The HLT system reduces the event rate to a few hundred Hz. Events
passing the HLT system are stored on disk for offline data analysis, with an average

event size of about 1.5 MB for pp interactions.

In this Chapter, a brief discussion of the LHC collider, the CMS detector and
its various subdetectors, is presented. The LHC is designed for the measurement
of the standard model physics as well as the physics beyond the standard model.
The CMS detector is one of the two general purpose detectors at the LHC, and can
reconstruct various particles originating from the pp collisions at the LHC and can
measure their energy and momentum. Therefore, the data collected from the CMS
detector can be useful for the search for the heavy neutral gauge boson, Z’, which

is the objective of this Thesis.

The mechanism through which different particles deposit their energy in vari-

ous CMS subdetectors is discussed in the next Chapter.
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Chapter 3

Event Reconstruction and Data

Samples

Event simulation is a fundamental step for a high energy physics experiment from the
very early detector design stage up to the final commissioning stage. The simulation
study of the detector and the physics processes is quite important before the start
of the experiment as well as after the start of real data taking in the experiment.
Performance and calibration of various components of the detector is monitored
using simulation techniques. With the help of simulation studies, it is also possible to
decide the nature of backgrounds for a particular physics process and then decide the
analysis strategy accordingly. Event simulation involves generation of events using
a numerical method, known as “Monte Carlo (MC)”. This method estimates the
integral based on random evaluations of the integrand. Unlike the other integration
methods, where error estimation depends on the number of variables in phase space
i.e. dimensions, the MC methods are independent of it, making it suitable for
particle event generators for the particle physics. Figure [3.1] shows the sketch of
the simulation for the proton-proton (pp) collision using the MC method. Once
the pp collision events are simulated, these events are required to pass through the
simulated detector so that various effects of the interaction of particles with detector

material can be simulated. This process is known as detector simulation.
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Figure 3.1: Sketch of the simulated pp collision event. Hard collision is represented by
the red blob followed by the parton showering (red lines). Secondary hard interaction
is indicated by the purple blob. Light green blobs shows the parton to hadron transi-
tions and dark green blobs indicate the hadron decays. The soft photon emissions are
represented by yellow lines [1].

At the CMS detector, event simulation takes place in two main steps. The
first step is the generation of events with the help of an event generator, based on
the standard model of the particle physics or a beyond standard model theory. The
event generator produces all the particles that are expected to be produced in the
pp collisions. The second step is to simulate the interactions of these particles with
the CMS detector and to translate them into electrical signals for the reconstruction
of an event. The reconstruction steps are same for both the simulated and the real

data events.
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3.1 Event Generation

The main motive of the event generator is to generate events as realistic as could
be from a real experiment. Event generators are intended to generate complete
events by subdividing the task into simpler steps. For the generation of a given hard
process, the basic steps are as follows: generation of the Feynman diagrams involved
in the physics process of interest, construction of the matrix elements which after
being integrated over whole phase space to provide the total and differential cross-
section of the process. Finally, the events are randomly generated according to the
full differential cross-section and provide a set of four momentum vectors associated
with each of the final state particles. Different processes that occur during the pp

interaction are discussed below.

e Generation of the Hard Process: Hard scattering is the interaction between
two incoming partons of colliding protons that involve highest momentum
exchange. Many Feynman diagrams are produced and a matrix element (ME)
is constructed using the amplitude of various involved processes during the
pp collision. After this, the calculation of the full differential cross-section of
the hard process is done and the events are randomly generated in some phase
space depending upon its cross-section. Theoretically, it is easy to calculate the
MEs with reasonable accuracy i.e. up to the leading order (LO) calculations.
However, this accuracy is process dependent. In some cases, it may be difficult
to achieve accuracy beyond the LO calculations due to increased number of

Feynman diagrams and complex calculations.

e Modeling of Initial State Radiation and Final State Radiation: Any parton
carrying some charge (electromagnetic, weak or color) can radiate gluons, lead-
ing to the production of supplementary particles. The radiation emitted by
the incoming partons before the hard interaction is known as Initial State Ra-
diation (ISR). It can lead to the formation of jets near the direction of the
incoming partons. Similarly, the radiation emitted by the final state partons

yields Final State Radiation (FSR). This radiation is responsible for building
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the structure of the jets.

e The short-lived particles produced in the pp interaction are rather unstable

and can decay to stable final state particles.

e Since the colliding beam protons are made up of partons, there is a possibility
of additional interaction to occur during the hard interaction. Such interac-
tions are known as Multiple Parton Interactions (MPI). Also, the remnants of
the colliding protons should be taken into account for the correct balance of
the momentum and the charge. Therefore, It is necessary to simulate correctly

those interactions as they contribute to the whole structure of an event.

e Asthe partons in the final state move apart from each other, the strong running
coupling constant increases leading to the quark confinement. This process
leads to the production of quark-antiquark (¢g) pairs and colorless hadrons,

resulting in showering and hadronization, and is described in the next Section.

e The final state can include the decay of the comparably long-lived particles

such as 7-leptons and B-hadrons, which further decay to stable particles.

3.1.1 Parton Showering and Hadronization

The Hard scattering of the incoming partons involves the large momentum transfer
which leads to the acceleration of final state partons. These final state partons
involve both electrically charged and colored particles. QED emissions are carried
by electrically charged particles and QCD emissions by colored particles. These
colored charged particles can further emit radiations leading to the development of
parton showers. The parton showers generally introduce corrections to the hard
processes which can not be exactly calculated. Therefore, an approximation scheme
is used considering only the dominant contributions. As more of emission occurs,
the interaction scale (Q) gets smaller which increases the value of a,. At a point,
where Q gets close to the QCD scale i.e. Ay, @ becomes large enough to stop the

parton showering. In this confinement regime, the colored partons are transformed
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into colorless hadrons, a process called either hadronization or fragmentation. Some

specific models describing hadronization mechanism are given below:

e Cluster Model: In this model, splitting of gluons occur via g — ¢ processes
forming colorless singlet gg combinations of lower masses. Then the formation
of clusters occur through the combination of neighboring color-connected qg

pairs which subsequently decay to pair of hadrons [2, 3].

e Lund String Model: This model uses string dynamics to represent color flux
stretched between ¢g. It considers a string or colored flux tube holding the two
quarks having linearly confined potential. The string breaks when the energy

of string exceeds the mass of ¢¢ pair forming another pair and so on [2, 3].

During the last few decades, different experimental measurements have been used

to tune these models to precisely describe the hadron multiplicity in the final state.

3.2 Monte Carlo Event Generators

The following MC generators have been used in the generation of various physics

processes considered in the analysis presented in this Thesis.

e PYTHIA: PYTHIA [4] is a general purpose tree-level generator frequently
used in the generation of events in pp, ee and pe collisions. It computes ME
for large number of processes and also has tools to simulate ISR and FSR.
PYTHIA can also be interfaced with other event generators for providing
them parton showering and hadronization. It can generate almost all 2 — 1,

2 — 2 processes with few 2 — 3 processes. Hadronization is carried out using

“Lund String Model” in PYTHIA.

e MADGRAPH: MADGRAPH [5] is a MC generator providing only ME cal-
culations and has to be interfaced with other MC generators for the remaining

steps like parton showering and hadronization. It is a tree-level generator and
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can produce the events up to 4 partons in the final state. Since in MAD-
GRAPH, tree level calculations are involved, careful tailoring of phase space
is done to remove the soft and collinear divergences. These excluded regions
have therefore to be treated by parton showering (PS) calculations. The ME
at tree-level can be generated for any Lagrangian based model (renormalizable
and effective). MADGRAPH generates all Feynman diagrams for the process
depending on user’s input specifying initial and final state particles, branch-
ing fractions required in models (BSM models), masses and couplings of the
particles etc. The MEs at a given phase space point are calculated and the
code is generated known as Les Houches format Event (LHE) file [6], which
can subsequently be used by other packages for event generation. To avoid
double counting of equivalent phase space configurations during the parton
showering, various jet matching algorithms such as CKKW, MLM, etc. are
used [7]. The analysis in this Thesis mostly uses the MADGRAPH generated
samples with parton showering from PYTHIA generator such as W+ jets, Z

+ jets samples with exclusive jet multiplicity.

¢ POWHEG: POWHEG (Positive Weight Hardest Emission Generator) [§] is
general framework providing the modeling of the hard interaction with next-
to-leading order (NLO) accuracy. It has to be interfaced with PYTHIA or
HERWIG for parton showering. The processes involving the production of
the Higgs Boson through vector boson fusion topology are generated using the

POWHEG generator.

After the hard process generation, showering and hadronization, next step is to
simulate the generated events to have a prior knowledge of their behaviour and

signatures in the detector.
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3.3 Detector Simulation

CMS detector simulation is done using GEANT4 (GEometry ANd Tracking) [9], a
package used to model the response of the CMS detector to the passage of particles
through it. This software includes a wide range of known particle interactions with
matter, external electromagnetic fields, detailed description of detector including
its geometry, alignment, densities and types of material, and subsystem conditions.
All these conditions are required for the proper simulation of particle propagation
through different parts of the detector, including particle trajectories, energy loss,
energy response or hits in sensitive detector components, secondary interactions,
signal digitization and readout etc. The simulated signals are stored and processed

in the same way as real detector signals in subsequent event reconstruction.

3.4 Reconstruction of Physics Objects

The particles produced at the interaction point of pp collision and their decay prod-
ucts interact with the detector active material while traversing the CMS detector,
creating electric signals along their way. The data collected by various subdetectors
of the CMS detector has to be further processed for physics analysis. Figure |3.2
shows different particles transversing through one section of the CMS detector. Us-
ing hit information from different subdetectors, the actual track information of the
particle can be reconstructed. For instance, as shown in Figure[3.2] trajectory of all
charged particles can be measured in the silicon tracker from bending in magnetic
field based on their charge and momentum. Electrons and photons deposit their
energy in the electromagnetic calorimeter (ECAL). Hadrons, besides the ECAL,
deposit their energy in the hadron calorimeter (HCAL). Muons, being the mini-
mum ionizing particles, travel all the way to muon system, where their trajectory
is again measured due to bending in the return yoke. Neutrinos are the only par-
ticles which transverse the CMS detector completely as they hardly interact and

thus escape undetected. The detector response of the different subdetectors con-
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sisting of tracks, calorimeter clusters and muon tracks is used by the Particle Flow
(PF) algorithm to identify topologically connected reconstructed elements
from different subdetectors, link them via extrapolation to each other and identify
particle candidates accordingly. This algorithm is performed iteratively and the el-
ements associated with particle candidates like muons, electrons, charged/neutral
hadrons and photons (in roughly this order) are removed from further processing.

Afterwards the missing transverse energy (E?ms) is calculated. The different steps

are discussed in further detail in the next Section.

Silicon
Tracker

~~

Electromagnetic

Calorfmeter
Hadron
Calorimeter Superconducting
Solenoid Iron return yolke interspersed
with muon chambers
Muon Electron Charged hadron (e.g. pion)
- ==-Neutral hadron (e.g. neutron) ----- Photon

Figure 3.2: Schematic overview of different physics objects and their interaction with
different subdetectors in one section of the CMS detector .

3.5 Track Reconstruction

Tracks of the charged particles in the CMS detector are reconstructed using the hits
in the successive layers of the silicon tracker, with an exception for muon tracks,
which use the hits in the muon chambers also. For efficient track recognition and
propagation, the silicon modules in the tracker are arranged in layers that are her-

metic for a particle originating from the center of the detector. Signal in each layer
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with the highest signal to noise ratio is considered as a hit for strip and pixel de-
tector. Then the hits in the adjacent layers are clustered and used as tracker seeds,
which define the initial position and uncertainty of the clusters [13]. The track tra-
jectory is extrapolated using a combinatorial Kalman filter (KF) algorithm [14] [15].
Firstly, the hit in the first layer is considered as a seed for the algorithm. The first
track is then extrapolated as a straight line pointing outward, with a very large
uncertainty as shown in the Figure On the next layer, the KF hit (yellow dia-
mond) associated to the track is taken as compromise between the hit determined
experimentally (blue circles) and the hit predicted by extrapolating the track from
the hit in the previous layer (red square). The parameters of the track candidate
are updated with the addition of every new hit. The algorithm takes into account
several phenomena such as missing hits, possibility of tracks crossing each other and
multiple scattering. This is done by following an iterative approach were the hits
of the best reconstructed tracks are removed at each step, and the remaining hits
are combined into new tracks. The track finding algorithm progressively relaxes the
seed requirements to find less energetic tracks and tracks not crossing part or all of

the pixel tracker (e.g. coming from secondary vertices).

Legend

@  Measured hit

- Predicted hit in the next layer

&> Compromise between
measurement and prediction

4"  Hit accepted in the track

3 Hitrejected from the track

Figure 3.3: Schematic depiction of a Kalman Filter algorithm.
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3.6 Primary Vertex Reconstruction

Due to high instantaneous luminosity, there are several additional pp interactions
occurring besides one hard collision (with the highest momentum transferred) in the
same bunch crossing. This implies that there are several vertices present, distributed
over a luminous region known as the beam spot. This region, typically the center of
the region where the LHC beams collide at P5, has an average size along the x and
y coordinates of 8pym x 7pum, while it is larger along the z axis, with an average
size between 3 and 3.5 cm. The beam spot primarily depends on the beam focusing
and hence is approximately stable throughout an LHC fill.

Vertex reconstruction consists of two main steps, vertex finding and vertex fitting.
Firstly, the high quality tracks originating from same region are selected and are
grouped together. The track clustering is performed with a Deterministic Annealing
(DA) technique [16]. Vertex candidates selected by the DA algorithm, which are
associated to at least two tracks, are then processed by an Adaptive Vertex Fitter
(AVF) [17]. This robust KF-based algorithm provides the estimate of the vertex
coordinates, their correlation matrices, and assigns a weight to each track associated
to the vertex. The closer the weight is to 1, the more the corresponding track is
compatible with originating vertex. A reconstructed vertex with the maximum sum
of p% of its associated tracks is called Primary Vertex (PV), and all the remaining
reconstructed vertices are called pileup vertices. A good primary vertex is the one
for which the absolute distance to the center of the CMS detector has to be smaller
than 24 cm along the z-axis, say d, and 2 cm in the z —y plane, say d,,. In addition
to this, the number of degrees of freedom of the vertex fit must be at least 5 for a

good primary vertex.

3.7 Muon Reconstruction

Muon reconstruction [1§] utilizes the information from muon system and silicon

tracker. It starts with the local reconstruction of hits in the muon chambers. In the
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drift tube (DT) chambers, muon hits with coordinates obtained from the the drift
velocity are used to built three dimensional track segments from the different DT
layers. The cathode strip chambers (CSC) provide the position and time of arrival
of muons, obtained from the distribution of charge induced on the cathode strips,
leading to the reconstruction of three dimensional muon segments by combining the
information from multiple CSC layers. The local reconstruction of the RPC hits
provides only the position of the muon hits. Standalone muon tracks are obtained
by combining the information of all muon chambers using a Kalman filter tracking
algorithm, which takes into account the information of the magnetic field and the
energy loss in the material budget of the muon chambers and the iron return yoke.
If a standalone muon track can be matched to a tracker reconstructed track in the
silicon tracker system, it is identified as a global muon. The matching of the silicon
tracker tracks to the standalone muon tracks is performed by first of all comparing
their parameters propagated onto a reference surface on the outside layer of the
solenoid magnet. The best combination of a silicon tracker track and a standalone
muon is chosen by iterating over all track combinations in this common surface with
more stringent momentum and spatial matching criteria. The global muon candi-
date with the best normalized x* is chosen. The trajectory is re-fitted starting from
the outer muon chambers going towards the interaction point using a combinatorial
Kalman Filter technique. Energy deposits in the calorimeter and the track segments
close to the extrapolated trajectory are associated with the muon candidate and re-
moved from subsequent iterations. There is possibility for some muons to not reach
the muon system from the interaction point. This includes low p; muons which can
not penetrate through the material until the last muon stations. An alternative ap-
proach is used to reconstruct such muon candidates, called as tracker muons. In this
approach, well reconstructed silicon tracks are propagated to the muon chambers
using information of muon hits in the calorimeters. The propagated track are then
uniquely associated with a candidate track by looking at the nearest geometrical
match in the muon system.

There is a high possibility of muons which are not coming from interaction point and
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are referred to as non-prompt or backgrounds. This include muons from charged
hadrons such as kaons and pions, beam-halo muons and cosmic-ray muons. To sup-
press these kinds of backgrounds, additional identification and isolation requirements
are applied. The reconstruction and identification efficiency of muons is greater than
99% in the CMS detector. The momentum resolution for muons is 1% in barrel and
3% in endcap for muons with momenta up to approximately 100 GeV. The resolution

in the barrel is better than 7% for the muons with momenta up to 1 TeV.

3.8 Electron Reconstruction

Electron, near the interaction point, first interacts with the tracker material and
emits bremsstrahlung photon and the photon further converts into an electron-
positron pair, producing shower called Electromagnetic Shower. Thus, by the time
the electron reaches the ECAL, it may no longer be a single particle, but could
consist of a shower of multiple electrons and photons. After reaching the ECAL, it
deposits all of its energy in the multiple ECAL crystals. This is the first information
that the energy reconstruction algorithm requires. The crystals with energies above
a certain threshold (~ 80 MeV in ECAL barrel and ~ 300 MeV in ECAL endcap) are
grouped together to form clusters |[19]. The threshold energy is chosen in such a way
that it is 2-3 times greater than the electronic noise in the crystals. The cluster with
maximum energy deposited and with transverse energy (E;) greater than 1 GeV is
chosen as a seed cluster. As the energy deposited by an electron shower is shared
within several ECAL clusters around the seed cluster, these clusters are merged to
form a supercluster. This supercluster captures the energy of the original electron.
There are two main algorithm for superclustering. The first is the “mustache”
algorithm |20], which is used for low energy deposits. It uses information only from
the ECAL and the preshower detector. After identifying the seed cluster, additional
neighboring clusters are added. The distribution of the spread of clusters w.r.t the
seed cluster in 77 and ¢ direction has a slight bend because of the solenoidal structure

of the CMS magnetic field. The shape of the supercluster is similar to a mustache
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in the transverse plane. An example of the mustache supercluster distribution can

be seen in Figure [3.4] for simulated electrons with 1 < Ep < 10 GeV.
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Figure 3.4: Distribution of A) = Nyzed ctuster —Neluster A1 MG = Bcedctuster —Petuster fOT
simulated electrons. The z axis represents the occupancy of the number of PF clusters
matched with the simulation around the seed. The red line shows the supercluster
chosen by the mustache algorithm around the seed cluster shown by the white region
at the center of the plot [21].

The size of the mustache region depends on E, as tracks with larger transverse
momenta get less bent by the magnetic field. The second superclustering algorithm
is known as the “refined” algorithm [20]. It utilizes tracking information to extrap-
olate bremsstrahlung tangents and conversion tracks to decide whether a cluster
should belong to a supercluster. It uses mustache superclusters as a starting point,
but is also capable of creating its own superclusters. The refined superclusters are
used for the determination of all ECAL-based quantities of electron and photon ob-
jects. Starting with these ECAL superclusters, electron candidates are reconstructed
by matching the superclusters to tracks in the tracker originating from the primary
vertex. As electron loses its momentum by emitting bremsstrahlung photons while
transversing in the dense material and changes its curvature in the presence of the
magnetic field and its shower spreads along the ¢ direction. A Gaussian Sum Filter
(GSF) [22] is used, which is a non-linear generalization of the Kalman Filter assur-

ing improved pattern recognition of the electron tracks and taking Bremsstrahlung
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energy losses into account. If a supercluster from the ECAL detector cannot be

matched to a track in the silicon tracker detector, a photon candidate is identified.

By combining the information of the ECAL and the Tracker, the electron
energy resolution reaches 0.8 % (2 %) for electrons in the barrel (endcaps), with a

pr = 200 GeV.

3.9 Tau Reconstruction

Tau (7) lepton, being the heaviest among the lepton family, has a mean lifetime
~ (9(10_13 s). It has a decay length of the order of millimeters, thus decays very
close to the interaction point. 7 lepton can either decay into a muon or electron
and two neutrinos, or can involve hadrons, with or without intermediate mesonic
resonances. Thus, the 7 lepton reconstruction requires precise algorithms to separate
7 decays from prompt leptons and hadrons coming from hadronization of quarks or
gluons. To distinguish the two types of decays in this Section, 7 lepton decaying
to leptons will be referred to as leptonic (1,) and 7 lepton decaying to at least one

hadron will be referred to as hadronic (7,).

The 7 lepton decays in about two third of the cases, typically into either one
or three charged pions or kaons and up to two neutral pions (7r0), and one neutrino
(v;). The 7 meson decays almost exclusively into vy. In about 35% of the cases,
tau leptons decay into an electron or muon and two neutrinos. The branching
fractions for the main 7 decay modes are given in Table . The decays 7~ —
h v, 7 = h 7, and 7~ — h A h w, (with corresponding channels for 7)
proceed via intermediate p(770) and a;(1260) meson resonances. The main challenge
in identifying hadronic 7 decays is distinguishing them from quark and gluon jet
background. The cross-section for multijet production from perturbative quantum
chromodynamical (QCD) calculations exceeds by many orders of magnitude of the

rate at which 7 leptons are produced at the LHC. To reduce the background arising

from quark and gluon jets, we exploit the fact that hadronic 7 decays result in a
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lower particle multiplicity, and are more collimated and isolated relative to other
particles in the event. In some analyses, the misidentification of electrons or muons
as 7, candidates may constitute a sizeable problem, and dedicated algorithms have

been developed to reduce this type of background.

Decay mode Meson resonance | B [%]
T — e nu.v, 17.8
T — [ nu,V, 17.4
T = h vy, 11.5
T = h 'y, p (770) 26.0
7 = h 7%, a; (1260) 9.5
T~ = h hThy, a, (1260) 9.8
T~ = h hth 2%, 4.8
others modes with hadrons 3.2
All modes containing hadrons 64.8

Table 3.1: Approximate branching fractions B of different 7 decay modes [23].

The hadron-plus-strip algorithm The 7;, decays are reconstructed and iden-
tified using the hadrons-plus-strips (HPS) algorithm [24] [25]. The algorithm is
designed to reconstruct individual decay modes of the 7 lepton, taking advantage of
the excellent performance of the PF algorithm in reconstructing individual charged
and neutral particles. The reconstruction and identification of 7, decays in the HPS

algorithm is performed in two steps:

e Reconstruction: The combinations of charged and neutral particles recon-
structed by the PF algorithm that are compatible with specific 73, decays are
constructed, and the four-momentum, expressed in terms of (py, 1, ¢, and

mass) of 7, candidates, is computed.

e Identification: The discriminators that separate 7, decays from quark and
gluon jets, and from electrons and muons, are computed. This provides a
reduction in the misidentification rates for jet — 75,, ¢ — 7, and u — 7,

misidentification.
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The HPS algorithm is seeded by jets of pr > 14 GeV and || < 2.5, recon-
structed using the anti-kp algorithm [26] with a distance parameter of 0.5. Particles

in the jets are then tested as candidates for:
e hadrons : charged particles depositing their energy in both ECAL and HCAL

e strips : a cluster of electrons and photons, producing ECAL signatures com-

patible with a 7" decays

Several tau hadronic decay channels include 7° mesons, which decay into two pho-
tons almost 100% times. Photons have a chance of converting into an electron-
positron pair, which then are separated along the ¢ direction due to the magnetic
field. This results in an ECAL cluster narrow in 7 and extended in ¢, referred to as
strip. Photons and electrons in the jet cone are clustered to form a strip if they are
found in a certain An x A¢ window. During Run 2, a dynamic strip reconstruction

was introduced [27] which works as follows:

e a strip is seeded by the leading photon or electron (v/e) found in the jet, but

not yet assigned to a strip;

e the position and transverse momentum of the leading e/~ are assigned to the

strip as the position of its center (7*"” and ¢*") and momentum (p™ );

e the next highest p; e/ candidate is then assigned to the strip if the distance

between its position and the strip center satisfies the following relations:

An(ey — strip) < maz(f(p7) + f(pgf”p), 0.15) (3.1)
A¢(ey — strip) < maz(g(p7) + g(p7"™), 0.30) (3:2)

with
f(pr) = 0.20.p7"% (3.3)

9(pr) = 0.35.p7" (3.4)
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e if the e/ candidate is included in the strip then the properties of the strip

are re-evaluated based on its constituents:

e/v

stmp Zp (35)

e/v

St”p strzp Z br (3 . 6)

e/y

stmp _ stmp Z e/y (37)

e the process continues till no other e/y candidate is found within the strip
window, and the clustering of a new strip is initiated using the unassigned e/~

candidates.

The highest energy hadron and strip candidates selected (up to six each) are then
combined as potential 75, candidates and compared to the different hadronic decay
modes of tau leptons. The assignment of a decay mode is based on the number of
prongs and strips available and the invariant mass of the tau decay products. For
each 7;, candidate, corresponding to different combinations of hadrons and strips,
the invariant tau lepton mass m,, is reconstructed. Based on the number of recon-
structed hadrons and the values of m,, of each 7, candidate, the HPS assigns the

tau decay mode [25] as follows:

e One prong (hi): This decay mode corresponds to cases where only one
charged hadron candidate was identified, not accompanied by good strip can-
didates, and 0 < m,, < 1. The choice of this mass window allows to target not
only charged pions, but also the rarer decays to kaons. For this decay mode,

m

7, 18 then assigned to be equal to the pion mass.

e One prong plus one strip (h:t’/TO)i A charged hadron is required to be

identified together with a strip, and their visible invariant mass is required to
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be 0.3 -Am,, <m,, 1.3 x \/pp/100+Am,, , with the upper limit constrained
between 1.3 and 4.0 GeV.

e One prong plus two strips (hiwowo): This decay mode requires one hadron
to be reconstructed alongside two strips. Their visible mass should be 0.4 -
Am, < m, 1.2 x /pp/100 + Am,, , with the upper limit constrained
between 1.2 and 4.0 GeV.

e Two prongs (h*h™): This decay mode is assigned to 7, candidates where
two charged hadrons are identified having invariant visible mass between 0
< m,, < 1.2. For this decay mode and the next one, the requirement on the
73, candidate electric charge is relaxed to allow values different from 1, the two

charged hadron candidates can therefore have either equal or opposite charge.

e Two prongs plus one strip (h*h*7"): Cases with two charged hadrons and
a strip are assigned to this decay mode. The visible mass should fall within the
range 0. <m, < 1.2 X \/m + Am,, , with the upper limit constrained
between 1.2 and 4.0 GeV.

e Three prongs (hihith): This decay mode is associated to three charged
hadrons with no additional strip, their invariant visible mass is required to be

0.8 <m, <14GeV.

e Three prongs plus one strip(h*h*hTz"): Three charged hadrons and a
strip are required to be present, furthermore the mass of the tau candidate

should be in the range 0.9 -Am, <m, < 1.6 +Am,, .

Misidentification of hadronic taus There is a high probability that several
objects can be misidentified as hadronically decaying tau leptons by the HPS algo-
rithm. A highly collimated quark or gluon jet can be mistaken for any tau decay.
Muons can produce a signature similar to a one prong tau decay. Electrons can
emit photons via bremsstrahlung radiation and mimic the p meson decay and be

reconstructed as one prong plus s decays. To reduce the misidentification rate,
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and thus select a more pure sample of hadronically decaying tau leptons, a new tau
identification algorithm is deployed: the DeepTau neural network-based identifica-
tion (DeepTau ID) [28, 29]. The DeepTau identification is based on a multiclass
convolutional neural network (CNN) used to reduce the misidentification of jets,
muons and electrons as hadronically decaying tau leptons. It takes as inputs low
and high level features associated to the 75, candidate and produces 4 output scores,
one for each class: genuine taus, jets, muons, electrons. Its architecture is based on

the following three premises:

e Multiclass: Previously, separate dedicated algorithms were used to reject elec-
trons, muons, or quark and gluon jets reconstructed as a 75, candidate, either
based on tree ensembles (jets and electrons) or on a number of selection cri-
teria (muons). Including electrons, muons, and jets in the same algorithm is
expected to both improve identification performance and to reduce mainte-

nance efforts.

e Usage of lower-level information: The MVA discriminators used previously
were built on higher-level input variables and showed improved performance
with respect to cutoff-based criteria. However, jets hadronize and fragment
in complex patterns, and particles from concurrent interactions lead to simi-
larly complex detector patterns. We expect that a machine-learned algorithm,
which uses a sufficiently large data set for the training and is able to exploit
lower-level information, can lead to improved performance. Therefore, infor-
mation about all reconstructed particles near the 7, candidate is directly used

as input to the algorithm.

e Domain knowledge: Sets of handcrafted higher-level input variables used pre-
viously are utilized as additional inputs to the information about the single
reconstructed particles. Although it should, in principle, be possible to achieve
the same performance with and without using these variables given a suffi-
ciently large set of events for the training and a suitable network architecture,

the usage of the higher-level inputs may reduce the number of training events
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needed and improve the convergence of the training, as seen in other studies.

The 75, reconstruction efficiency exceeds 80% for pp > 30 GeV and is close to 90%
for pp > 100 GeV. The electron discriminator leads to a significantly improved
rejection of electrons compared with the MVA discriminator, by consistently more
than 10% for a constant misidentification probability. Gains are also observed in
terms of the discrimination of 7, candidates against muons. Compared with the
cutoff-based discriminator, the muon discriminator leads to an increase of the 7,

efficiency of around 0.5% for a given prompt muon efficiency.

3.10 Jet Reconstruction

Jets are the experimental signatures of the hadronic showers from quarks and gluons.
Because of the color confinement, partons produced in the hard process of a particle
collision induce the production of large numbers of colorless secondary hadrons.
This results in collimated particle showers, so-called jets, in the direction of the
original parton preserving most of its initial properties. In Figure |3.5] a schematic
overview of a pp collision, resulting in a particle jet is shown. Hadron candidates
are reconstructed using the information from large energy deposits in the ECAL

and HCAL detectors combined with tracker information. Jets are reconstructed

Parton level

\ Particle Jet Energy depositions
P in calorimeters

Figure 3.5: Representation of a jet formation from a proton—proton collision that leads
to energy deposits in the calorimeter detectors .

by combining the energy deposits in the tracker and calorimeters using the anti-

kr algorithm with radius, AR = 0.4. The algorithm is infrared safe, because
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it is not affected by soft radiation occurring in a parton shower, as well as safe
against collinear emissions. The measured jet energy is not equal to the true parton
energy due to the non-linear response of the calorimeter. Therefore, jet energy
corrections are applied to the measured jet energy depositions in a factorized multi-
level method developed by the CMS Collaboration. Each correction in sequence
is related to different detector and physics effects and performed in a fixed order,
where the output of each step is the input for the next [31].

L1 Pile-up correction : The detector responses to pileup and contributes an offset
to the measured jet energy. This is subtracted from the corrections determined from
QCD dijet simulations with and without pileup, parameterized as a function of the
energy density p, the jet area A, the n and pp of the jet [32-34].

L2 and L3 Simulation correction : The true particle energy as a function of 7
and pp is derived from QCD dijet simulations by comparing the pp -distributions.
The reconstructed jet energy is corrected accordingly to achieve a uniform response
distribution in 7 and py.

L2 and L3 Residual data-driven correction : Relative residual corrections as
a function of n are derived from dijet data samples by comparing the p; of a jet
relative to a jet with similar p; in the barrel region to account for a varying response
along the detector. The jet energy scale receives a pp-dependence corrections relative
to the jet energy scale of the reference jet in the barrel region. Therefore, the jet
energy absolute scale is additionally corrected by determining the absolute residual
corrections for barrel jets as a function of p; using well measured jets from 7/~ +

jets events and comparing them to multijet events in data.

b jet tagging Jets originating from decays of heavy-flavour hadrons, b-hadrons,
are an important component of the physics program of LHC, they are called b-
quark jets or b-jets. The characteristics of b-hadrons are exploited to identify b-
jets. The long lifetime of hadrons containing a b-quark allow them to travel around
100 - 200 pm before decaying as shown in Figure [3.6] and such distances can be

measured inside the tracker due to its excellent spatial resolution. The information
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displaced

jet , tracks charged

lepton

heavy-flavour
jet

jet

Figure 3.6: Illustration of a heavy-flavour jet with a secondary vertex (SV) from the
decay of a b or ¢ hadron resulting in charged-particle tracks (including possibly a soft
lepton) that are displaced with respect to the primary interaction vertex (PV), and
hence with a large impact parameter (IP) value [35].

about secondary vertex and track information is used in the Combined Secondary
Vertex (CSV) algorithm [35]. In addition, another version of the CSV algorithm
was developed that uses deep machine learning [36]. These algorithms are applied
to jets clustered from other reconstructed objects using anti-k; algorithm. Then,
the CSV algorithm involves the use of secondary vertices, together with track-based
lifetime information. A b- tagging is only applied in order to veto events containing
top quarks that have greater than 99% likelihood of decaying further to a bottom

quark and leptons or jets.

3.11 Missing transverse energy measurement

After the reconstruction and identification of all physics objects in the event using
the PF algorithm, the remaining momentum imbalance p7** for all reconstructed

PF particles in the transverse plane to the beam direction gives rise to the missing

miss

transverse energy FEop
PF particles

pE = Y (3.8)

%
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miss

The sources of p1*°° are particles that are not detected by any subdetector, like the
mentioned neutrinos, or unknown particles, as potentially, dark matter particles.
But the p**** determination is also affected by inefficiencies of the detector, or areas
where a particle can escape without being detected due to the detector geometry.
Some events could have a large p7*** due to, for example, calorimeter noise or jets in
a non-operational region. These anomalous events with clear sources of instrumental

miss

pr " are removed using specific filters, prior to any analysis [37].

All the reconstructed objects are contained in RECO [38] data tier. It pro-
vides access to the reconstructed physics objects for calibration and alignment study
purposes. One can re-run various algorithms on reconstructed objects with new cali-
brations and alignments. An additional data tier with specific object filters is utilized
specifically for detector calibration studies, known as AlCaReco (Alignment, Cal-
ibration and Reconstruction). For physics analysis, Analysis Object Data (AOD)
are derived from the RECO, providing data for various physics analyses in a conve-
nient and compact format. AOD data are usable directly by physics analyses and
are available at various sites. To ease the situation for the ultimate goal of physics
analysis, a special software layer called PAT (Physics Analysis Toolkit) [39] has been
developed which occupies less space. It combines flexibility with user friendliness
and provides easy interface to the complicated set of algorithms approved by physics
object and analysis groups. However, in 2015, MINIAOD [40] data tier has been
introduced in which particular physics analysis object information is saved. During
Run 2, a more compressed data tier is introduced, NANOAOD [41]. In this Thesis,
the analysis is performed using NANOAOD data tier.

These reconstructed objects are essential to identify the initial states and per-
form the related physics measurements, which will be demonstrated in the measure-

ments performed as part of this Thesis, discussed in subsequent Chapters.
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Chapter 4

Study of Radiation Damage in the
CMS Hadron Calorimeter using
Isolated Muons from LHC

Collision Data

The CMS Hadron Calorimeter (HCAL) [1] is a sampling calorimeter designed to
measure the energy of the hadrons produced in the pp collision at CMS. As discussed
in Chapter 2, it consists of plastic scintillators as an active material interleaved in
brass/steel absorber layers. Due to continuous exposure to hadrons from the pp
collision, the scintillators experience degradation in their light output. Due to this,
the energy of the incident particles measured by the HCAL may not be correct.
Hence, the effect of continuous irradiation must be measured for calibrating the
HCAL energy response through out the data taking period. Different methods are
used by the CMS experiment to study the effect of radiation on plastic scintillators,
such as the laser light calibration, radioactive source monitoring, measurements
using hadrons and muons coming from the pp collision. This Chapter presents the

measurement of radiation damage in plastic scintillators using isolated muons from

the LHC collision data.
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4.1 CMS Hadron Calorimeter

HCAL is a cylindrical symmetric sampling calorimeter, composed of two-half barrels
and two endcap sections situated inside the solenoid magnet as shown in Figure [4.1]
It is designed to capture the hadronic shower produced by the particles interacting
via strong interaction such as baryons and mesons. These particles formed at the
interaction point, quickly travel through the detector, depositing very little energy in
the tracker and the electromagnetic calorimeter (ECAL), before reaching the HCAL.
The HCAL has layers of dense matter (brass/steel) as an absorber and scintillators
(such as plastic) as an active material. The role of the dense matter is to initiate
and absorb the hadronic shower while the scintillator produces the light signal when
the shower particles strikes the surface.

HB- HB+
HE- ——— HEL]
< a1
,.;"'_EBEB :_

g

Return 4
yoke

Muon

| | | 4 chambers
| | |

Figure 4.1: Layout of CMS Hadron Calorimeter labeled as HB and HE .

4.1.1 Barrel Hadron Calorimeter

The barrel hadron calorimeter (HB), as discussed in Chapter 2, lies in |n| < 1.4
region of the CMS detector. It consists of two identical half-barrels (HB+ and
HB-) with 18 wedges of 20° in ¢ in each half-barrel as shown in Figure Each
half-barrel has 17 layers (0-16) of active scintillator tiles interleaved in brass (and
stainless steel) absorber plates. The scintillator tile size is 0.087 wide in 7 and 5° in

¢. Tiles in successive layers are aligned in a “tower”. The towers are labeled using
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integer indices based on their position in n and ¢. For HB, the inindex ranges from
1 to 16 and the 7¢ index ranges from 1 to 72. The in layout of the HB is shown
in Figure 4.3 Table describes the size of HB towers and their corresponding
depth segmentation. The light output from the scintillator tiles falls in the blue-
violet range and is first fed in the wavelength shifting fibers (WLS). These fibers
(< 1 mm diameter) shift the blue-violet light in the green range and transports the
light signal to hybrid photodiodes (HPDs) which detect and amplify the light signal.
The signal from the scintillator tiles is optically added from each of the 17 active
layers. The optically added layers in a tower are considered as a single depth .
The exceptions are towers 15 and 16 located at the edge of the HB half-barrel where
multiple optical readouts are present. As a result, tower 15 has two depths and
tower 16 has three depths with the last depth in the endcap section as shown in
Figure More details on the HCAL geometry can be found in .

Figure 4.2: A section of HB with a closer look at the HCAL sections, showing the
layers of brass and scintillator @
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Tower index 7 range Size Depth
(in) Low | High Detector n o segments
1 0.000 | 0.087 HB 0.087 | 5° HB=1
2 0.087 | 0.174 HB 0.087 | 5° HB=1
3 0.174 | 0.261 HB 0.087 | 5° HB=1
4 0.261 | 0.348 HB 0.087 | 5° HB=1
5 0.348 | 0.435 HB 0.087 | 5° HB=1
6 0.435 | 0.522 HB 0.087 | 5° HB=1
7 0.522 | 0.609 HB 0.087 | 5° HB=1
8 0.609 | 0.696 HB 0.087 | 5° HB=1
9 0.696 | 0.783 HB 0.087 | 5° HB=1
10 0.783 | 0.870 HB 0.087 | 5° HB=1
11 0.870 | 0.957 HB 0.087 | 5° HB=1
12 0.957 | 1.044 HB 0.087 | 5° HB=1
13 1.044 | 1.131 HB 0.087 | 5° HB=1
14 1.131 | 1.218 HB 0.087 | 5° HB=1
15 1.218 | 1.305 HB 0.087 | 5° HB=2

16 1.305 | 1.392 | HB, HE | 0.087 | 5° | HB=2, HE=1
17 1.392 | 1.479 HE 0.087 | 5° HE=2
18 1.479 | 1.566 HE 0.087 | 5° HE=5
19 1.566 | 1.653 HE 0.087 | 5° HE=6
20 1.653 | 1.740 HE 0.087 | 5° HE=6
21 1.740 | 1.830 HE 0.090 | 10° HE=6
22 1.830 | 1.930 HE 0.100 | 10° HE=6
23 1.930 | 2.043 HE 0.113 | 10° HE=6
24 2.043 | 2.172 HE 0.129 | 10° HE=6
25 2.172 | 2.322 HE 0.150 | 10° HE=6
26 2.322 | 2.500 HE 0.178 | 10° HE=7

Table 4.1: Size of HCAL towers in 7 and ¢ as well as their depth segmentation [1] [4].

4.1.2 Endcap Hadron Calorimeter

The endcap hadron calorimeter (HE) lies in 1.3 < || < 3.0 and has similar struc-
ture as HB except it has 18 active scintillator layers. It has a nose-like structure,
with an additional layer of absorber and scintillator for in = 18, to increase the
total interaction length for that tower as shown in Figure Up to in = 20, the
scintillator tile size is similar to HB i.e. 0.087 in 1 and 5° in ¢. In the high 7 region,
beyond in = 20, the ¢-granularity of the tiles is reduced to 10° to accommodate
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the bending radius of the WLS fiber readout. Hence, beyond in = 20, the scin-
tillator tile size is 0.090 in 1 and 10° in ¢ as described in Table 4.1l For HE, the
1 index ranges from 16 to 28. Up to in = 20, the i¢ index ranges from 1 to 72
while beyond it, the i¢ index has only odd values i.e. 1, 3, 5, ....71 due to reduced
¢-granularity. From Run 1 up to year 2017 data-taking, HE scintillator tiles were
read by HPDs similar to HB. In the year 2018, the entire HE readout was replaced
by the silicon photo-multipliers (SiPMs) leading to increased depth segmentation,
better calibration and energy response. The 2018 layout and depth segmentation of
HE is shown in Figure HE is tapered to interlock with HB and to overlap with
1m = 16. Hence, in = 16 depth 4 lies in the HE whereas depth 3 does not exist due
to presence of optical readout in the region. in = 17 has two depths and in = 18
has four depths as shown in Figure 4.3} Beyond this to in = 25, each tower has six
depth segments. To increase the total interaction length, in > 25 has seven depth

segments [7].
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Figure 4.3: A schematic view of the tower mapping in r» — z plane of the HCAL barrel
and endcap regions [8].

4.1.3 Radiation dose at HCAL

At the LHC, two oppositely moving proton beams collide at the center of the CMS

detector. During the pp collision, the mean number of interactions that occur per
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bunch crossing are about 37 |9]. The electrons and photons produced in the inter-
action get absorbed in the ECAL while the remaining particles such as hadrons and
muons reach the HCAL and deposit their energy. The scintillator tiles in the HCAL
are subjected to the radiation dose which depends on its position in HCAL. The
dose varies in HB and HE, following the particle energy density of the pp collisions.
It also varies with the depths in the calorimeter, following the energy deposition
profile of the electromagnetic and hadron showers. The dose received by the scintil-
lator tiles is estimated using the Monte Carlo code FLUKA 2011.2¢ [10] |11]. Per
68 fb~! luminosity data, the doses in layer 1 range between 0.02kGy and 2kGy for
barrel and endcap respectively, as shown in Figure [4.4] For layer 7, the doses range
between 0.002kGy and 0.4kGy for barrel and endcap respectively. This clearly
shows that layers close to the interaction point are subjected to higher doses than
layers that are far. Also, the HCAL towers in the forward region of the detector
(higher in) are subjected to the highest radiation doses. These radiations influence

the performance of plastic scintillators as discussed in the next Section.

CMS pp 6.5TeVperBeam Run2 FLUKAv4010:
central region Absorbed Dose
68.0 fb™ (Ojne; = 79.5 mb)

300 le+06
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100 le+00
le-01
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le-02
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Figure 4.4: Monte Carlo estimation of the absorbed dose at CMS using FLUKA with
an energy of 6.5 TeV per beam [12].
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4.2 Radiation damage in plastic scintillators

The plastic scintillators are composed of a plastic substrate, either polystyrene (PS)
or polyvinyltoluene (PVT) and fluorescent agents (called as primary or secondary
fluors) dissolved in them. When a charged particle traverses through the scintilla-
tors, it excites the substrate molecules. These excitations are then transferred to
the primary fluors via the Forster mechanism [13]. The primary fluors transfer the

excitation radiatively to the secondary fluors as shown in Figure Similarly, the

Ionization excitation of base plastic

base plastic
10_8mﬂ Forster energy transfer

primary fluor

~1%
emit UV, ~340 nm L0 W/wWE)

104m Y

absorb UV photon secondary fluor
(~0.05% wt/wt )

emit blue, ~400 nm

absorb blue photon photodetector

Figure 4.5: Scintillation mechanism in plastic scintillators |14].

active scintillator layers of HCAL tower are made of SCSN-81, PS-based scintillator
by Kurray, Japan. In this scintillator, the absorption wavelength of primary fluors
is approximately 280 nm and the emission wavelength is approximately 320-350 nm.
The absorption maxima of secondary fluors is at the emission wavelength of pri-
mary fluors and the emission wavelength is 440 nm which falls in the blue spectrum
of the visible range. This emitted light then traverses through the scintillators to
reach the WLS fibers. If there are any defects in the scintillators due to continuous

irradiation, this transmitting light signal gets reduced by the imperfections.

It has been observed that damage to the fluors due to irradiation is generally
small [15] |16]. The reduction in the light output occurs mainly due to the damage
in the substrate which results from creation of radicals, conjugated double bonds,

carbonyl species due to reaction with oxygen and trapped electrons, and other struc-
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tures that can be color centers. Color centers reduce the light output by absorbing
the light produced by the secondary fluors in the scintillator. Radicals are produced
when chemical bonds in the polymer are broken. The bonds can reform on a time
scale, depending on the density of the radicals and the temperature. Such damage
is called temporary damage, and the reforming of bonds is known as annealing.
Formation of conjugated double bonds and carbonyl species due to reaction with
oxygen results in permanent damage to the scintillator [17]. Figure shows the
chemical structure of PS before irradiation. Figure illustrates the formation of

complex structures resulting in permanent color centers in PS.

CH CH
cH” ScH” . NCH

Figure 4.6: Polystyrene before irradiation [18].

CH=C—CH=C—CH=C C—CH:C—CHQ

slole

Figure 4.7: Changes in chemical structure of Polystyrene after irradiation. The change
on the right occurs in the presence of oxygen [17].

The scintillator light output decreases exponentially with the dose received [19]
and is given by

L(d) = Ly exp(—d/D) (4.1)

where L(d) is the light output after radiation dose d, L, is the light output be-
fore irradiation and D is the dose constant.The dose constant, D depends on the

constituents of the scintillator and on its environmental history [20].
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4.3 Methods to study the radiation effect

The methods followed by the CMS experiment to study the effect of radiation on

the scintillator material are discussed as below.

4.3.1 Laser calibration system

A laser calibration system [19], composed of a triggerable nitrogen laser, is used
to monitor the performance of scintillator tiles and the response of photodetectors.
The laser light is fed to a filter wheel to change its intensity to control the dynamical
range of photodetectors and ADC as shown in Figure Next the light is sent to
a commutator that can send the light to HB, HE and HF through outgoing quartz
fibers. This light distribution system delivers ultraviolet (UV) light to the scintillator
tiles of layer 1, first layer towards the interaction point and layer 7, which lies in the
middle of a tower. One set of laser pulses excites the scintillator tiles directly, to
monitor the scintillator and waveshifter ageing. For this, the excitation wavelength
is kept at 337nm and is derived from the primary (nitrogen) laser. This excites the
primary fluors in the scintillator and the resulting light pulses are measured by a
PIN diode. The second set of laser pulses have a wavelength of 430-450 nm, which
measure the response of photodetectors and provide a measurement independent of
the characteristics of the tiles. This method is performed between proton fills of the

accelerator, when there are no collisions.

Quartz
N> Laser Fibers

(A =337 nm) DYE LASER

Commutator

Neutral Density Filter Wheel

Figure 4.8: HCAL Laser Calibration System [19].
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4.3.2 Radioactive source system

The Radioactive source calibration is performed for each scintillator tile in every
layer of the calorimeter. Each scintillator tile in HCAL is equipped with a thin 1 mm
in diameter stainless steel tube that moves the “°Co radioactive source attached at
the tip of a wire. The source is inserted all the way across every row of tiles. Since
each tile is in a different tower, it can be read independently. The Co source
provides photons with energies of 1.17 and 1.33 MeV. The source attached to the
tip of a wire moves at approximately 6 cm/s, and the signal is integrated for 0.1s
for each measurement. The resulting DC induced current by the source is used to
monitor the stability of every tile in the HCAL at a varying period [19]. The change
in the measured current measures the effect of radiation damage. A few layers of
the HB and the HE are monitored during data taking period to verify that nothing
unexpected has occurred. The primary recalibration of each tile, however, takes
place during long shutdown periods when access to the source tubes is relatively

easy.

4.3.3 Isolated particles produced in collision events

An additional method of measuring the effects of irradiation on the scintillator tiles
is used, based on isolated particles produced in the pp collisions. These isolated
particles include hadrons and muons resulting from the pp collisions. In case of the
hadrons, radiation damage study is performed with a sample of isolated hadrons
(pions) with momenta of 50 GeV which do not interact hadronically in the ECAL.
The energy deposited by these hadrons in HB and HE towers is measured for periodic
samples of luminosity distributed uniformly over the entire data-taking period. For
each data-taking period, the ratio of average energy relative to that of first period
(as a reference) serves as a measure of the radiation damage up to that period of
data taking [18]. The measure of the level of radiation damage is then given by

Fmeasured(n) = E (1)

(4.2)
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where FE,,. is the average signal measured in all readout channels with the same

values of in and depth [18].

Alternatively, isolated muons from the collision data are also used to estimate
the amount of radiation damage in the HCAL towers. The trajectories of the isolated
muons are propagated to the ECAL and HCAL surfaces to determine the position
of the transversing tower. The energy deposited in that HCAL tower is measured
during different data-taking periods. This technique is useful as it extends the
measurement to higher n regions within acceptance of the tracker and of the muon
system. In addition to this, the minimum ionizing nature of muon is useful in
tracking the trajectory of muon from the first layer to the last layer and estimating
the amount of radiation damage in the high multiplicity environment. In this Thesis,
HCAL radiation damage studies are performed using isolated muons as explained

in the following Sections.

4.4 Measurement of radiation damage using

muons produced in pp collisions

Isolated muons from the collision data are used to study the radiation damage of
different channels of the barrel and endcap hadron calorimeter of the CMS experi-
ment. Muons, being the minimum ionizing particles (MIPs) do not interact much
with the calorimeter materials. Due to their less interactive or showering nature in

the HCAL, it is easy to compare their responses in the HCAL layers.

4.4.1 Collision Conditions and Data

The present analysis uses the pp collision data at center-of-mass energy of 13 TeV
collected by the CMS detector in 2018. The integrated luminosity delivered by
the LHC as a function of time in 2018 is shown in Figure [£.9) The total luminosity
delivered by the LHC is around 68 fb ™" in 2018. For this study, six luminosity periods
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after delivered luminosity of 5.74, 15.40, 27.39, 36.75, 49.26, and 62.45 fb™' are
selected to measure the effect of radiation as a function of delivered luminosity and
are represented by dotted lines in the Figure [£.9 Each of these luminosity periods
consists of data spanning over approximately 4.0 fb™' of integrated luminosity.

CMS Integrated Luminosity, pp, 2018, vs = 13 TeV

Data included from 2018-04-17 10:54 to 2018-10-26 08:23 UTC
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Figure 4.9: Integrated luminosity delivered to CMS by the LHC in the 2018 pp data-
taking period, as a function of time. The intervals of constant luminosity indicate
periods with no beam, e.g. technical stops. The dotted lines show the luminosity
points considered for the analysis [21].

Multiple interactions occur during the same beam-beam crossing and are re-
ferred to as pileup as discussed in Chapter 2. These additional interactions lead to
more than one good primary vertex per bunch crossing. The distribution for number
of good primary vertices in 2018 is shown in Figure As can be seen from the
figure, the distribution peaks around 25. To ensure similar pileup condition in dif-
ferent luminosity periods, the number of primary vertices are restricted between 25
and 30 for this analysis which is about the mean of the number of primary vertices
distribution. However, the large particle density in the forward region of the HCAL
affects the charge distributions for channels at higher in and small depths. The ex-
traction of the peak position due to minimum ionizing particle becomes exceedingly

difficult for these channels as discussed in Section The effect of high pileup is
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reduced by requiring events with smaller number of primary vertices. For the towers
with in = 23, depth = 1, in = 24 and 25, depth = 1 and 2, and all depths with in

= 26, events with number of primary vertices between 1 and 15 are used.

x10° 2018, 13 TeV
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Figure 4.10: Number of primary vertices from the runs of 2018.

4.4.2 Muon selection

Muons used for the radiation damage studies are required to be isolated from other
charged and neutral particles such that the energy measured in the HCAL tower
is expected to be entirely due to the muons. The muon track in the HCAL is
reconstructed using the hit information from each sub-detector with Particle-Flow
(PF) algorithm [22] as discussed in Chapter 3. To reject the cosmic muons, the
muons are required to be the global muon candidates [23] with hits both in the
tracker as well as in the muon detectors. Hadronic punch-through and muons from
decays in flight are rejected by requiring the y* /dof of the global-muon track fit to be
less than 10. To further suppress muons from decays in flight, the muon candidates
are required to have at least one hit in the pixel detector. In addition to this, there
must be muon segments in at least two muon stations. The contamination from
cosmic muons and muons from decays in flight is further suppressed by requiring
the threshold on the impact parameter (d,,) to be less than 2mm with respect

to the primary vertex. Besides this, the longitudinal distance (d,) of the tracker
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track with respect to the primary vertex is required to be less than 5mm. The
transverse momentum (p) of the muons is required to be above 20 GeV. Besides
this, muons are required to be well isolated and are required to have minimal energy
from the neutral and charged hadron candidates in a cone of AR = 0.4 around the
muon trajectory [24]. The muon track has to cross a given HCAL tower (not shared
between towers having different in and i¢). After selecting the desired muons, the
energy of the muon candidate is measured in a given HCAL tower. The energy of
the muon hit must be the highest within a 3x3 matrix surrounding that tower. The
cell (or tile) with the maximum energy is considered as a signal and used to get the

raw charge measurement.

4.4.3 Methodology

Muons which are produced at the interaction point traverse through the tracker,
the ECAL and the HCAL before reaching the muon stations in the CMS detec-
tor. The energy deposited by the traversing muons is measured around the impact
point of the muons in the HCAL tower. At the time of reconstruction, the charge
output from the photodetectors is converted into energy using different calibration
constants. Hence, for this study, these calibration constants are removed from the
measured energy to get the raw charge measurement. The charge distribution for
each cell in HB and HE is studied. The measured charge distribution is fitted to
a Gaussian convolved Landau function. For a given value of in and depth, all the
charge distributions corresponding to the 72/36 different i¢ values are fitted sepa-
rately for the six luminosity periods to obtain the most probable value (MPV) of
the measured charge. The MPV from these individual ¢ values are compared to
check if they are azimuthally symmetric. In order to obtain a MPV value for a
given ¢ and depth in a given luminosity period, the distribution of MPVs from the
individual ¢ values are fitted to a Gaussian function. The mean and the width of
the Gaussian fit determines the overall MPV value for a given in and depth and the

corresponding uncertainty in it. The evolution of these MPV values with delivered
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luminosity is studied to evaluate the effect of radiation damage. The change in MPV
value for a given luminosity period (M PV,4..(L)) with respect to the MPV value
obtained for the first luminosity period (M PV,q,4.(0)) is fitted with an exponential
function in accordance to Eq. to get the exponential slope (m). The loss in light

output with increase in delivered luminosity is then given as:
MP‘/Charge(L> = MP‘/Charge(O) exp(—mL) (43)

where L is the total delivered luminosity. The sign and the value of the exponential
slope measures the level of radiation damage. The larger positive slopes depicts the

larger radiation damage in a given HCAL tower.

4.4.4 Results

As discussed in the previous Section, the charged deposited by the muons in a
given HCAL tower is studied in all six luminosity periods. Most of the towers in
the HB has a single depth with the exception of towers in = £15 and £16. For
a comparison of all the in towers, the charges in these two depths for these four
towers are combined. Figure (left) shows the measured charge distributions for
in = 8 for a given i¢ value which lies in the HCAL barrel region. Figure [4.11] (right)
shows the measured charge distributions for in = 24 depth 1 which lies in the endcap
region and is the first layer towards the interaction point in that tower. The smooth
blue line through the black data points shows the fit with acceptable x> per degree

of freedom using Gaussian convolved Landau function.

The mean of the fit to the charge distribution corresponding to each i¢ for a
given i1 and depth gives the MPV of charge. The obtained MPV value for each i¢
for a given n and depth are plotted as a function of i¢ as shown in the Figure
The MPYV values are within the +£10 bounds of the mean as represented by the solid
red lines in the Figure. There are some outliers which are outside the +10 bounds
of the MPV values and are ignored in the final calculation of the MPV value as they
do not contribute to the final MPV of charge . In order to obtain the MPV value
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Figure 4.11: Charge distributions corresponding to in= 8 (left) and in= 24 depth 1

(right).

for a given in and luminosity period, the distributions of these 72/36 MPV values

are fitted to Gaussian functions as shown in Figure 4.13| Finally, the mean of the

Gaussian fit provides the MPV value of charge for a given HCAL tower and the

spread in the MPV values (width of the fit) determines the uncertainty in the MPV

value. The ratio of the MPV value for a given luminosity period (M PV, gpge(L))

to the first luminosity period (M PV,4.4.(0)) are plotted as a function of delivered

luminosity to get the level of radiation damage.
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Landau functions to the charge distributions from the different i¢ values corresponding
to in = 8 (left) and in = 24 (right). The smooth lines are results from fits to Gaussian
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Figure 4.14] shows the distributions of the change in MPV values as a function
of delivered luminosity for i = 8 depth 1 (in barrel) and in = 24 depth 1 (in endcap).
These distributions are consistent with exponential functions according to Eq.
and the results of the fits are shown as smooth lines in the Figure. The exponential
slope estimated from this fit measures the level of radiation damage. For in = 8
(in barrel), the observed slope from the exponential fit is 0.0006 £ 0.0001 which
shows the ~4% decrease in the light output with 68 fb~' using Eq. Similarly,
for in = 24 depth 1 (in endcap), the observed slope is 0.0015 £ 0.0001 which shows
the ~10% decrease in the light output for this HE tower.

The slopes for each HB and HE towers are measured and are shown in Fig-
ure [£.15] Here, the slopes for all HB and HE towers towers corresponding to depth
1 are shown. As can be seen from the Figure [£.15 the towers in the central HB
region (-10 < in < 10) show very small degradation. The level of radiation damage
increases at larger +in values (~ 10% for in = 16) [25]. The HB towers are read out
using HPD devices during 2018 and consequently the degradation would be com-
bined effect of the radiation damage of plastic scintillator and the deterioration in

performance of HPD’s with time. The value of the observed slope increases for HE
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Figure 4.14: Ratio of MPV values of the charge distribution at a luminosity period
to the MPV value corresponding to first luminosity period as a function of delivered
luminosity for in = 8 (left) and in = 24 depth 1 (right).

towers (in > 16) indicating the higher loss in light output in HE. The loss becomes
as large as ~15% at the highest in [26]. However, for in = 25 and 26, the slopes
become negative with large uncertainty in them. This is inconsistent as light output
is not expected to increase in scintillators after irradiation. It is observed that with
increase pileup activity in the forward in regions, the charge distribution becomes
very broad. Hence, it becomes difficult to measure the MPV of charge with reason-
able accuracy for these HCAL towers. Due to this, results for in = 26, depth 1 and
depth 2 are not included in this study. More studies for this are provided in the
Section 1.4.6
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Figure 4.15: Slopes from the fits to the exponential function of the most probable
charge distribution as a function of delivered luminosity as a function of in .
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Figure shows the observed slopes as a function of in for HE -z side (left)
and HE +z side (right) for depths 2 to 6. It is observed that the observed slope, hence
the loss in light output is higher for front (lower values) of depths. As in increases,
the observed slope increases, indicating the higher light loss in the forward region
of the endcap. Some of the slopes with the assigned uncertainties have the wrong
sign (being negative) [26]. This is inconsistent with the fact light will not increase
under radiation. This effect is observed due to low statistics in the later depths and
indicates that the assigned errors lack systematic and statistical uncertainty which

will be studied in more detail in Run 3.
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Figure 4.16: Slopes from the fits to the exponential function of the most probable
charge distribution as a function of delivered luminosity as a function of infor HE-
(left) and HE+ (right).

4.4.5 Additional methods

To estimate the slopes for a given in and depth in HE, the MPV value of charge is

estimated using two additional methods as described below.

e Method of truncated means
In this method, the high ends in the Landau tail of the accumulated charge
distribution are truncated and the mean of the remaining distribution is com-

puted. Due to large Landau tails in the accumulated charge distributions, the
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truncated part contributes to 40% of the distribution in most of the cases which
is around 1000-2000 fC of the measured charge. In few cases, as for the front
depths of the highest in values, a slightly larger fraction of entries is truncated.
Mean and RMS values are computed from the contents in the truncated region
which determine the truncated mean and its uncertainty. Truncated mean val-
ues and the results from the fits to Gaussian convolved Landau distributions
agree within two standard deviation. The truncated mean is plotted as a func-
tion of delivered luminosity to get the exponential slope for a given in tower
and depth. It is observed that there are still some values which indicate wrong

signature of radiation damage as observed in the main method.

Fit to distributions of combined 7¢ channels

The method of truncated means measures a very small uncertainty in the esti-
mation of the most probable values. An alternate way of estimating the most
probable values with a more realistic uncertainty is to study the accumulated
charge distributions for combined channels in ¢ for a given value of in and
depth. The measured charge distributions in each luminosity period are fitted
with Gaussian convolved Landau function to get the MPV value of charge for
a given value of in and depth. The observed MPV values are plotted as a
function of delivered luminosity to get the exponential slope for a given in and

depth from this method.

The results from these methods are compared with the nominal method, referred to

as “individual 7¢ method”, used in the analysis. The results are also compared with

the measurements performed by the CMS experiment using energy deposited by the

hadrons from the collision data [18]. All the measurements give the large positive

values of the slope for forward tiles (higher values of in) as shown in Figure [4.17]

This is also true for earlier depths where the amount of radiation is expected to

be more. The slopes measured from the four methods have a reasonable agreement

for all depths except depth 1. Measurements from fits to Gaussian convolved Lan-

dau function to charged distribution in the combined 7¢ method show the largest
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discrepancy for tiles at depth 1. The discrepancy in the depth 1 is studied and is

discussed in the following Section.
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Figure 4.17: Slopes as a function of in for different depths: depth 1 (top left); depth
2 (top right); depth 3 (middle left); depth 4 (middle right); depth 5 (bottom left);
depth 6 (bottom right).
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4.4.6 Effect of pileup on measurements

As discussed in the Section [4.1.3] the forward region of the HE is subjected to
high radiation doses. The front depths of these higher in towers, which are near
to the interaction point, experience large pileup activity. Due to this, the charge
distributions corresponding to these n towers become very broad as shown in Fig-
ure (left) for in = 26 depth 1. As a result, it becomes difficult to measure
the MPV of charge with reasonable accuracy. To study the effect of pileup on the
MPV of charge, pp collision data collected during low luminosity runs in 2018 are
studied. Charge distributions from these low luminosity runs are compared with

the normal luminosity runs to see any systematic difference between the MPV val-

ues. Figure shows some of the charge distributions from the normal and low

CMS private work 2018, 13 TeV CMS Private work 2018, 13 TeV
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Figure 4.18: Charge distributions obtained from the normal luminosity (left) and low
luminosity (right) runs in 2018. The smooth lines are results of fits to Gaussian con-
volved Landau functions.

luminosity runs for n = 26 depth 1. The distributions are fitted with Gaussian
convolved Landau functions to get the MPV of charge. As can be seen from these
measurements, the low luminosity runs yield narrower distributions with sufficient

accuracy than those from normal luminosity runs.

The MPV values, from normal luminosity and low luminosity run data, are
compared for the most affected towers i.e. in tower 23 to 26, depth 1. As can be seen
from the Figure [4.19] (left), the MPV values for i = 23 and in = 24 are in agreement

for the two data whereas for in = 25 and i = 26, the low luminosity runs yield
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Figure 4.19: Comparison of MPV values for in = 23 to 26, depth 1 (left) and in = 26,
depth 2 to 7 (right) from normal luminosity run data and low luminosity run data.

systematically lower values of MPV values with better precision. Similarly, the
MPYV values for all depths of in = 26 are compared for the two sets of data as
shown in Figure [4.19 (right). For a more careful examination of radiation damage,
measurements need to be made with smaller systematic bias and hence runs with
low luminosity are preferable for the estimation of level of radiation damage in the

higher in region [27] during Run 3 which is starting in June, 2022.
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Chapter 5

Search for a heavy neutral gauge

boson using Vector Boson Fusion

processes at /s = 13 TeV

Many theories beyond the standard model (SM) of particle physics introduce new
gauge fields and interactions in order to address the incompleteness of the SM. As
discussed in Chapter 1, a common manifestation of these new gauge fields and in-
teractions is heavy gauge bosons with TeV scale masses. One such heavy new gauge
boson is the Z', which arises from extensions of the electroweak symmetry of the
SM [1] [2]. Z' is a spin-1 heavy neutral gauge boson yet to be discovered. At
the LHC, the ATLAS and CMS experiments have an extensive physics program to
search for the Z'. A widely used model in these searches is the sequential standard
model (SSM) [3], which predicts a spin-1 neutral gauge boson (Zgg,,) with SM-like
couplings. In these searches, Z' production via Drell-Yan (DY) processes [4] [5]
is targeted i.e. q¢ — Z' +05/1j. These searches look for an excess in data over
smoothly falling standard model backgrounds in the dilepton mass distributions. As
discussed in Chapter 1, these searches have excluded the Zgg,; below 5.15TeV [6]
by the CMS experiment and below 5.1 TeV [7] by the ATLAS experiment. In this

Thesis, a new search for the Z' boson produced through vector boson fusion (VBF)
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processes is presented. The distinct nature of the VBF production mechanism al-
lows to distinguish between desired signal and SM background processes. Due to
pure electroweak production of the Z’ in the VBF processes, the QCD multijet back-
ground gets reduced significantly which has the high jet — 75, misidentification rates

in the Z' — 77 searches [8] [9].

In this search for the Z’ produced through VBF processes, a “simplified phe-
nomenological approach” is considered which is a modification to the traditionally
used SSM Z’ model. In this approach, the coupling of Z’ to the SM weak bosons
(Z or W*) is allowed. This search also considers the model with enhanced Z' cou-
plings to third-generation fermions motivated by the B-meson anomalies observed
at LHCb, BaBar, and Belle experiments [10-13]. Extensions to the SM proposes an
explanation for the high mass of the top quark and predicts Z’ bosons that typically
couple to third-generation fermions [14]. Therefore, the Z' — 77 decay mode is
considered. Additionally, since we assume the Z’ couples to the SM vector bosons,
then the Z' — WW decay width can be large, and thus motivates to re-interpret
results for the Z' — WW decay.

In this Chapter, the studies for the search for Z' — 77 (and Z' — WW)
with 7,7, and 7.7, final states are presented using the proton-proton collisions data
at center-of-mass energy of 13 TeV, collected using the CMS detector during years
2016-2018, corresponding to an integrated luminosity of 27.4 fb™*.

5.1 The Z' production via VBF mechanism

The signal process involves the production of Z’ through fusion of two vector bosons
radiated by the incoming partons of the colliding protons at the LHC. The Z’ is
produced in association with the two forward jets as shown in Figure [5.1l The two
forward jets lie in the opposite hemisphere of the CMS detector and carry large dijet
invariant mass. The dijet pair boosts the momentum of the Z’ via conservation of

momentum, helping to improve sensitivity in the search for heavy Z’ [15].
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Figure 5.1: Feynman diagrams for the VBF production of Z' which further decays to
77 77 (left) and WHTW ™ (right). The red dot shows the vertex for Z' coupling to
bosons and the blue dot shows the vertex for Z' coupling to fermions.

The Z' further decays to 77 7~ pairs or WW ™ pairs. In case of 77 7 decay,

one of the 7 decays leptonically (either in a muon or an electron with corresponding

neutrinos) and other 7 decays hadronically (7;,). In case of W W™ decay, one of the

W decays to light leptons (e or ) and the other W decays to 7 which further decays

hadronically or both Ws decay to 7" 7~ pairs which further decay to a light lepton

and a hadronic tau with corresponding neutrinos. The whole decay chain is shown

in Figure [5.2] The leptonic 7 decays are indistinguishable from prompt production

of electrons and muons. As a result, this search for Z’ involves two final states for a

pair of tau-leptons and W-bosons: (1) 7,7, (2) 7.7,. The branching ratios for these

final states are listed in Table [5.1]

Final State

Branching ratio (%)

TT — huv v,

Vi
7T — hev v _v,
WW = (r7 —=)hpv, v, v,
WW — (r7 —)hev, v v,

22.5

23.1
2.1
2.2

Table 5.1: Branching ratios of 77 and WW decay modes.

At last, the final state consists of opposite sign p and hadronic tau (7, ) or e

miss

and hadronic tau (7, ) , two forward jets and missing transverse energy (pr"**) due

to neutrinos (v, ).
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1T — er, + p*¥

miss

™7 > ur, + pi

WW~™ - er), + p%’iss

W+w— — ut, + p;{lis's

miss

WHW™ — %17 — uz, (er)) + pj

Figure 5.2: Signal process for Z' decaying to 77 7~ pair and W W™ pair resulting to
ut,+pr'*% and er,+pr *° final state.

5.2 Background Processes

The signal process consists of u7;, and er;, as final visible objects. There are several
SM processes which give the same signature as the Z' signal in the detector and
act as a background. The details of such background processes contributing in this

search are discussed below.

e W-jets background: W boson produced in association with the jets can
mimic the VBF signal process. A true light lepton (a muon or an electron)
from the decay of W boson can easily mimic the light lepton in the signal.
The associated jets can be easily misidentified as hadronic taus and VBF jets.
There is also a possibility, although very small, of a jet to be misidentified as a
light lepton. In this case, the tau lepton from the W boson decays hadronically
giving the same signature as the signal. One of the production mechanism of

W boson in association with 3 jets is shown in Figure (left).
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N

Figure 5.3: Production mechanism for W + 3 jet process (left) and ¢t process (right).

e tt background: The top quark (antiquark) decays primarily into a bottom
quark (antiquark) and a W boson as shown in Figure (right). The electron
or muon from one of the W bosons gives the same signature as the signal
electron or muon. The hadronic tau from the other W boson gives the same
signature as the signal hadronic taus. The jets from the hadronic decay of W

boson can also be misidentified as hadronic taus.

e QCD multijet background: Due to large cross-section of QCD multijet
process at hadron colliders, it is hard to control the contribution of QCD
multijet processes faking the signal process. The scenario gets worse if the
final states consist of hadronically decaying tau leptons. The quark and gluon
jets are easily misidentified as the 7, jet. Figure (left) represents QCD 4
+ jet process where one jet can be misidentified as the hadronic tau and the
other is misidentified as the light lepton. There are two additional forward

jets which can be misidentified as the VBF jets.

o Z+jets (DY+jets) background: The 77 decay of Z boson can give the
same signature as the 77 decay of Z'. There is also a possibility that Z boson
decays to uu or ee where it mimics one of the signal light leptons and one of the
jets can be misidentified as the hadronic tau. Additionally, the jets associated
with the Z boson can be tagged as the VBF jets. Figure (right) shows
one of the production mechanism of Z + 2 jet process with 2 jets mimicking

the VBEF jets in the signal process while the taus from Z decay can mimic the
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Figure 5.4: Production mechanism for QCD + 4 jet process (left) and Z + 2 jet process
(right).

signal.

e Diboson background: The taus from the decay of the weak bosons (ZZ,
WZ, WW) gives the same signature as the signal by further decaying to light
leptons and a hadronic tau. The associated jets or the hadronic decay of the
weak boson can give the signatures of VBF jets. Figure [5.5] shows one of

the production mechanism of the WZ (left) and ZZ in association with 2 jets

(right).
’ %/‘/ﬁ
q < w z
NNANNAN
qa i
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Figure 5.5: Production mechanism for diboson process.
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e Single top background: In the single top production via t-channel, the
W boson from the top quark decay can decay to light leptons and the b jet
can be misidentified as the hadronic tau in the signal. In the tW associated
production with the initial gluon splitting, the W bosons can decay to light
leptons and a hadronic tau. The associated jets can give the signature of the
VBF jets. Figure shows the Feynman diagram for the production of single
top in t-channel (left) and tW-channel (right).

& b
t
w
t
b w
g b

Figure 5.6: Production mechanism for Single top process.

e VBF Higgs background: The processes in which the Higgs boson is pro-
duced in association with two forward jets generally mimic the signal processes
as shown in Figure 5.7 However, the forward jets are less energetic as com-
pared to the signal process since mass of the SM Higgs boson is significantly
lower than the masses of Z' under consideration. However, the 7 7 decay of

Higgs boson can give the same signature as the 77 decay of 7.

e Electroweak WWjj and Zjj background: The pure electroweak produc-
tion of WW and Z with forward jets can easily mimic the signal process as
shown in Figure[5.8] The leptons coming from the decay of W or Z boson give

the same signature as the signal leptons along with VBF jets.

The contribution of these background processes is evaluated using simulated samples

and the data driven methods.
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Figure 5.8: Production mechanism for SM electroweak processes with forward jets, Zjj
(left) and WWjj (right).

5.3 Data and Monte Carlo samples

The present analysis uses the pp collisions data at the center-of-mass energy of
13 TeV, collected by the CMS detector during the years 2016-2018. The final results
are measured with the 20% of the total data, which corresponds to an integrated
luminosity of 27.4 fb™', as per the partial unblinding policy followed at the time of
the Thesis writing.

The MC simulation samples for the signal and different contributing back-

grounds are generated using different event generators for optimizing and validating

the event selection criteria, estimating the part of backgrounds and calculating the
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systematic uncertainties.

The VBF Z' signal samples are generated with MADGRAPH5_AMC@NLO ver-
sion 2.4.2 [16] (denoted as MG5_aMC) along with PYTHIAS [17] for parton showering
and hadronization. The signal events are required to consist of partons with p; >
20 GeV having a pseudorapidity gap of |An| > 3.0 between them. The samples are
required to have no contribution from QCD vertex. For the search of Z’ for a wide
range of phase space, the samples for Z' masses 250 GeV to 2500 GeV are generated
Le. for m, = 250,500, ...2500 GeV. To study the coupling of 7' with vector bosons
(V = WorZ), the samples are generated with five coupling points i.e. Ky = 0.1,
0.25, 0.50, 0.75 and 1.0. To consider the models motivated by the B meson anoma-
lies and for possible explanation for the high mass of the top quark, there is strong
motivation to consider non-universal gauge couplings. To parameterize this possi-
bility, couplings to light fermions (g,) and heavy fermions (g,,) are introduced. Two
set of samples with scenarios of universal coupling to fermions (g, = g, = 1) and
non-universal coupling to fermions (g, = 0, g, = 1) are generated. The theoretically
predicted values for the production cross-section of Z' for different mass values at

center-of-mass energy of 13 TeV is given in Table |5.2]

m, [GeV ] Production cross-section [pb]

250 119.2
200 2.365
750 0.8273
1000 0.1994
1250 0.06114
1500 0.02174
1750 0.008568
2000 0.003596
2250 0.001609
2500 0.0007504

Table 5.2: Production cross-section of Z' for various mass points.

The background samples for Z+jets, W+jets and QCD multijet process are
generated with MADGRAPH5_AMC@NLO version 2.4.2 interfaced with PYTHIA8 uti-

lizing the FxFx merging scheme. For better reconstruction of background in the
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Process Generator  cross-section [pb]
Z— U0 + 4 jets MG5_aMC 6025.2
Z— 00 + 4 jets (HT=100 to 200) MG5_aMC 213.4
Z— 00 + 4 jets (HT=200 to 400) MG5_aMC 65.42
Z— 00 + 4 jets (HT=400 to 600) MG5_aMC 7.31
Z— 00 + 4 jets (HT=600 to 800) MG5_aMC 1.49
Z— 00 + 4 jets (HT=800 to 1200) MG5_aMC 0.661
Z— 00 + 4 jets (HT=1200 to 2500)  MG5_aMC 0.119
Z— 00 + 4 jets (HT=2500 to Inf) MG5_aMC 0.0028
W— lv 4 4 jets MG5_aMC 61334.0
W— lv + 4 jets (HT=100 to 200) MG5_aMC 1695.0
W— lv + 4 jets (HT=200 to 400) MG5_aMC 532.40
W— lv + 4 jets (HT=400 to 600) MG5_aMC 61.600
W— lv + 4 jets (HT=600 to 800) MG5_aMC 12.400
W— v + 4 jets (HT=800 to 1200) MG5_aMC 5.7700
W— lv + 4 jets (HT=1200 to 2500) MG5_aMC 1.0230
W— v + 4 jets (HT=2500 to Inf)  MG5_.aMC 0.0248
QCD_HT50t0100 MG5_aMC 246300000.0
QCD_HT100t0200 MG5_aMC 27990000.00
QCD_HT200t0300 MG5_aMC 1559000.00
QCD_HT300to500 MG5_aMC 351900.00
QCD_HT500t0700 MG5_aMC 29070.00
QCD_HT700t01000 MG5_aMC 5962.00
QCD_HT1500t02000 MG5_aMC 1005.00
QCD_HT2000toInf MG5_aMC 101.80
QCD_HT50t0100 MG5_aMC 20.54
TTtoHadronic POWHEG 377.96
TTtoSemileptonic POWHEG 365.34
TTto2L2Nu POWHEG 88.29
ST _t-channel_top_4f POWHEG 136.02
ST_t-channel_antitop_4f POWHEG 80.95
ST_tW-channel _top_5f POWHEG 38.06
ST _tW-channel _antitop_5f POWHEG 38.06
ST _s-channel _top_4f POWHEG 3.68
WW— 202v+]jets POWHEG 10.480
WZ (to2q2v) MG5_aMC 5.6060
WZ (to3lv) MG5_aMC 3.0540
Z (to2q2v) MG5_aMC 4.0330
Z (to202v) POWHEG 0.5644
7 (to202q) MG5_aMC 3.2220
77 (— 4¢) MG5_aMC 1.2560
VBF_HToZZTo4L POWHEG 0.0010102
VBFHToBB POWHEG 2.183
GluGluHToZZTo4L POWHEG 0.0129763
ZH _HToBB_ZToLL POWHEG 0.311
ttH_-HToZZ_4L POWHEG 0.0002361

Table 5.3: List of MC simulated samples for different backgrounds.
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high mass region, these samples are generated for entire H; range (i.e. scalar sum
of transverse momentum of all final state objects), concatenating samples in different

Hyp bins as listed in Table [5.3

Top quark-antiquark pair (¢f) production is generated by POWHEG inter-
faced with PYTHIAS, simulating the parton shower and the hadronization pro-
cesses. The diboson (WW, WZ, ZZ) background processes are simulated using
MADGRAPH5_AMC@NLO and PYTHIAS while POWHEG is used for the simulation of
the single top quark processes. Table lists the various background samples and

their corresponding production cross-sections used in the analysis.

The simulated samples are processed with a detailed simulation of the CMS
detector using the GEANT4 framework [18] and trigger emulation.As there are more
than one interaction take place from colliding proton bunches, these additional in-
teractions are known as pileup as discussed in Chapter 2. The pileup information
in MC is simulated using minimum bias events by concatenating them with the
generated signal event. However, the MC simulated samples consist of the pileup
distribution which does not match with data as shown in Figure [5.9, Hence, MC
events need to be properly weighted to match with the pileup distribution in data.
The reweighing of MC events is performed by determining the probabilities to obtain
“n” true interactions in data (Pju,(n)) and MC (Pyc(n)). The event weights are
calculated to reweigh MC events based on the true number of interactions according

to the following equation.

. Pdata(n)
wpy(n) = Pryc(n)

The pileup weights are calculated for individual years due to different run conditions

(5.1)

per year. As shown in Figure [5.9 after reweighing the pileup information in MC

samples matches well with data.

The event yield for MC simulated samples are normalized to their respective

production cross-section (o) and total luminosity (L) of the collision data using a
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Figure 5.9: Distribution of number of pile-up interactions in a Summer16 MC sample
(Z — pp) before and after reweighing. The pile-up distribution in collision data is
also overlayed. The pile-up distribution in MC matches with the distribution in the
collision data after pile-up reweighting is applied.

weight factor (w) which is calculated as:

w=— (5.2)

Here, N represents the total number of MC simulated events for the corresponding
process. The simulated samples are generated for three years (2016, 2017 and 2018)
and are studied for individual years. A set of selection criteria is followed each year
for better selection of signal events and suppression of background events which is

discussed in the following Section.

5.4 Event Selection

The VBF Z' signal process in the detector consist of centrally produced one light
lepton (p or e) and one hadronic 7 jet (7, ) having opposite sign (OS) with two
forward jets and missing transverse energy due to neutrinos. The two forward jets

lie in the opposite hemispheres of the detector with large pseudorapidity gap between
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them and carry large dijet invariant mass. As mentioned in Section [5.2] various SM
processes give the similar final state as the VBF Z’ signal process. Therefore, an
appropriate event selection criteria is required to select most of the signal events with
efficient rejection of background events. The event selection criteria for selecting
signal events is divided into three parts: trigger selection, central event selections,

and VBF event selection. These selections criteria are discussed below.

5.4.1 Trigger Selection

The trigger selection aims to select interesting events with software level selections
using all information from the subdetectors. The events which passes the single
muon trigger in the 7, final state and the single electron trigger in the er;, final state
are selected. The HLT trigger paths used in the analysis are listed in Table[5.4l Each
of the single muon triggers requires the events to contain at least one muon candidate
with pp greater than 24 GeV or 27 GeV in the respective years. Similarly, in case
of the single electron trigger, the events are required to have one electron candidate

with pp greater than 27 GeV or 32 GeV or 35GeV in the respective years [19].

Year Channel HLT Path pp threshold
L HLT _IsoMu24_v* > 24 GeV
ety HLT _Ele27 WPTight_Gsf_v* > 27 GeV
5017 MTh HLT _IsoMu27_v* > 27 GeV
€T, HLT _Ele35_WPTight_Gsf_v* > 35 GeV
018 M HLT IsoMu24(27)_v* > 24 (or 27) GeV
ey, HLT _Ele32(35) WPTight Gsf_v* > 32 (or 35) GeV

Table 5.4: HLT trigger paths and their p; thresholds used in the analysis.

The efficiency of the single muon trigger and single electron trigger in data
is studied using tag and probe method with Z — pu events and Z — ee events
respectively [20]. Figure (left) shows the efficiency of HLT IsoMu24 trigger in
2018. As can be seen from the figure, the trigger efficiency is greater than 90%
above muon py (p4) of 30 GeV. The offline pf. threshold for the analysis is chosen
to be 35 GeV which sits well on the plateau of the trigger efficiency curve. Similarly,
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Figure (right) shows the efficiency for HLT _Ele35_WPTight_Gsf trigger in 2018.
The efficiency is observed to be greater than 80% for electron py (p7) above 55 GeV
and is chosen to be the offline p7 threshold in the analysis. Small drop in the
efficiency can be seen for barrel-endcap transition region in ECAL around 1.44 <
In| < 1.56. The events falling in this region are excluded from the analysis. Since
the efficiency of these triggers is observed to be consistent for 2016, 2017 and 2018,

therefore, similar offline py threshold are chosen for the light leptons for the three

years.
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Figure 5.10: Trigger efficiency in data for single muon trigger as a function of p% and
n" (left) and single electron trigger as function of p and n° (right).

5.4.2 Central Event Selections

The central event selections aim to select events with OS u7, or er;, pairs along
with the requirement of missing transverse energy. The central event selections are

composed of following requirements:

e Muon Selection: Muons considered in the analysis are required to be well
isolated and are required to have minimal energy from PF neutral and charged
candidates in a cone of AR = 0.4 around the muon trajectory. To isolate
muons from the jets and the semileptonic decays of heavy quarks are sup-

pressed by applying an isolation condition on the muon candidates. The rela-

® ©
Efficiency
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tive isolation variable, I,.; for muons is defined as :

;o [ p;hawged + mam(()'? Z E;eutral + Z E% —05 zp?Uﬂ (5 3)
rel — m :
br

Here, 3> E7"* and 3 EJ represent the scalar sum of the transverse ener-
gies of neutral hadrons and photons, respectively, within a cone of radius,
AR = 0.4 around the muon track. The quantity 3 p%*"9? represents the pr
sum of the charged hadrons in the same cone around the muon associated with
the selected vertex. Finally, Zp?U is the py sum of the charged hadrons in
the same cone around the muon not associated with the selected vertex. A
muon is considered isolated if I,.,; < 0.15. A “Tight” muon identification is
used [21] which requires muon to be a global muon with hits in at least two
muon stations. Besides this, the identification requires valid muon hits in the
pixel tracker and hits in greater than five inner tracker layers. To suppress
hadronic punch-through and muons from decays in flights, an additional re-
quirement on the x?/dof for the global muon track fit to be less than 10 is
added. Contamination due to Cosmic muons is suppressed by requiring the
threshold on the impact parameter (d,,) to be less than 2mm w.r.t primary
vertex. Furthermore, longitudinal distance (d,) of the tracker track wrt. the

primary vertex is required to be less than 5 mm.

Events are required to have exactly one muon candidate with p; > 35 GeV in
In| < 2.1 in the u7, final state. The selected muon candidates are required to

be well-separated from other objects in the event within cone of AR = 0.4.

e Electron Selection: The selection of the electron candidates requires good
geometrical matching and good agreement between the momentum of the track

and the energy of the ECAL supercluster. Two quantities used to estimate

: : T T
the geometrical matching are An;, = 1. — N’ and Ay, = ¢ — Gorok

The n,, and ¢,. coordinates correspond to the supercluster position and are

Track and ¢T7"ack

vertex vertex COOI‘dl—

measured using an energy weighted algorithm. The 7

nates are the position of the track at the interaction vertex extrapolated, as a
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perfect helix, to the ECAL detector. The good energy-momentum matching is
measured by taking the ratio between the corrected energy E,,,, in the ECAL
supercluster and the momentum of the track P, measured in the inner layers
of the tracker. Electrons need to be within the acceptance of the tracker and
the electromagnetic calorimeter, |n,.| < 1.44 and 1.56 < |n,.| < 2.1, where the
upper threshold on |n,.| is chosen based on trigger threshold and best signal
significance. Signal electrons or electrons from photon conversion are separated
further from misidentified jets through cuts on calorimetric variables such as

the shower shape variable o which describes the lateral extension of the

inin
shower along 1. In contrast to hadronic showers, electromagnetic showers are
narrower, thus making shower shape variables an effective discriminant. The
ratio of energy deposited in the hadronic and the electromagnetic calorimeter
is a measure for the energy leakage into the hadronic calorimeter and is typi-

cally small for electromagnetic showers. It is required to be smaller than 0.12

(0.10) in the barrel (endcaps).

Furthermore, electrons originating from converted photons are rejected by a
number of cuts. The impact parameter D" in the transverse distance zy
and longitudinal distance z of closest approach of the track trajectory to the
selected primary vertex need to be less than 0.2mm and 2mm respectively.
Additionally, for prompt electrons the number of missing hits in the innermost
layers of the tracker should not exceed one. A separation from other objects
in the event is assured by requesting electrons to have a loose particle flow
isolation. The energy deposition from other particle flow objects in a cone of
AR = 0.3 around the selected electron should be less than 15% of the electrons

transverse momentum pp [22].

Events are required to have exactly one electron candidate with pp > 55 GeV
in || < 2.1 in the e7, final state. The selected electron candidates are required

to be well-separated from other objects in the event within cone of AR = 0.4.

e Tau Selection: The taus are required to be well identified and isolated to
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reduce the probability of gluon and quark jets or leptons (e or ) to be misiden-
tified as the hadronic tau (73,) candidates. Hence, for the proper identification
of genuine 7, candidates, the 75, candidates are required to pass through a set
of discriminators as discussed in Chapter 3. The selection criteria for these

discriminators used in the analysis are discussed below.

— Tau Decay Mode Reconstruction: The 75, candidates are selected
using deep neural network (DNN) based algorithm [23]. This algorithm
reconstructs one-prong, two-prong and three-prong 7;, candidates. There
are no actual two-prong 7, candidates due to conservation of tau lepton
charge. The algorithm tends to reconstruct two-prong 7;, candidates due
to very high pr of the tau lepton. In this case, their visible decay products
have sufficient boost, producing very collimated tracks and thus overlap-
ping tracker hits (merged tracks), which makes it difficult to efficiently
reconstruct the three-prong 7, candidates . Therefore, the 75, candidates
with two-prongs attempt to recover some of the inefficiency for identifying
three-prong high-p, tau leptons. However, the two-prong 73, candidates
are not utilized in this analysis due to the large jet background as jets
can primarily be reconstructed as two-prong 7;, candidates. Hence, 7,

candidates having one or three-prongs are considered in this analysis.

— Rejection against muons: To reject the muons faking the 7;, candi-
dates, a DNN based anti-muon discriminator is used in the analysis. This
discriminator searches for the muon hits in the muon subsystems, which
are associated to the track of the 7, candidates [24] [23]. Due to the
presence of the signal muons in the u7,, a tight selection on this dis-
criminator is applied which has 7, selection efficiency of 99.5%. For high
signal acceptance in the et final state, a slightly looser selection on this
discriminator, with 75, identification efficiency of 99.95%, is applied to
avoid the rejection of genuine 75, candidates as there are no signal muons

in this final state which can be misidentified as the 7, candidate.
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— Rejection against electrons: In order to discriminate genuine 7, can-
didates against electrons, 7, candidates are required to pass a DNN based
anti-electron discriminator which uses the amount of HCAL energy asso-
ciated to the tau track with respect to the measured momentum of the
track [23]. The discriminator considers the amount of electromagnetic
energy in a narrow strip around the leading tau track with respect to the
total electromagnetic energy of the tau. For better background rejection
of misidentified 7;, candidates in the er;, final state, a tight selection on
the discriminator is used which has the 73, identification efficiency of 60%.
In case of u7, final state, a looser selection is applied with 7, identification

efficiency of 99% to avoid rejection of the genuine 7, candidates.

— Rejection against jets: To reject gluon and quark jets to be misiden-
tified as the 7, candidates, the 7;, are selected with a tight selection on
the DNN based anti-jet discriminator [23]. The discriminator uses the
lifetime and jet multiplicity information to distinguish between quark or
gluon jets from the genuine 73, candidates. The 73, identification efficiency
of this discriminator is 50% for 75, pp < 100 GeV and increases to 60% for
pr > 100 GeV [23].

After selecting 75, candidates with selections mentioned above, the 7, candi-
dates used in the analysis are required to have py > 20 GeV with |n| < 2.1. The
7, candidates are well-separated from other objects in the event by making a

selection on the AR to be greater than 0.4.

b jet tagging and rejection: As there are no jets from the b quark in the
VBF Z' production, the selected events are required to have no b-tagged jet.
The b tagging is performed using the combined secondary vertex b tagging
algorithm in 2016 and DNN based combined secondary vertex b tagging algo-
rithm in 2017 and 2018 [25] [26]. The jets, with p; > 30 GeV within || < 2.4
and well-separated from light leptons and 7, candidates with AR = 0.3, are

searched for the b-tagged jets. The event with a b-tagged jet is removed from
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further analysis. This requirement suppresses the contribution of events from
top quark decays from processes such as tt and single top which contains a

genuine b quark jet.

o E7¥% requirement: As discussed in Section , the signal contains neutri-
nos which go undetected in the detector and contributes to missing transverse
energy (E7"**). Hence, a requirement is set on the E7"** to be greater than
30 GeV. This requirement significantly reduces the contribution of QCD mul-

tijet and Z+jets background events.

5.4.3 VBF Event Selections

The VBEF event selections are meant to select the events having at least two jets
satisfying the VBF requirements from the events passing the trigger and central
selections. The VBF event selections are applied to select the signal events which

are discussed as below:

e The jets are clustered using the anti-kp algorithm [27], with a distance pa-
rameter of R = 0.4. For the identification of jets in an event, a PF - based
jet identification is applied. Table shows the jet selection criteria used in
2016 and 2017/2018. The jet identification efficiency is observed to be >99%
for the entire 7 and pp range. The events are then required to have at least

two jets with pp > 30 GeV in || < 5.0.

Selection Cut (2016) Cut (2017 and 2018)
Neutral Hadron Fraction < 0.99 < 0.90
Neutral EM Fraction < 0.99 < 0.90
Number of Constituents > 1 > 1

And for |n| < 2.4 in addition apply

Charged Hadron Fraction >0 >0
Charged Multiplicity >0 >0
Charged EM Fraction < 0.99 < 0.99

Table 5.5: Jet identification criteria in 2016 and 2017/2018.
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e The jets are chosen to be well-separated from the other objects within a cone

of AR =0.4.

e The selected jets are required to be in the opposite hemisphere of the CMS
detector i.e. 1;; X 1,5 < 0. The jets should have large pseudorapidity gap
(An > 4.2) between them [19].

The jets in the VBF Z’ signal process are highly energetic as the VBF system is
required to have enough energy to produce high mass Z'. Figure shows the
dijet invariant mass distribution (left) and pseudorapidity distribution of the jets
(right) for major contribution backgrounds such as W+jets and t¢ and the signal
process involving production of Z’ with mass 1000 GeV. As expected, the jets in
the background are mostly central and have small dijet invariant mass, while signal

events are characterized by non-central jets with large dijet invariant mass.

CMS Internal CMS internal
5 03T T 5 O3 eI I e e
« W+Jets il < L W+Jets ]
tt ] L tt ]
0.25 —}— Signal : VBF Z' — 11| 0.25~ —— Signal : VBF Z' - 1|
0.2 { 0.2 -
0.15F .
0.1~ =
0.05 =
PRI NI R N R 0] 7\\\\“‘H\HH‘\H\‘\\H‘HH‘HH‘HH\H“‘H\7
500 1000 1500 2000 2500 3000 -5 -4 -3 -2 -1 O 1 2 3 4 5
M, [GeV] n(et)

Figure 5.11: Comparison of dijet invariant mass M (j,jo) (left) and pseudorapidity of
jets (njers) (right) distributions for signal and background processes.

As the signal has large dijet invariant mass, the events having
m(j1,72) > 500 GeV are selected to reject the background events. Table shows

the central and VBF event selection criteria used in the signal region.

After above selections, the mass of the lepton pairs (u7, or er,) is scanned

to look for any excess above the SM backgrounds. The mass of the lepton pairs is
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Trigger selection
Isolated single p (e) year-dependent p; threshold (Table )
Central event selections

N(€), N(73) =1
()], [n(m)] <21

Q) * Q() <0

pr(p(ore)) > 35(or 55) GeV
pT(Th) > 20 GeV
Fipss > 30 GeV
N(b — jet) =0
VBF event selections
N(j) > 2
pr(J) > 30GeV
n(j)| <5.0
N (dijet) >1
M1 X N2 <0
An(jj) >4.2
m(77) > 500 GeV

Table 5.6: Event selection criteria for the ¢7;, final state.

given as follows:

mlby, b, EF**) = \J(Ey, + By, + EF*)? — (5, + 7, 57 (5.4)

where £; is either a muon or an electron and /¢, is hadronic tau. E, and E,,
is the energy of ¢; and {, respectively. p, and p,, is the momentum of ¢; and /,

respectively.

Different backgrounds after the signal selections : Although the signal event
selections are optimized to suppress the SM background processes, still various SM
processes pass these selections. Figure shows the various SM processes (taken
from their MC simulations), acting as backgrounds in the p7, final state (left) and
the er, final state (right). The dominant background contributing in both the fi-
nal states is the jet — fake 7, background, originating mainly from W-jets and tf

processes. The VBF selections significantly suppress the contribution of QCD mul-
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tijet background, which otherwise have large contribution in the searches involving
7, candidates. The second major contribution comes from ¢t fully leptonic decays.
Very small contribution comes from the processes involving genuine (or prompt)
7;, candidate. Since the jet — fake 7, background is not well-modeled in the MC
simulations, therefore, a dedicated data-driven method is used to estimate its con-
tribution. A detailed description on the estimation of this major background and

other backgrounds is given in the next Section.
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Figure 5.12: Various SM processes acting as a background in the u7, final state (left)
and the e7, final state (right). These background events are taken from their respective
MC simulations.

5.5 Background Estimation

As can be seen from Figure the largest background contribution (~ 70%)
comes from the events where a jet is misidentified as 7, candidate, denoted as fake
7, background. This includes ~ 90% events from W+jets, ¢t semi-leptonic and
hadronic decays and Z+jets processes. Very small contribution (~ 10%) comes
from the QCD multijet, diboson events with semi-leptonic decays and single top
(s-channel and t-channel) processes. The second contributing background in the ¢7;,

final state is the ¢ fully leptonic (~20%) in which both the leptons (¢ : eor 1 and
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75,) comes from the decay of W bosons. In addition to this, very small contribution
(~ 5%) comes from events in which both leptons are prompt such as Z(7" 77 )+jets

and diboson and single top (tW-channel) processes.

Due to high probability (~ 1072 for p < 100 GeV) quark and gluon jets to be
misidentified as 7, jet [23], the largest contributing background is the one where 7,
jet is actually a misidentified quark or gluon jet. The fragmentation of quarks and
gluons is a difficult process to model in simulated samples due to the inability to
probe quarks and gluons as free particles. Furthermore, additional effects such as
the modeling of pile-up and material budget are all important contributors to tau
identification. Since the modeling of these events in the MC simulated samples is
not reliable, this analysis makes use of data-driven methods to extract the jet —

fake 7, background contribution in the signal region.

The contribution of ¢t fully leptonic events is estimated from MC simulation
after correcting them by a Data-to-MC scale factors obtained from dedicated control
regions enriched in tf — u7, and tt — e7, events. Data-to-MC scale factors are
used to correct for any mismodeling in MC after signal region selection due to object
identification and isolation, misidentification rates, efficiency of the topological cuts.
The contribution of other small backgrounds is estimated from their respective MC

samples in the signal region, only if they have prompt leptons.

5.5.1 Jet — fake 73, background estimation

To estimate the jet — fake 7, background, a data-driven approach is followed in this

analysis. The estimation of this background is performed mainly in two steps :

1. Estimation of jet — fake 75, background events before any VBF selections,

keeping the central selections same as the signal region and,

2. Estimation of VBF efficiency (eygr)-

These steps ensure the estimation of the background in a jet enriched control region

and lower additional systematic bias due to VBF jet selections. The number of jets
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to fake 7, background events in the signal region are given as:

SR beforeVBF
Nfike = Nfaker, X eypr X SFypp (5.5)

where,

beforeVBF data
Nfakerh = NantifiSOTh X Wiake (56)

and SFy gr is the Data-to-MC simulation scale factors, used to correct for any bias
in the €y pp estimation. wy,y, is the jet — 7, fake factor, estimated from the jet —
7;, fake ratio.

NbeforeVBF

For the estimation in the before VBF control region ( faker,

), an anti-
isolated 7, control region is used which consists of good statistics of fake 73, events.
The events in this control region contain 73, candidates which pass the loose work-
ing point of the DeepTau anti-jet discriminator and fail the tight working point of
the DeepTau anti-jet discriminator keeping all other selections same as the central
selections. These events are then reweighed with a fake factor. The fake factor
(Wake) 1s estimated from jet — 7, fake ratio (f) which is the probability of a fake
7, candidate (usually a jet) passing the loose 73, anti-jet selection to also pass the
tight 7, anti-jet selection. The estimation of jet — 7, fake ratio (f) is discussed
in the next Subsection. Other prompt backgrounds are taken from their respective
MC simulations, only if they have a generator level (¢,7, ) candidate matched to the

reconstruction level candidate and are subtracted for the estimation of jet — fake

75, events.

Jet — 7, fake ratio (f) : The jet — 7, fake ratio is measured in a jet enriched
control region i.e. using Z(up) + 7, events in which a jet is misidentified as a 7,
candidate. To ensure pure selection of Z(uu) events in this control region, events
with exactly two opposite sign muons having mass within the Z mass i.e. 60 GeV

< M (pp) < 120 GeV are selected. These events are further divided into two sets,
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1. Events having exactly one 75, candidate passing the tight isolation working

point of the DNN based 7;, discriminator against jets and,

2. Events having exactly one 7;, candidate passing the loose isolation working

point of the DNN based 7;, discriminator against jets.

These 73, candidates are coming from the jets associated with Z boson production,
hence the misidentified 75, candidates. The contribution of other SM processes in
this control region is subtracted from data using their respective MC samples, to
further improve the purity of (uu) + 7, events in the data. The purity of the Z(uu)
+ 7, events in data is observed to be greater than 90% as shown in Figure m
The purity of the Z(uu) + 7, events in data as a function of 75, pr with the tight 7,
isolation control region (left) and loose 7, isolation control region (right) is shown

for all three years and is observed to be consistent across years.
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Figure 5.13: Observed purity for the Z(uu) + 73, events in data corresponding to 2016,
2017 and 2018 data-taking, with the tight 7, isolation (left) and with the loose T
isolation (right). The purity is observed to be greater than 90% for the three years.

After selecting the jet enriched region, the fake ratio (f) is calculated as:

Ntight
Z +7,
[ = (5.7)
Z(/‘“”‘)+T}L

Figure shows the jet — 7, fake ratio as a function of 7, py and 7, n
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for 2016, 2017 and 2018 respectively. Due to high purity of Z(uu) + 7, events in
the data, the fake ratio from data with and without subtracting the non-Z+jets
background events is consistent with each other. The fake ratio is about 0.05 except
for 7, pr < 50 GeV during 2016 data where higher fake ratio is estimated. Also, the
fake ratio as a function of 75, n is observed to be flat in both barrel and endcap with
2017 and 2018 data, whereas in the case of 2016, the fake ratio varies as a function
of 7, ». This is observed due to the effect of decrease in hit efficiency in the silicon
strip tracker (substantial in Tracker Outer Barrel L1-1.2) in the early 2016 data-
taking 28] [29]. This behaviour was traced to saturation effects in the pre-amplifier
of the APV25 readout chip [30] which was recovered in the later part of the 2016
data-taking period. Besides this, the Phase 2 upgrade of the silicon pixel tracker
in 2017 (discussed in Chapter 2) led to better reconstruction and improved lifetime
information of the 7;, candidates and hence, decrease in the fake ratio in 2017 and
2018. As a result, fake ratio as a function of both 7, py and 7, 1 is considered for
2016 as shown in Figure [5.17] and taken as a function of 7, py only for 2017 and
2018. Since MC simulated events for 2016 does not describe the APV saturation
effect, the fake ratio estimated using Z+jets MC simulated events is lower than that
observed in data. To avoid any such kind of bias in MC prediction of jet — fake
1, background, the MC simulated events are reweighed with fake ratio estimated
from Z+jets MC events for the three years. For the estimation from the data, the
fake ratio estimated from data after subtracting non-Z+jets background events is

applied.
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Figure 5.14: Jet — 73, fake ratio as a function of 7, pr (left) and 7, n (right) from

data, Z+jets MC simulation and from data with subtracting non-Z+jets MC simulation

events for 2016.
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Figure 5.17: Jet — 7, fake ratio as a function of both 7, py and 7, n in 2016.

Determination of shape correction for er;, and p7, final states : After
reweighing events in the anti-isolated 7, control region with the fake factor (w e
= ﬁ), jet — fake 73, background is estimated using MC simulated events. These
predicted background events are compared with the observed background events
from MC simulations in the isolated 7, control region. By construction the normal-
izations should agree for the predicted and observed events, yet some residual shape
effects are observed due to mismodeling of E7*** due to activity of ISR jets and

miss )

pileup jets. The variables that exhibit the largest differences are A¢(,, Er) and
Ap(l, EX™) (0 : p,e). Therefore, corrections for residual shape effects are derived
from simulation for the three years and are applied to each event in the anti-isolated
7, control region to make the reweighted distributions agree with the same distri-
butions in isolated events. Figure [5.18 shows the corrections for the p7, final state
for the three years. Similarly, Figure [5.19) shows the corrections for the e, final
state for the three years. It is observed that, after the shape corrections, the Ej**
and reconstructed mass distributions, i.e. m(u, 7, E7***) and m(e, 7,, E***), in the

isolated region are well described by the reweighted anti-isolated events as shown in

the next Section.
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to the corrections as a function of A¢(u, Ex ") for the three years. The right plot
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Figure 5.19: Corrections determined in the er, control region events, after applying

the fake factor to the anti-isolated 7;, control region events. The left plot corresponds
to the corrections as a function of A¢(e, E3"") for the three years. The right plot
corresponds to the corrections as a function of A¢(r,, B ) for the three years.
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Closure test for jet — fake 7, background A closure test is performed to
validate predicted background events in the isolated 73, control region before any
VBF event selection. For this, the reconstructed dilepton mass distributions in
ut, and ety final states for the predicted background events using anti-isolated 7,
events are compared with the observed background events in the isolated 7, control
region. To subtract contribution of the prompt 7, background events in the isolated
75, control region, such as from ¢t fully leptonic process, diboson, single top (tW-
channel) and Z(77)+jets, the events from their respective MC simulations are used.
The resulting distributions are shown in Figure for the three years in u7, and e,
final state. The distributions for observed and predicted jet — fake 75, background
agree with each other. Any residual differences are considered as an additional

systematic uncertainty on this background prediction.

Estimated background events before the VBF event selections Figure[5.21
shows the estimated background events before any VBF selections in the 7, and et
final states for the years 2016-2018. Here, the jet — fake 73, background is estimated
using the anti-isolated 73, control region as discussed in the previous Section. The
tt background events are taken from its respective MC simulated events passing
only the signal region central selections. The other prompt background events are
also from their respective MC simulated samples, only if the reconstruction level 7,
candidate matches with the generator level 75, candidate. The data events refer to
the events passing the signal region central selections only. It is observed that the
estimated background events agree well with the data before any VBF selections in

both pm, and er;, final states.

Estimation of VBF efficiency To estimate jet — fake 75, background events in
the signal region, VBF efficiency (ey gr) is evaluated. The ey gy is estimated using
uty, events from W+jets MC simulation with central selections and is defined as:

stT?er VBF

(5.8)

€VBF = NAT
before VBF
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Figure 5.20: Comparison between the isolated 7, events and anti-isolated 7;, events
reweighed with fake factor and corrected with the A¢(¢, ET"™) shape factors in the
uty, final state (left) and in e7;, final state (right) in 2016 (top), 2017 (center) and 2018

(bottom).
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Figure 5.21: Estimated background events validation before VBF selections in the pry,
(left) and er;, (right) final state.

The observed €y, 5 in the three years is listed in Table [5.8 and is observed to
be consistent across years. The uncertainty on the observed value is based on MC
statistics. Due to similar topology of the VBF jets in u7, and e, final state, same
values of €y g are used in the e7;, final state. A data-to-MC simulation scale factor
(SFy ) is derived to correct for any bias in the W-jets MC events due to the VBF
selections. The SFy g is estimated using W (uv)+jets events. The event selections

for the W(uw)+jets control region are listed in Table [5.7]

Selection Cut
Trigger HLT IsoMu24(27)
N(p) =1
7 ()] <24
pr(p) > 35GeV
s > 30 GeV
Mp(u, MET)  [50 GeV, 110 GeV]
N(bjet) =0
pr(J) > 30 GeV
n(5)] < 5.0
N(j) > 2
An(jj) > 4.2
m(jj) > 500 GeV

Table 5.7: Event selection criteria for the W(uv)+jets control region used to measure
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The purity of ~70% is observed for this control region. The scale factor,

SFypr, for the VBF selections can be defined as:

N (W 4 jets)
NMEW + jets

SFypp = (5.9)

The observed SFy zp is listed in Table for the three years. The VBF
efficiency scale factors are lower for 2016 and 2017 in comparison to 2018. This is
expected due to the improved JER scale factors for low-p; forward jets in 2018.
In 2016 and 2017, forward jet JER factors are not py-dependent, whereas the 2018

JER factors for high-n jets were measured as a function of p;.

Year e€ypp SFypr

2016 0.11 £ 0.01 0.73 £ 0.02
2017 0.13 £0.01 0.71 £ 0.03
2018 0.13 £ 0.01 0.84 4+ 0.03

Table 5.8: Observed €y, gr and SFy, g for three years for the estimation of jet — fake
7, background in the signal region. The listed uncertainties are statistical in nature.

To validate the observed SFy gr for the VBF selections, a closure test is per-
formed in EJ*** inverted control region (i.e. Ep'™* < 30GeV) using p7, events.
Similar methodology is utilized to estimate the jet — fake 73, background from data
in this E7"** < 30GeV control region as for the signal region. Figure shows
the comparison of the observed and predicted background events in m(u, 7,, E7' m)
distribution. The observed agreement is well within statistical and systematic un-

certainties. Any residual differences are considered as an additional systematic un-

certainty.
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5.5.2 Estimation of tt fully leptonic background

The second major contribution in the signal region is coming from the ¢t fully
leptonic process. This background is estimated using two control regions, denoted

as C and D, as shown in the Figure [5.23]

Np
A
1 C D
0 Signal

Failing Passing VBF

Figure 5.23: Visualization of the control regions used for the ¢t background estimation.
Region C and D are used to derive the scale factors, that are applied to the tt MC
simulation events in the signal region.

These control regions are defined by tt enriched events with 1 b jet that fail
and pass the VBF selections and are used to estimate the data-to-MC simulation
scale factors for the central selections and the VBF selections. All the selections are
kept similar as the central selections, but with selecting events having one b jet. The
data-to-MC scale factor for the central selections (SF,,,,_gr) is estimated using
events having one b jet and failing VBF selections, denoted as control region C.
The tt fully leptonic events in the data are estimated by subtracting contribution
from other processes using their respective MC samples. The ¢t fully leptonic events
in the data are then compared with tt fully leptonic MC simulated events to get
the scale factor for the central selections (SF,,,_vgr) as described by Eq. .
Similarly, the scale factor for VBF selections (SFy gr) is estimated using events
having one b jet and passing VBF selections, denoted as control region D. The scale
factor from control region C (SF,,,_y5r) is used to correct tt yield in the control
region D before deriving SFy gr. These scale factors are required to correct for any
bias in MC simulated events due to object identification and mismodeling of VBF

topology in the simulation. Both scale factors are estimated independently for the
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u, and er, final states. The purity of ¢t fully leptonic events in control region C
and control region D is observed to be > 75 % for the three years. The estimation

of scale factors and ¢t fully leptonic background events in the signal region is then

given as:
Ngata t?ata
SFhon—vBr = W(CR C>7 SFypr = W(CR D) (5-10)
N N
Ng}-?, = (N§%M0> * (SFypr) . (5.11)

Figureshows the m(u, 7,, E7"*%) distribution (left) and m(e, 7,, E7"**) dis-
tribution (right) for control region C using the 2018 data. The distributions are ob-
served to be consistent across years. Similarly, Figure shows the m(u, 7,, ™)
distribution (left) and m(e, 7, E7***) distribution (right) for control region D using

the 2018 data.
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Figure 5.24: Distribution of m(u, 77,, Ex"**) (left) and m(e, 13,, EF"**) (right) for control
region C for the year 2018.

The observed scale factors in the p7, and er;, final states for the three years
are listed in Table [5.9] and Table [5.10] respectively. The associated uncertainties are

fully statistical in nature. The event yield from the MC simulation is corrected with
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Figure 5.25: Distribution of m(u, 73,, E7**%) (left) and m(e, 7,, By

region D for the year 2018.

SFE, ,n_vpr in control region D

miss

) (right) for control

before deriving the SFy gp, to correct for any bias in

simulation due to central selections. The observed SFy g is consistent in p7;, and

et, final states. The ¢t fully leptonic events from its respective MC simulation in

the signal region are corrected with SFy gy for the estimation of the t¢ fully leptonic

background events.

Year

SFnon—VBF SFVBF

2016
2017
2018

1.00 £ 0.02 0.82 £ 0.03
0.96 £ 0.01 0.98 £ 0.03
0.89 £0.01 1.04 £ 0.03

Table 5.9: The observed scale factor SF,,,,_ygr and SFy gp from tt control region C

and D for the three years for ur, final state.

Year

SFnon—VBF SFVBF

2016
2017
2018

0.83 £ 0.02 0.82 £ 0.06
0.80 £ 0.02 1.02 £ 0.06
0.75 £0.02 1.25 £ 0.05

Table 5.10: The observed scale
C and D for the three years for

factor SF,,,_ypr and SFy gp from tt control region
eTy, final state.
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5.6 Event yield in the Signal Region

The criteria to select the signal events is mentioned in the Section [5.4] which involves
the selection of a opposite sign p;, pair and e7;, pair, missing transverse energy and
at least two jets passing the VBF event selections. The final estimation of the dom-
inant background i.e. jet — fake 7, background in the signal region is given by the
Eq.[5.5] The estimations of the second contributing background i.e. ¢ fully leptonic
events in the signal region is given by the Eq. The methodology to estimate
their contribution in the signal region has been described in the previous Section.
The other backgrounds with relatively smaller contribution are estimated directly
from their respective MC simulations. The contribution of these small backgrounds
i.e. prompt Z+jets, prompt diboson decays and single top (tW-channel) events
are estimated from the events having reconstruction level leptons matched with the

generator level leptons.

Table lists the number of observed background events in the signal region
for pum, final state and er, final state respectively for the 27.4 fb™' of data. The
mentioned uncertainties in the event yields are statistical in nature. The observed
data does not show an excess of events with respect to the background-only hypoth-
esis, and 95% CL upper limits on the production cross-section of Z' are calculated,

as discussed in the next Section.

Process Event yield (ur,) Event yield (er,)
Data 3093.0 913.0

Jet — fake 7, bkg. 2008.7 + 56.9 598.9 + 14.9

tt bkg. 649.6 + 6.3 248.3 £ 3.9
Other prompt bkg. 167.1 4+ 3.8 28.0 £ 1.2

Total bkg. 28254 £ 574 875.2 £ 154

Table 5.11: Event yield in the signal region for the OS p7, and OS e, final states.
The associated uncertainties are fully statistical in nature.
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5.7 Systematic Uncertainties

The measurements can be affected by different sources of uncertainties which are

discussed below:

e Theoretical Uncertainties

Uncertainties on the signal cross-section: Starting from the theory un-
certainties for the signal samples, the ones affecting the cross-section of the
generated sample are divided in two groups: the uncertainties on the param-
eters used to compute the production cross-section, like Parton Distribution
Functions (PDF) and ag , and the theory uncertainties related to the renormal-
ization (pg) and factorization scales (pup). The uncertainty in the theoretical
cross-section due to the choice of PDF is observed to be 2.1%. The variation of
ag in the PDF includes additional uncertainty of the order of 0.5%. The scale
uncertainty by changing the pp and pp by 2 (up and down) adds additional
uncertainty of 0.4%.

Uncertainties on the background MC simulation: The NNPDF3.0 LO
and NLO [31] parton distribution functions (PDF's) are used in the background
MC event generation for 2016. NNPDF3.1 is utilized for 2017 and 2018 MC
event generation. The systematic effect due to the imprecise knowledge of
the parton distribution functions is determined by comparing these with the
default PDF and variations within the family of parametrization [32]. The
maximal deviation from the central value (~6%) is used the overall systematic

due to PDF's.

e Experimental Uncertainties
The list of uncertainties associated to experimental measurements are assigned
to both signal MC events and background events taken from MC simulations

and are described below.
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Uncertainties on the background prediction: The jet — fake 75, back-
ground is estimated from data. The majority of the systematic uncertainties
are derived directly from the control regions and measurements in data. As dis-
cussed in Section , the jet — 7, fake ratio is estimated using Z(— upu)+jets
events. To estimate the systematic bias on the measurement, W(— uv)-+jets
events are chosen to perform the second set of estimations. The effect of the
additional set of fake ratios is estimated on both the shape and normalization
of the jet — fake 71, background for er;, and u7, final states in 2016, 2017
and 2018. Any deviation from unity in the comparison of two measurements
is considered as the systematic uncertainty. This systematic uncertainty is
considered uncorrelated across years and channels due to different activity of
jets depending on the run conditions. The difference between the jet— 7, fake
ratios from the W-jets and the Z+jets events depends on the py (and thus
reconstructed dilepton mass) and can be as large as about 20% in some mass
bins. These bin-by-bin uncertainties are also treated as shape systematics
in the final limit/significance calculations. In addition to this, the statistical
uncertainty in the VBF efficiency is considered as an additional systematic
uncertainty which is of the order of 10%. Similarly, the statistical uncertainty
in the SFy gp is considered as an additional source of systematic uncertainty

for jet — fake 7, background.

In case of tt fully leptonic background, the statistical uncertainties in the
SFE,on_vpr and SFy g are considered as systematic uncertainties in both e,

and p7, final states for 2016, 2017 and 2018.

Luminosity: The year dependent systematic uncertainty on the measured
luminosity is considered which is of the order of 1.2% for 2016, 2.3% and 2.5%
for 2017 and 2018 respectively [33] [34] [35].

Pileup: The uncertainty due to pileup is obtained by shifting the minimum

bias cross-section up and down by 4.6% [36]. The overall effect of 1.6% is
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observed in the background MC events. The effect of 0.2% is observed with

signal MC events and is considered as a systematic uncertainty.

Trigger, Reconstruction, and Selection: A 3.0% uncertainty due to the
trigger efficiency is considered, which is the result of a fit to the trigger effi-
ciency turn-on curve after the VBF event selections. The 3% is the uncertainty
on the fit at the plateau, which is driven by the statistics in the data as shown
in Figure [5.26, The uncertainty for reconstruction of muons and electrons is

up to =~ 2% each depending on 7 or py.
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Figure 5.26: Fit to the trigger efficiency turn-on curve with Z — pup + VBF cuts in
data. The fit shows ~3% uncertainty on the fit at the plateau.

b jet Tagging Efficiency: The uncertainty on the mis-tag rate [37] (= 10%)
is considered. For the case of the signal region, the systematic uncertainty on
the requirement of 0 jets mistagged as b jets is determined by propagating
the 10% uncertainty on the mistag rate through the following equation (which

represents the signal efficiency for requiring 0 jets mistagged as b jets):
P =1 N "P(n)- Y Clnm) - f™ (1= )" (5.12)
n=1 m=1

where P(n) is the probability to obtain n additional jets (non-tau and non-

lepton) in the event, C(n,m) the combinatorial of n choose m, and f the
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mistag rate. The probability to obtain at least one additional jet in the event
is ~ 10%. Therefore, based on the above equation, the mistag rate and the
uncertainty, and the probability to obtain at least one additional jet, a sys-
tematic effect of ~ 1% on the signal is considered due to the mistag rate.
The b tagging/mistagging systematics are considered 100% correlated across
different MC simulations based backgrounds with similar composition (e.g. W
+ jets and Z + jets where there are typically no real b-jets), but completely
uncorrelated to backgrounds that have different composition (e.g. tt vs. Z +

jets). The b tagging uncertainties are evaluated on a per-event basis.

To determine the effect of the b jet scale factor on the background/signal
yields and distributions, the scale factors are shifted up by 1o and down by 10,
where o is the actual uncertainty on the scale factor, to examine the possible
systematic effect on the mass distribution in the one b jet, passing VBF region
for tt fully leptonic background. This is the plot in Figure m (left), where
red is the mass distribution obtained with the central value of the weights, blue
is the variation of the SFs down by 1o, and green is for the variation of the
SFs up by 1o. From this plot in Figure (left), a 2% uncertainty is applied
conservatively to t¢ fully leptonic background to account for the uncertainty

associated with utilization of the b jet scale factors.

Electron Energy Scale: The effect on the signal acceptance efficiency with
1% (2.5%) shift in the electron energy scale in the barrel (endcap) region is con-

sidered. The systematic effect is < 1% on the signal acceptance efficiency [3§].

Muon Momentum Scale: The effect on the signal acceptance efficiency

with 5% shift in the momentum scale is considered. The systematic effect is

< 1% [39).

Jet Energy Scale: The effect of 2-5% due to the jet energy scale uncertainty

on the signal acceptance is considered, depending on the 1 and py of the
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considered jet. For example, for a 5% scale uncertainty, the jet 4-momentum
is scaled by a factor of k = 1.05 or 0.95 (Dgmeared = ¥ * Paefaurr) and variables
are recalculated using p,,,eqreq- In Figure (right), the green ratio is for the
up-shifted distribution to the central. The blue ratio is for the down-shifted
distribution to the central. Systematics for variation of JES amount to ~10 -
15% on average. The shape based uncertainties in the fit for m(¢;, €y, E3")

are implemented based on JES.
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Figure 5.27: Systematic uncertainty on the tt fully leptonic MC events due to +1 std.
deviation variation in the b jet SF (left). Systematic uncertainty on the Z' signal
sample of mass 1500 GeV due to jet energy scale uncertainty (right).

Statistical uncertainty: At last, bin-by-bin statistical fluctuation in the
signal yield and background processes is considered as an additional uncer-

tainty in the final calculations.

To summarize, the dominant systematic uncertainty comes from the uncertainty
in the jet — 7, fake ratio. Besides this, major systematic uncertainties in our
predictions stem from uncertainties mainly due to limited simulation sample size

and limited statistics of our data in the control region.
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5.8 Results and Interpretation

Selected events are used for the presence of Z' signal events. Reconstructed mass of
lepton pairs with associated E7*** defined in Eq. is used as a final discriminating
variable to look for an excess in data over smoothly falling SM backgrounds. The
number of observed background events are summarized in Table for the um,
and e, final states. Figure [5.28shows the reconstructed dilepton mass distribution
(my,) in the p7, and e7, final states. The oblique region represents the systematic
uncertainty in the background prediction. As can be seen from the figure, the
selected data events appear to be consistent with the estimated background events.
To make a robust quantitative statement on the presence of the signal events, a
statistical study is being performed where upper limits on the production cross-

section of the Z' are calculated using the asymptotic CLs criterion [40] [41].

The branching fractions are model dependent parameters, which depend on
every single coupling between Z' and all the SM particles. On one extreme, the
Z' — 77 branching fraction can be close to 100% if the Z' coupling to the SM
weak bosons (ky) is relatively small with respect to the tau lepton coupling, and
the Z' — 77 coupling is the most relevant fermion coupling. On the other hand,
if the Z' is allowed to couple strongly to many other SM particles, such as the top
quark, b quark, etc., then the branching fractions can vary significantly. All of these
scenarios are good possibilities from the standpoint of the B meson anomalies and
constraints on the models beyond SM (Yukawa hierarchy, explanation of the top
mass, Higgs hierarchy problem, matter-antimatter asymmetry, etc.). From exper-
imental perspective, these assumptions of the model only affect the o x B theory
curve. The expected and observed limits are calculated for branching fractions rang-
ing from 1% to 90% for VBF Z' — 77 and VBF Z' — WW. The 100 % decay
of Z' — 77 and WW is not possible due to unitarity violation, hence the upper
value of 90% branching fraction is chosen. Besides this, the upper limits on the
production cross-section of the Z’' are determined for a range of couplings of Z’ to

vector bosons (ky : 0.1, 0.25, 0.50, 0.75, 1.0) with varying coupling to light fermions
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Figure 5.28: The reconstructed dilepton mass distribution my, for OS p7, final state
(top) and OS e7y, final state (bottom) in the signal region. The signal scenario with m
= 1500 GeV is shown in the plots. The signal events are scaled up by a factor of 75 for
visibility. The lower panel in these plots represents the ratio of the number of events
in data (observation) to the total background prediction. The shaded band in the
ratio plot includes both the statistical and systematic uncertainties in the background

prediction.
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(g = 0, 1) but keeping coupling to heavy fermions (g, = 1) fixed in order to allow

for a broad and generic discussion about the importance of VBF Z’ under various

model assumptions [19].

27.4 (13 TeV) 27.4 b1 (13 TeV)
g T r““ T L ] g T \_‘. T T L 7
'U_J' 1 CMS 95% CL limits (ut, +eT,) = ‘E‘ 1 CMS 95% CL limits (ut, +et,) 3
” Internal — Observed E Intermal — Observed E
o ---- Expected 1 6 ---- Expected ]
10 I + 1 std. deviation _ 107t I = 1 std. deviation .
E + 2 std. deviation 3 g * 2 std. deviation 3
; - " -+ VBFZ' - 11 (BF=0.20)]
107 102 - E
00 T 4 0% Tl E
107 R S E
10—5 7\ P P P P I | 10—5 7\ P P P P I |
500 1000 1500 2000 2500 500 1000 1500 2000 2500
m,. [GeV] m,. [GeV]

Figure 5.29: The 95% CL upper limits on the cross-section times Branching ratio for Z’

decaying to 77 with universal coupling to light and heavy fermions (left) and enhanced

coupling to heavy fermions (right) for xy = 1.
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Figure 5.30: The 95% CL upper limits on the cross-section times Branching ratio for

Z' decaying to WW with universal coupling to light and heavy fermions (left) and

enhanced coupling to heavy fermions (right) for ky = 1.

Figure shows the expected and the observed limits as functions of m
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for 77 channel for B = 20%. Here, the models with maximum coupling of Z’ to
the vector bosons (ki = 1.0) with universal coupling to light and heavy fermions
ie. g, = g, = 1 (left) and enhanced coupling to heavy fermions i.e. g, =0, g, = 1
(right) are shown. As can be seen from the plots, with universal coupling to light
and heavy fermions, Z' is observed to be excluded below m to be 1.72 TeV with
20% branching fraction, whereas Z' is observed to be excluded below 1.77 TeV in
the case of enhanced coupling to heavy fermions. Figure [5.30] shows the expected
and the observed limits as functions of m, for W channel for B = 80%. Here
also, the models with maximum coupling of Z’ to the vector bosons (ky, = 1.0) with
universal coupling to light and heavy fermions i.e. g, = g, = 1 (left) and enhanced
coupling to heavy fermions i.e. g, = 0, g, = 1 (right) are shown. As can be seen
from the plots, with universal coupling to light and heavy fermions, Z’ is observed
to be excluded below m , to be 1.28 TeV with 80% branching fraction, whereas 7' is
observed to be excluded below 1.20 TeV in the case of enhanced coupling to heavy

fermions.

Figure [5.31 shows the observed and expected exclusion bounds at 95% CL as
a function of coupling to vector bosons (k) and m, for Z' — 77 channel with
universal coupling to light and heavy fermions (g, = 1, g, = 1) and enhanced
coupling to heavy fermions (g, = 0, g, = 1). In the case of enhanced coupling to
third generation fermions, the Z' — 77 is the most relative fermion coupling. As
can be seen from the figure, the enhanced coupling to third generation fermions have

provided the most stringent limits in the case of Z’ — 77 channel.

Figure shows the observed and expected exclusion bounds at 95% CL as a
function of coupling to vector bosons and m for Z' — WW channel with universal
coupling to light and heavy fermions (g, = 1, g, = 1) and enhanced coupling to
heavy fermions (g, = 0, g, = 1). Here, it is observed that for the universal coupling
to light and heavy fermions scenario, as ky increases, better exclusion bounds are
provided by this model as compared to the scenarios where the Z' coupling to third

generation fermions is enhanced.
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Figure[5.33]shows the observed and expected exclusion bounds at 95% CL as a
function of branching fraction and m , for Z' — 77 channel with universal coupling
to light and heavy fermions (g, = 1, g, = 1) and enhanced coupling to heavy
fermions (g, = 0, g, = 1). Here also, it is observed that the enhanced coupling to
heavy fermions is a more sensitive scenario than the universal coupling to light and

. . !
heavy fermions in case of Z° — 77 channel.

Figure [5.34] shows the observed and expected exclusion bounds at 95% CL
as a function of branching fraction and m, for Z' — WW channel with universal
coupling to light and heavy fermions (g, = 1, g, = 1) and enhanced coupling to
heavy fermions (g, = 0, g, = 1). As can be seen from the figure, the scenario with

universal coupling to light and heavy fermions, provides better exclusion limits in

the case of Z' — WW channel.
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dashed red curves.
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To summarize, a first search for the heavy neutral gauge boson produced by the
VBF processes is performed at the LHC with the pp collision data at center-of-mass
energy of 13TeV. No excess is observed over the estimated SM background. With
this measurement, Z' below 1.77 TeV is being excluded for B(Z' — 77) = 20% with
enhanced coupling to third generation fermions. This measurement can be combined

with other channels and DY Z’ to further constraints the BSM parameters.
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Chapter 6

Summary

The Large Hadron Collider (LHC) is the world’s largest particle accelerator and is
designed to explore the standard model (SM) physics as well as the new physics
beyond the standard model. The LHC started its journey in the year 2009 by
colliding proton-proton (pp) beams at the center-of-mass energy of 0.9 TeV and then
at 2.36 TeV. The beam energy is progressively ramped up over the years with each
LHC run, in order to reach its design energy of 14 TeV. During the Run 2 of the LHC,
the pp collisions took place at the center-of-mass energy of 13 TeV. The high center-
of-mass energy creates particles at the TeV scale, where new particles are predicted
to exist. These new particles are expected to address various physics phenomena
that SM fails to explain such as the existence of dark matter, the matter-antimatter

asymmetry in the universe, the non-zero mass of neutrinos, etc.

The Compact Muon Solenoid (CMS) is a general purpose detector situated at
the LHC ring and is one of the four LHC pp collision points. The CMS detector is
designed to perform precise measurements of the SM physics and to search for the
new physics signatures which can address a variety of physics questions. The work
presented in this Thesis is based on the participation in detector R&D and physics

measurements with the CMS experiment as discussed below.
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6.1 Detector assembly and performance studies

During the LHC Run 2 operation, the CMS detector recorded pp collision data
at the center-of-mass energy of 13TeV with an instantaneous luminosity of 1.5 x
10** em™2s™'. Different subdetectors in the CMS, placed at specific positions, mea-
sure the momentum, energy and position of the particles produced in the collisions.
The muon system of the CMS detector measures the momentum of the particles
and is comprised of cathode strip chambers (CSC), drift tubes (DT) and resistive
plate chambers (RPC), which are based on different detection technologies to en-
hance the performance of the muon system. The detectors are placed in different
combinations to improve the timing and the spatial resolution of the system. To
further increase the muon trigger and reconstruction efficiency, the gaseous electron
multiplier (GEM) chambers are installed in the muon endcap system within pseu-
dorapidity range 1.6 < |n| < 2.2 at a distance of 5.6 m from the interaction point.
There are total 144 chambers installed in both endcaps, which are assembled and
tested by six laboratories around the world. As a primary production site, Panjab
University assembled and tested eight chambers. The detectors are assembled in the
class 100 clean room, to avoid any dust particle entering inside the detector. After
the assembly of GEM detectors, various quality control (QC) tests are performed
at Panjab University site. All the detectors qualified the QC tests are later shipped
to CERN for further testing and superchamber assembly. These detectors have al-
ready been installed in the endcap of the CMS muon system, are performing with

the optimal efficiency, and are part of the data taking.

These GEM detectors are installed in the forward region of the CMS detector,
and are subjected to large radiation dose which can deteriorate the performance of
these detectors. The effect of these environmental background particles is estimated
in Monte Carlo (MC) and is compared with data taken by test chambers installed
in the CMS experiment (GE1/1) during Run 2. The simulation framework, used in
this study, uses a combination of the FLUKA and GEANT4 packages to obtain the
background hit rate. FLUKA provides the radiation environment around the GE1/1
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chambers, which is comprised of the particle flux with momentum direction and en-
ergy spectra of neutrons, photons, e*, and for charged hadrons. GEANT4 provides
an estimate of detector response (sensitivity) based on the detector geometry, ma-
terial composition and interaction of the particles with the various detector layers.
In the present studies, it is observed that the neutrons are the major contributing
background particles (84%), whereas, the second largest contribution (15%) comes
from the photons. A very small contribution (1%) comes from the charged hadrons
and e*. These MC simulated hit rates are estimated as a function of the perpen-
dicular distance from the beam line and agrees with the pp collision data within the

assigned uncertainties.

The Hadron Calorimeter (HCAL) at the CMS detector is subjected to large
flux of incident particles such as hadrons and muons, produced in the pp collision.
Due to continuous exposure to these incident particles, the plastic scintillators in the
HCAL experience degradation in their light output. In the present Thesis, the mea-
surement of the loss in the light output of the plastic scintillators using the isolated
muons from the pp collision data is presented. For this measurement, the pp collision
data collected by the CMS detector during 2018 is analyzed which corresponds to
68 fb™! of the total delivered luminosity by the LHC. The isolated muons deposit
their energy in the layers of HCAL towers, which is measured as a function of the
LHC delivered luminosity to measure the effect of radiation. The charge distribu-
tion of these muons is measured for each tower in |n| and ¢, indexed as in and i¢.
This measured charge distribution is then fitted with a Gaussian convolved Landau
function to get the most probable value (MPV) of charge. It is observed that the
towers in the central hadron barrel calorimeter region (-10 < in < 10) show very
small degradation (~2%). The level of radiation damage increases at larger barrel
lin| values (~ 10% for in = 16). The loss in the light output further increases for
hadron endcap calorimeter towers (in > 16). The loss becomes as large as ~15% at
the highest in. In addition this, these measurements are performed with two addi-
tional methods : MPV of charge from the combined i¢ distribution and truncated

mean method. The results are then compared with the measurements performed
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by the CMS experiment using energy deposited by the hadrons from the collision
data. The results obtained from the four methods are consistent with each other,
except for depth 1. The depth 1 of the HCAL lies near to the interaction point and
experiences a large particle flux resulting from the multiple interactions (pileup)
occuring during the pp collision. Due to this, the measured charge distribution for
the depth 1 becomes very broad. As a result, the precise measurement of the MPV
of charge becomes difficult. To study the effect of pileup on the MPV of charge,
the pp collision data collected during the low luminosity runs in 2018 are studied.
The MPV values, measured from the normal luminosity runs and the low luminosity
runs, are compared for the most affected towers i.e. in tower 23 to 26, depth 1. It
is observed that the MPV values for i1n = 23 and in = 24 are in agreement for the
two data, whereas, for the in = 25 and in = 26, where the pileup activity is higher,
the low luminosity runs yield systematically lower values of the MPV of charge with
better precision. Therefore, for the radiation damage studies in the higher i7n region,

the measurements need to be made with the low luminosity runs.

6.2 Search for heavy neutral gauge boson using

VBF processes

In this Thesis, the search for the heavy neutral gauge boson, Z' produced through
vector boson fusion (VBF) processes is performed using the pp collision data col-
lected by the CMS detector at the center-of-mass energy of 13 TeV. The hypothetical
Z' boson arises from the extensions of the electroweak symmetry of the SM. The
Z' is assumed to be produced from the fusion of the vector bosons radiated by the
incoming quarks. The quarks hadronize to produce the forward jets with large pseu-
dorapidity gap in them and carry large dijet invariant mass. The Z’ is assumed to
decay to 7t77 pair or WTW ™ pair, which further decays to u7, pair or er, pair.
Hence, the two final states presented in this Thesis consist of oppositely charged

uty, pair and er, pair, two forward jets and missing transverse energy due to corre-
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sponding neutrinos. The selection criteria have been designed targeting exactly one
light lepton (u or e) and exactly one hadronic tau (73,) in the central region with
missing transverse energy requirement and at least two jets with large pseudorapid-
ity gap, lying in the opposite hemisphere of the detector with large dijet invariant
mass. The dominating background process for these final states is the jet — fake 7,
background, in which jets from SM processes give the same signature as the 7;, can-
didate. These processes mainly include W+jets process and ¢t semi-leptonic process.
Due to mismodeling of fakes in the MC simulation, the jet — fake 73, background is
estimated using data-driven approach. Other contributing backgrounds such as tt
fully leptonic, diboson, DY +jets is estimated using their respective MC simulations.
Due to suppressed hadron activity in the forward jets, the contribution of QCD
multijet process is significantly reduced. The excess of events in the data above the
SM backgrounds are looked for and no significant excess has been observed within

uncertainties for the analysis presented in this Thesis.

The upper exclusion limits on the production cross-section times the branching
ratio are calculated for different models considered in this Thesis. The dilepton mass
(my,) distribution is used as the fit variable after combining p7, and et final states
to look for an excess in data and to estimate the final results. A combined likelihood
is constructed in the bins of my, distribution to compute the upper limits on the Z’
production cross-section at 95% CL using the asymptotic CLs criterion. Systematic
and statistical uncertainties are taken into account as nuisance parameters. For
a broad and generic discussion, the branching ratio ranging from 1% to 90% is
considered for Z' — 77 and Z' — WW decay. The branching fraction of 100% is

avoided, due to unitarity violation.

As discussed in Section the limits are computed for various coupling sce-
narios i.e. considering the minimum coupling of Z’ to vector bosons (ky : 0.1) to
maximum allowed coupling (ky : 1.0). Similarly, to target the model motivated
by the B meson anomalies, the limits are computed for models having enhanced
coupling to heavy (third generation) fermions besides the universal coupling to light

(first and second generation) and heavy fermions.
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The analysis presented in this Thesis provides the first set of results at the LHC
for the search of Z’' produced through VBF mechanism. The Z’ is observed to be
excluded below m s to be 1.72 TeV with 20% branching fraction in case of universal
coupling to light and heavy fermions, whereas Z' is observed to be excluded below
1.77 TeV in the case of enhanced coupling to heavy fermions. Similarly, in the case of
Z' — WW decay, with universal coupling to light and heavy fermions, Z’ is observed
to be excluded below m , to be 1.28 TeV with 80% branching fraction, whereas 7' is
observed to be excluded below 1.20TeV in the case of enhanced coupling to heavy
fermions. For the different coupling scenarios considered in this Thesis, different

exclusion limits are observed and are presented in this Thesis.

6.3 Outlook

The LHC aims to collect the pp collision data of about 4000 fb™' of integrated lu-
minosity until the year 2040. The LHC and its detectors undergo several upgrades
during each run period to increase the discovery potential of rare processes. For
the preparation of the High Luminosity LHC (HL-LHC) starting in 2027, the CMS
detector is planned to undergo an intensive upgrade and maintenance program. The
muon system of the CMS detector must be able to sustain five times larger luminos-
ity and maintain sensitivity for the electroweak physics at the TeV scale. To cope
up with the corresponding increase in the background rates and trigger require-
ments, additional sets of muon detectors based on the GEM technology, referred
to as GE2/1, and MEO will be installed. These additional GEM detectors will add
redundancy to the forward region of the muon system and allow trigger threshold
values of muons to be kept at lower transverse momentum values, which will allow
higher efficiency to capture new and interesting physics aspects.

The modeling of the GE1/1 detector response to the background particles
provides a reliable estimate of background rates expected during Run 3 operation of

LHC and HL-LHC run period. The GE1/1 detector response during Run 3 operation

is also planned to be measured. These studies will provide relevant information for
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detector design and operation at HL-LHC.

At the time of writing this Thesis, the LHC Run 3 is in preparation. For
Run 3, the HCAL detector has upgraded their readout system from hybrid pho-
todiodes to silicon photomultipliers for the barrel HCAL towers. This has led to
increased depth segmentation in barrel for better reconstruction of hadrons and their
energy. To monitor the effect of radiation on the barrel and endcap scintillators, the
energy deposited by the isolated muons from the pp collision will be examined during
LHC Run 3. Muons, being the minimum ionizing particles, are the most suitable
candidates for depth dependent calibration studies and radiation damage studies.
Due to pileup contamination in the high n region, data from the low luminosity
runs is planned to be examined. Besides this, to correct the pileup contamination
in the data, deep neural network (DNN) based pileup correction weights are being
developed which will be utilized during Run 3 measurements and for the HL-LHC

runs.

In this Thesis, the VBF Z' search is performed with u7, and e7;, final states
with pp collision data corresponding to 27.4 fb™! of integrated luminosity. The ad-
ditional final states considered in the analysis, i.e., e and 7,73, are being measured
by other groups in the CMS experiment. The results from all the four final states
will be combined to get the final set of limits on the production cross-section of the
Z'. Besides this, the studies will be performed with full Run 2 pp collision data,
corresponding to an integrated luminosity of 137 fb™'. The VBF Z’ search holds a
great discovery potential in the coming LHC runs due to its unique topology, leading
to increased signal sensitivity and better rejection of background events from SM
processes. To further improve the tagging of VBF events, a DNN based event tagger
has been developed for the search for Z' produced through VBF mechanism with
Run 3 LHC data. The results will be combined with traditional DY Z’ searches

thus far, for better exclusion limits.
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1 Introduction

Because of their versatility and low cost, plastic scintillators are used in the construction of detectors
built for experiments at particle colliders. They are, however, subject to a reduction in their signal
output after irradiation (radiation damage) [1]. Two of the hadron calorimeters (HCAL) of the CMS
detector [2] — the hadron barrel (HB) [3] and the hadron endcap (HE) [4] — at the CERN LHC [5]
use tiles constructed from plastic scintillator with embedded wavelength shifting (WLS) fibers to
produce their signals. There are also plans to use scintillators in the CMS endcap calorimeters
upgraded for the high-luminosity LHC runs [6].

This paper presents results on the reduction of signal collected from irradiated scintillator tiles
as a function of dose rate R. These results provide unique information about radiation damage at
dose rates significantly lower than previously studied. The HE tiles, described in section 3, and their
associated fibers, were irradiated by particles produced in pp collisions at the LHC during 2017
at a center-of-mass energy of 13 TeV, corresponding to a delivered luminosity of 50 fb'. The R
range is extended by including studies of tiles placed in a moderate-R region of the CMS collision
hall forward of the HE, as well as tiles irradiated using external high-dose-rate %Co sources.
The reliability of the measurements is improved by using tiles that were instrumented before the



2017 data-taking period with silicon photomultipliers (SiPMs, also known as Geiger Mode Silicon
Avalanche Photodiodes). The HE tile results are obtained using several complementary methods.
We use a movable radioactive source that can access all the tiles to compare their signal output
before and after the 2017 data-taking period. Inclusive energy deposits from pp collisions and
energy deposits by isolated muons are also used to monitor the signal output. In addition, some
of the HE tiles and the tiles in the moderate-R region of the collision hall are studied using a laser
calibration system. The results indicate an R-dependent effect; scintillators receiving the same
ionizing dose at different dose rates have different reductions in collected signal.

This study supersedes our previous results [7], which were based on data collected in 2016
using hybrid photodiodes (HPDs) as the photodetectors. Those photodetectors were subsequently
shown to have suffered significant response degradation over the course of the running period
because of damage to the photocathodes by ion feedback [8], and not to radiation damage. In the
previous publication [7], the reduction of signal output was attributed solely to radiation damage to
the scintillator tiles.

This paper is organized as follows. In section 2, we summarize what is known about radiation
damage mechanisms in plastic scintillators. In section 3, we give a brief description of the CMS
detector, and a more detailed description of the HE calorimeter. In section 4, we present mea-
surements of radiation damage to the tiles embedded within the HE. The calculation of the dose is
described, followed by the results obtained using a laser calibration system to monitor the signal
loss, and using a radioactive source for this purpose. A parametrization of the R dependence is
given. The signal loss observed in response to hadrons during collisions is studied for consistency
with the laser results, and the signal loss in response to muons is also shown. In section 5, we present
studies of dose-rate effects measured outside of the CMS detector using irradiation by sources as
well as studies using tiles in the moderate-radiation zone of the CMS collision hall. In section 6,
we summarize other relevant information and discuss the dose-rate effects. Finally, in section 7, we
present a summary and the conclusions of the paper.

2 Radiation damage mechanisms

For the purpose of our studies, we refer to the HCAL tiles as objects consisting of plastic scintillator,
a WLS fiber, a Tyvek™ wrapping, a clear fiber, and a transducer. Our estimates, presented below,
indicate that the contribution from WLS fibers to the overall signal loss is small, and the contributions
from clear quartz fibers, Tyvek™ wrappers and the SiPM transducers are negligible. Consequently,
we believe that our results represent primarily the damage to the scintillator tiles.

Plastic scintillators consist of a plastic substrate, often polystyrene (PS) or polyvinyltoluene
(PVT), into which fluorescent agents (fluors) have been dissolved, usually a primary and a secondary
fluor. When a charged particle traverses the scintillator, the molecules of the substrate are excited.
This excitation can be transferred to the primary fluor via the Forster mechanism [9] at primary fluor
concentrations above approximately 1% [10]. The primary fluor transfers the excitation radiatively
to the secondary fluor. For the HCAL tiles made of SCSN—81, a PS-based scintillator from Kuraray,
the absorption maximum of the primary fluor is at the wavelength of approximately 280 nm, and
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the emission is approximately at 320-350 nm. The absorption maximum of the secondary fluor
corresponds to the emission maximum of the primary fluor, and the de-excitation of the secondary
fluor has a wavelength of maximum emission of approximately 440 nm (blue light). This visible
light must traverse the scintillator to reach the WLS fiber, and can be reduced by imperfections in
the material (color centers) along its path.

Generally, the scintillator signal output decreases exponentially with the dose received, as
expected for light attenuation due to radiation-induced color centers; this behavior was also observed
in source measurements [4], which were used to design the HCAL optics:

L(d) = Lyexp(—=d/D) = Ly exp(—d p), (2.1)

where L(d) is the signal output after receiving a dose d, L, is the signal output before irradiation, u
is a function that depends on the dose rate R, and D = 1/u. When the damage is small compared to
measurement uncertainties, D fluctuates to large positive or negative numbers. Therefore u is used
to fit the data and evaluate the uncertainties. The fitted values of u can be averaged over bins of
dose rate to improve statistical accuracy. The () results are used to parametrize the R dependence
(D is shown in some figures of this paper).

The value of ¢ depends on the materials used in the fabrication of the scintillator and on how it
is handled (e.g., if it comes into contact with oils, etc.) prior to and during experimental operations.
Several results have been presented on the dependence on dose rate [7, 11-18]. In refs. [17], the
authors saw no change in the signal output or attenuation length for SCSN—-81 down to dose rates
of 2Gy/h, whereas the authors of refs. [11, 12] saw effects at dose rates between 10 Gy/h and
10kGy/h. A review of the causes of dose-rate effects, and particularly the prominent role played by
the diffusion of oxygen and polymer oxidation, is given in section 6.

Damage to the fluors can occur [13], but it is generally small [16, 19]. Damage to the substrate
often results in the creation of radicals, conjugated double bonds, carbonyl species formed by
reaction with oxygen, and trapped electrons, and other structures that can be color centers. Color
centers that interfere with the transfer of light between the primary and secondary fluors reduce
the initial light yield. Color centers that absorb the light output by the secondary fluor reduce the
absorption length of the light in the scintillator.

Figure 1. Polystyrene.

Radicals are produced when chemical bonds in the polymer are broken. The bonds can re-form
on a time scale that depends on such factors as the density of the radicals and the temperature. Such
damage is called temporary damage, and the re-forming of bonds is known as annealing. Some
products cause permanent changes in the chemical structure. Figure 1 shows the chemical structure
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Figure 2. Examples of changes to polystyrene undergoing irradiation. The change on the right can only
occur in the presence of oxygen.

of unirradiated PS. Figure 2 shows some of the permanent color centers that can be formed in
PS [20].

3 CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are silicon pixel and strip trackers,
a lead tungstate crystal electromagnetic calorimeter (ECAL) composed of a barrel and two endcap
sections, an endcap preshower, and the HB and HE.

The silicon tracker measures charged particles within the pseudorapidity range || < 2.5.
It consists of 1440 silicon pixel and 15 148 silicon strip detector modules. Isolated particles of
transverse momentum py = 100 GeV emitted at || < 1.4 have track resolutions of 2.8% in py and
10 (30) ym in the transverse (longitudinal) impact parameter [21]. Muons are measured in the range
|n| < 2.4, with detection planes embedded in the steel flux-return yoke outside the solenoid that are
made using three technologies: drift tubes, cathode strip chambers, and resistive plate chambers.

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. [2]. A description of the
CMS trigger system can be found in ref. [22].

The scintillator tiles that exhibit damage are located in the HE, which has 18 layers of active
material, denoted layers O through 17, over most of its 1 coverage. The zeroth layer of scintillator
uses BC—408, a PVT-based scintillator from the Bicron division of the Saint-Gobain corporation,
while the other layers use PS-based SCSN—-81. Scintillators based on PVT are brighter than those
based on PS.

The scintillator tiles are optically isolated. They are trapezoidal in shape, and their faces have
a groove shaped like the Greek letter o that holds a 0.94 mm-diameter Y—11 (Kuraray) WLS fiber,
mirrored on one end. The tiles are wrapped in Tyvek™. Clear quartz fibers attached to the WLS
fibers lead to the photodetectors. Quartz fibers are well known to be radiation hard. In CMS,
we observe small radiation damage to quartz fibers embedded in the Hadron Forward calorimeter,
which is located in a much higher radiation environment than the HE. The impact of radiation on
the Tyvek™ wrapping is discussed in section 5 and is shown to be negligible. The tile thickness is
0.9 cm in layer 0 and 0.37 cm in the rest of the layers. When the HE was designed, a thicker and
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brighter scintillator in layer O was chosen in an attempt to mitigate the noncompensating response
of the ECAL to hadrons and the large amount of dead material installed before the HE for ECAL
readout.

The HE geometry is projective in n-¢-z space, where ¢ is the azimuth and z is the coordinate
along the beam line, with the origin of the coordinate system positioned at the nominal collision
point. Tiles in successive layers are aligned in a “tower”. The towers are labeled using integer indices
based on their  and ¢. For the HE, the iy index ranges from 16 to 29, covering 1.305 < |n| < 3. The
i¢ index ranges from 1 to 72, with i¢ = 1 halfway up the detector and 18 and 19 at its top. A tower
corresponds to the hardware associated with an in-i¢ pair. The tiles are mounted as mechanical
structures called megatiles, shown in figure 3, which in the HE are installed in layers perpendicular
to the beam direction, and span the range of 400-550 cm in |z| and 40-260 cm in radius, depending
on z.

Optical connectors Brass frame X-y p[ane
f Scintillators
< g WLS fibers
A}
O N
2 N
b g sl g Iu] g =] =] =] 5] =] =] )
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Radial direction to beam >

Figure 3. Details of an HE megatile showing the scintillator tiles, the WLS fibers, and the clear readout fibers.
Also shown are the quartz fibers, which carry the laser light and the tubes through which the radioactive
source moves. In layer 1, the inner size of the megatile is around 7.3 cm, while the outer size is 38.5 cm and
the radial extent is 175 cm. The sizes (the longer base and the height) of enclosing trapezoids vary between
9.6cm X 12.1 cm for the smallest (in = 27), and 13.6 cm X 26.5 cm for the largest (in = 21) tile used in this
analysis.

To limit the number of readout channels, the light from several layers in a tower is fed to the
same photodetector. In the schematic of the HE shown in figure 4, layers that are fed to a single
SiPM have the same color (“depth”).

For data taking prior to 2017, HPDs were used as the HE photodetector [23]. For the 2017
data-taking period, tiles in HE towers with i¢ indices of 63—66, corresponding to a 20° sector in
¢, were read out using SiPMs. Our analysis is based on i¢s 63 and 65, because the other i¢s only
probed ins below 20 where the radiation damage is too small to be measured reliably.

The HE SiPMs have 2-3 times greater quantum efficiency and better lifetime response stability
than HPDs, no magnetic field sensitivity, require only medium voltage (= 70 V) biasing, have
small physical size, and allow the readout of more detector fibers supporting improved longitudinal
segmentation. The SiPMs are placed at large radii in the HE, and receive a small radiation dose.
Test bench measurements of SiPMs irradiated with radioactive sources showed [24] that the effect



of 2017 radiation fluences on the HE SiPM response is negligible. Unlike the HPDs [8], their
gain does not decrease because of light signals received from the tiles. The primary challenge for
SiPM operation is the relatively high dark current resulting from cumulative radiation damage to
the devices in situ during future running of high-luminosity LHC.

The CMS HCAL SiPM devices [25] are fabricated by the Hamamatsu Corporation. The
approximate device parameters are 15 ym pixel pitch, 4500 pixels per mm?, 8ns pixel recovery
time, and 65V breakdown voltage. We operate the SiPMs in the Geiger mode at an overvoltage
of approximately 3 V, which corresponds to an operating voltage of about 68 V. This value was
chosen because it maximizes the signal-to-noise ratio. At this operating voltage, the performance
parameters are approximately 40 fC per single photoelectron, 12% pixel crosstalk, and 28% photon
detection efficiency. Two sizes of circular SiPMs are used: 2.8 mm diameter devices for depths
with four or fewer scintillator layers and 3.3 mm devices for the other depths.

A charge-integrating ASIC (QIE) [26] is used to read out, digitize, and encode the signals from
the photodetectors.

Radiation damage to scintillators is sensitive to temperature. The temperature in the CMS
collision hall is about 18° C.
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Figure 4. Schematic of the readout segmentation of the HE for channels instrumented with SiPMs. Scin-
tillator tiles within a tower that have the same color (“depth”) are connected to a single photodetector. The
numbers 0-17 refer to the scintillator layers, and the numbers 16-29 on the perimeter of the figure denote
the in indices of the towers (the 7 values for the boundaries of the towers are also shown).

4 Results from radiation exposure during pp collision data taking

The primary characteristics of the LHC operation relevant for this analysis are the total delivered
luminosity, which determines the doses received by the tiles, and the average luminosity delivered
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Figure 5. Integrated luminosity delivered to CMS by the LHC in the 2017 pp data-taking period, as a
function of time (upper) and maximum daily (peak) luminosity delivered to CMS in 2017 (lower). Intervals
of constant luminosity in the upper plot, or with no entries in the lower plot, indicate periods with no beam,
e.g., technical stops.

per hour, which controls the dose rates. The integrated luminosity delivered as a function of time
as well as the daily maximum instantaneous luminosity in the CMS interaction region in 2017 are
displayed in figure 5. The daily peak luminosity rose rapidly and then remained at an approximately
constant value throughout the year. The mean number of interactions per bunch crossing was about
37. Multiple interactions present in the recorded beam-beam crossing (event) are referred to as
pileup.



4.1 Estimation of doses and dose rates in the HE tiles

For a given luminosity, a tile is subjected to a dose and dose rate that depend on its location in the
detector. The doses and dose rates vary with pseudorapidity, following the particle energy density
of the pp collisions, and with depth in the calorimeter, following the energy deposition profile of
the electromagnetic and hadron showers.

The dose received by each HE scintillator tile per pp interaction is calculated using simulation
and scaled according to the delivered luminosity. The calculated doses are verified by in situ
dosimetry. The peak luminosity versus time was fairly flat during 2017 data taking, indicating
stable running conditions, as shown in figure 5 (lower). We therefore calculate the average integrated
luminosity delivered per hour for the whole data-taking period as follows: for the total of 50 fb!
taken over #1670 h of interacting beams we obtain an average integrated luminosity of 0.03 o'/,
with an estimated systematic uncertainty of 5%. This value is converted to a dose rate (in Gy/h) for
every HE tile by multiplying the average luminosity per hour by the expected dose per 1 o'
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Figure 6. Doses calculated by FLUKA for the HE tiles in layers 1 and 7 as a function of in for 50 ! of
LHC running at 13 TeV in 2017.

Predictions of the absorbed dose in the HE scintillator layers are obtained using the Monte
Carlo code FLUKA 2011.2c [27, 28]. The FLUKA predictions for collisions use a model that
represents the HE in detail, with brass, Dural™ (Al, Cu, Mg, and Mn), Tyvek™, air, and scintillator
layers. Since the energy loss per unit mass is more than a factor of two higher for hydrogen than
for most other materials, and since plastic has a high hydrogen content, the spatial resolution in the
simulation is set so that the dose estimates for tiles does not include regions that are not plastic. Per
50fb~', doses in layer 1 range between 0.03 and 6 kGy for in of 18 to 29; for layer 7 they range
between 0.003 to 0.7 kGy for in of 18 to 28. Layers 1 and 7 are located at z = 410 and 463 cm,
respectively. The calculated doses for the 2017 running period for the tiles in layers 1 and 7 are
presented in figure 6.



The calculated doses are verified using measurements with 24 FWT-60 series film dosimeters,
from Far West Technologies that were installed in the gaps between the absorber and the megatiles
in the HE detector layers 1 and 2 during the 2015 and 2016 data-taking periods, when the detector
geometry was essentially the same as in 2017. The films were measured with a FWT-92D photome-
ter. The doses were calibrated to water equivalent, which is similar to plastic in terms of density and
hydrogen content, and the uncertainty in the measurements is estimated to be 3%. A comparison
between the measured and calculated doses as a function of the distance from the beam line to the
film is given in figure 7. Reasonable agreement is seen for radial distances starting at about 50 cm,
the location of tower in = 28, indicating that FLUKA calculation is accurate to about 20-30% for
distances 50-120 cm from the beam, where the largest radiation damage occurs for the tiles used in
this analysis.

The geometry of the detector near towers 28 and 29 is irregular and the dose distribution difficult
to model accurately (due to close proximity to the beam line, beam spray effects, irregular edges of
the endcap preshower and electromagnetic calorimeter, mounting brackets and other construction
elements, piping, etc.). For this reason, data taken for towers 28 and 29 are not included in the fits,
although they are presented in some of the figures below.

4.2 Results using the laser calibration system

A laser calibration system is used to monitor the response of the HE tiles by injecting ultraviolet
(UV) light that excites primary fluors in the scintillator. It consists of a triggerable excimer laser
and a light distribution system that delivers UV light (351 nm) to the scintillator tiles in layers 1 and
7 via quartz fibers. During the 2017 data-taking period, pulses of laser light were injected between
fills of the accelerator with protons, when there were no collisions.

Laser data were collected throughout the 2017 data-taking period. Figure 8 shows the signal
output for the tiles probed by the laser calibration system at the end of the 2017 data-taking period
relative to that at the start. Because the intensity of the laser light varied by up to 70% during 2017,
the signals are normalized by using signals from tiles at in = 18 in layer 7, which are expected to
have less than 1% reduction in signal output. Differences between data for i¢ps 63 and 65 are outside
the indicated statistical uncertainties. These differences contribute to the systematic uncertainties
described below.

The normalized signals from individual channels exhibit an approximately exponential decrease
versus integrated luminosity over most of the data-taking period. To characterize the behavior of
signal loss, we fit the exponential portions of the normalized signal outputs with an exponential
function of integrated luminosity, as illustrated in figure 9 for one particular tile. A deviation from
the expected exponential behavior is observed during the first 7 fb~! of data taking. The reason for
this effect is not yet understood and this part of the data is not used in the analysis. With higher
luminosity the effects are clearer so we concentrate on this part of the data. The statistical uncertainty
in the measured mean signal within a single laser run is smaller than the spread observed when
comparing different laser runs taken at similar integrated luminosities. In consequence, fluctuations
are observed that are larger than expected based on uncertainties in the mean signal in a single laser
run, indicating the presence of an additional source of scatter. We account for these fluctuations by
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Figure 7. Comparison of doses for the 2015-2016 data-taking periods calculated using FLUKA and measured
from dosimeter films in layer 1 (upper) and layer 2 (lower), as a function of radial distance from the beam.
Positions of the tile edges in the radial direction are indicated along the tops of the figures.

scaling the uncertainties in individual laser points to yield a )(2 per degree of freedom (dof) of one
for the exponential fits. This conservative procedure results in larger estimates of uncertainties in
the fit parameters.

Figure 10 presents relative signals versus dose for tiles with in = 21-27 in layer 1. The signals
show an exponential decrease (as in eq. (2.1)) during periods of stable luminosity, with slopes that
depend on corresponding dose rates. These results imply that at a fixed dose the damage to the
scintillators increases with decreasing dose rate, within the range of our measurement.

The values of slopes p, obtained from the exponential fits, are averaged in bins of R, and
converted to D(R) = 1/{u) for comparisons with other measurements of D. Averaging of u in bins
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Figure 8. Signal at the end of the 2017 data-taking period from the HE SiPMs, relative to that at the start,
as measured using the laser calibration system versus in for SCSN—81 tiles in layer 1 (upper) and layer 7
(lower). Only unscaled statistical uncertainties are shown. The differences between results for the two i¢s
indicates unknown systematic uncertainty.

of dose rate helps to reduce the statistical uncertainties and extends the range of the measurements
to lower values of R, especially in the case of source measurements discussed in section 4.3. The
results for () are discussed in section 4.4 and indicate a dose-rate dependence. A similar dose-rate
dependence is also observed without averaging of u in bins of dose rate, but with larger uncertainties
in individual points.

We present results for values of R above 0.01 Gy/h. The fractional uncertainties in u (or D) are
large for tiles with little damage. The region R > 0.1 Gy/h is well measured with observed signal
losses >3%.
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Various systematic effects have been evaluated. In addition to the differences between signals
from different i¢s, we evaluated sensitivities to the variation of the in choice for normalization,
the data range used for fitting slopes, and the QIE gain setting. Combining these contributions,
the overall systematic uncertainty in y is estimated to be about 25%. The measurements are not
corrected for the varying sizes of the tiles (see the discussion in section 5).

4.3 Results using the radioactive source

Each individual tile in the HCAL is designed to be serviced by a movable 9Co radioactive source
using small tubes, which are integrated into the calorimeter. The 9o source provides photons with
energies of 1.17 and 1.33 MeV. The source is attached to a wire that guides it through the tubes.
All tiles except those in layers 0 and 5, whose tubes have obstructions, can be accessed. The source
moves at approximately 6 cm/s, and the signal is integrated for 0.1 s for each measurement. The
resulting signal is used to monitor the stability of every tile in the HCAL, not just those in layers 1
and 7. The source data analyzed in this paper were collected during the periods when the LHC did
not operate, both before the 2017 and 2018 data-taking periods.

The signal strength when the source was far away from a tile is used to estimate the background.
The measurements of signal output before the 2018 data-taking period are corrected (divided by
0.886) for the decay of the source since the previous measurements were made before taking data
in 2017. The ratio of the signal obtained before the 2018 data-taking period to that obtained
before the 2017 data-taking period measures the attenuation of the signal output due to radiation
damage during collisions in 2017, including any post-irradiation annealing effects. No additional
normalization of signal ratios versus in is required. Values of the ratio averaged over i¢ as a function
of scintillating tile layer number and tower index in are shown in figure 11. The signal loss is small
for tiles at large radial distance from the beam and for layers that are deeper in the calorimeter.
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Figure 11. Ratio of ®*Co source signals observed before and after the 2017 data-taking period, as a function
of in and layer number of scintillator tiles (SCSN-81) in the HE. Tubes in layers 0 and 5 have obstructions
and cannot be accessed.
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Atlow R, measurements of signals from individual tiles scatter widely compared to the expected
signal loss, due to the size of the measurement uncertainties. However, given the large number
of tiles measured, a determination of signal loss can be made even at small values of R assuming
that the fluctuations are uncorrelated. The calculated y values are averaged in bins of R and are
displayed in figure 12. The uncertainties in (u) related to the reproducibility of the measurements
are included by increasing the statistical uncertainties by a factor 1.4, which results in the average
scatter of points around the fit being consistent with the scaled uncertainties. The {(u) values are
somewhat lower than, but generally similar to, those from the laser calibration. The source data
represent the damage integrated over the entire 2017 data-taking period and include an extended
annealing time after the data taking ended. The analyzed laser data exclude the first 7 fb~! and any
annealing effects after the end of data taking.

4.4 Parametrization of laser and source results

Figure 12 summarizes the laser and source {u) results for the SCSN—81 tiles. The data are consistent
with a power law dependence of (u) on R:

(W =1/(a o), .1

where p = R/R,), and the constant R, can be chosen to minimize the correlation between parameters
a and g; the fitted value of o depends on the choice of R,. This form is equivalent to D = « pﬁ .
The value of R, = 0.32 Gy/h is chosen for the fits below so that the correlation between parameters
a and S becomes negligible. The dashed line shown in figure 12 is the result of a power-law fit to
both sets of data assuming all uncertainties are uncorrelated. The corresponding model parameters
are @ = 7.5 £ 0.3kGy and 8 = 0.35 £ 0.03 when (u) is in kGy_1 and R is in units of Gy/h. The
fit )(z/dof is 1.2. A fit to the laser data alone yields @ = 7.3 + 0.3kGy and 8 = 0.43 + 0.04, with
a )(2/d0f of 0.4. A fit to source data alone gives @ = 7.6 + 0.5kGy and 8 = 0.21 + 0.06, with a
Xz/dof of 1.1. The fit to the laser data is inconsistent with no dose-rate effect. The fit to the source
data by itself shows a smaller dose-rate effect, and is inconsistent with no dose-rate effect at the
3.5 standard deviation level. For the parameter 8, which measures the dose-rate dependence, the
difference between the results from the laser and source fits is 0.22 + 0.08 (2.7 standard deviation).
The tension between laser and source results may be a fluctuation. Since the (u) values from
the source data tend to be lower than those from the laser data, additional annealing between the
end of pp collisions and the source scan is a possibility. Annealing reduces damage and therefore
decreases u. A future source measurement of the HE and a measurement of annealing effects using
post data-taking laser runs would help to reduce this uncertainty.

The systematic uncertainty in parameter « is assumed to be the same as the 25% systematic
uncertainty in y, discussed in section 4.2, assuming a 100% correlation between the measurements.
For the parameter 3, the spread of fit results between the laser and source data indicates systematic
effects of the order of 0.1, when varying the range in R used in the fit.

The parametrization of our results should be used with care. It is valid for the decrease in
signal output for a system consisting of scintillators, wavelength shifting fibers, and clear fibers
made from the same materials we used, and constructed in the CMS tile geometry, when irradiated
in the environment of the CMS collision hall. Kuraray has indicated that the current Y—11 fiber is
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Figure 12. The value of (u) for SCSN-8]1 tiles as a function of R for laser and source data, parametrized
by a power-law behavior, which is shown as a dashed line. The error bars are dominated by systematic
uncertainties.

not the same as past versions. The parameter values are not generally applicable for other scintillator
systems. Extrapolation of the power law above a dose rate of ~10 Gy/h is not expected to be valid.
As discussed in section 6, at R of approximately 10 Gy/h, oxygen will no longer permeate the entire
tile [13, 29]. Radical creation and termination is different in regions with and without oxygen.

4.5 Cross-checks with inclusive hadrons

An additional method of measuring the effects of irradiation on the tiles is based on the 2017 collision
data. Radiation damage is studied using observed energy depositions from hadrons produced in
pp collisions. The energy distribution is measured for 25 subsamples distributed uniformly in
delivered luminosity over the entire 2017 data-taking period. For each data-taking period n, the
ratio of average energy relative to that of period 1,

E
Fea) = 250

4.2)

serves as a measure of the radiation damage, where E,, is the average signal measured in all readout
channels with the same values of in and depth; the average is calculated from the sum of signals
above the threshold of E;, = 0.5 GeV.

The energy comparison requires a selection of events that is both independent of the HCAL and
selects a well-defined set of hard interactions that is stable throughout the period under study. This
is fulfilled by utilizing events satisfying a dimuon trigger. The energy ratio is studied as a function
of the average number of interactions per bunch crossing, npy;, to take into account the difference
in the pileup structure between the periods. The number npy; is estimated from the instantaneous
luminosity.
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For each value of in and depth, the pileup dependence of F,, ., is eliminated by fitting it versus

€as
npy with a linear function. The fits are performed in the range 20 < npy < 50 and the values of

F, ey are extracted at npy = 35.

The ratio F’

meas

Both the
(n) are sums of energies of those individual channels that are

(n) at npy; = 35 is observed to depend on the energy threshold E,

min*
numerator and denominator of F .,
above the threshold E

min*

smaller than the ratio F(n) that would be obtained were the threshold not present. The higher the

In the presence of radiation damage the ratio F, ., (n) will typically be
E_;, threshold, the larger the discrepancy. To correct for this, a calibration is performed as follows.
Using data from the first subsample, we multiply the energies contributing to the numerator by
scale factors that represent hypothetical signal losses due to radiation damage, but we leave the
denominator unchanged.

The values of the scale factors are varied in the range observed in the data, and for each
scale factor F’ a value F,

meas
’ ’
between F' and Fy .,

is extracted using the method described above. A linear relationship
(n) to obtain
the corresponding F(n). The magnitude of this correction depends on in and depth, and typically

is found, which is used to correct the measured values of F .
amounts to no more than 20% of the measured signal loss fraction (1 — F,_,(n)).

The corrected signal fractions F' measured for the channels in the first three depths of in = 27
are shown in figure 13 (upper), as a function of delivered luminosity. The error bars include a
systematic uncertainty of <1%, which results in fit )(Z/dof of around one. A decrease of F' with
delivered luminosity is clearly seen. A small shift of points near 20 fb~! is believed to be due to
residual luminosity calibration uncertainty during this period. Figure 13 (lower) presents the values
of F averaged over i¢ as a function of in and depth after 50 b, showing a decrease of F with
increasing in and decreasing depth. The behavior is consistent with that shown for individual tiles
observed by the moving source for all the tiles of the HE, albeit with an increased granularity due
to a readout in depths and not layers.

Depth 1 consists of a single layer (layer 0) and thus its tiles have well-defined doses and
dose rates. Using the same procedure as for the laser data, these data can therefore be converted
to (u) versus R. The results are shown in figure 14. The parameters of the power-law fit are
a =54 +0.1kGy and 8 = 0.46 + 0.04, with a ledof of 0.5, for Ry, = 0.48 Gy/h. The fit to
the layer O in situ data is inconsistent with no dose-rate effect. The layer O tiles are constructed
from PVT instead of PS, and hence their behavior can differ from that of PS-based tiles previously
discussed. Nonetheless, the value of 8, which parametrizes the dose-rate dependence, is similar to
that from the laser measurements. At a given dose rate, the values of (u) are larger (and the value
of the @ parameter is smaller) for this PVT-based material, indicating more damage than for the
PS-based tiles.

4.6 Cross-checks using isolated muons

The most probable energy deposition by a muon can also be used to estimate the amount of radiation
damage. The acceptance of the tracker and of the muon system limits this measurement to portions
of the HE where the damage is measured to be small.

The trajectories of forward isolated muon candidates with py > 20 GeV are propagated to the
calorimeter surface to determine which tower they will traverse. The data-taking period is divided
into subsamples. For each, a Landau distribution convolved with a Gaussian resolution function is
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Figure 13. Upper: relative signal F for in = 27 in depths 1, 2, and 3 versus delivered luminosity using the in
situ “inclusive” method; the dashed lines show the results of fits with an exponential function, after excluding
the first 7 fb~! of data, as was done in the laser data analysis (section 4.2). For the tile in depth 1 (i.e., layer 0),
the estimated dose at the end of data taking was d = 1.5 kGy and the average dose rate was R = 0.89 Gy/h.
Lower: relative signal F for towers with in = 16-29 at different depths measured after 50 fb~! of delivered
luminosity; only results with a relative uncertainty of 3% or lower on measured values of F are shown. Tiles
in depth 1 are made of BC—408 and tiles in other depths are SCSN—81.

fitted to the charge distribution from the tower to obtain the most probable value (MPV) of deposited
charge. A typical spectrum, including the fit, is shown in figure 15.

Because of pileup contributions to the measured signal, the isolated muon analysis uses events
with a similar number of reconstructed vertices (the range 20-25 was used). The ratio of the MPV
plotted as a function of delivered luminosity to that of the first subsample for in = 26 depth 1 is
shown in figure 16.
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Figure 15. Fit to the charge distribution in an HE tower i = 26 depth 1 (BC—408) due to an isolated muon
from one of the event samples of 2017 data.

Only the towers at shallow depths and large in values are damaged sufficiently to detect the
losses due to radiation damage in 2017 using this technique. Currently, this measurement is not
competitive with other results for these towers. Upgrades for the CMS detector planned for future
operations will have a tracking system with a larger n acceptance, extending the usefulness of this
technique. Monitoring of calorimeter signals with muons has been tried for the first time using the
2017 data. It is important to develop this technique further for use in future operation.
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Figure 16. Relative muon signal in an HE tower with in = 26 and depth 1 (BC—-408) versus delivered
luminosity. The dashed line shown on the figure is the result of a fit to an exponential distribution.

5 High-dose-rate results using sources

The CMS laser data monitor the HE tile performance for R only up to about 2 Gy/h (see figure 12).
Intense radioactive sources are used to irradiate plastic scintillator tiles and obtain data at higher
R, up to 1kGy/h. To look at R-dependent effects and to avoid bias from other factors, such as
tile geometry or chemical composition, only results from 10cm X 10cm X 0.37cm SCSN-81
scintillator tiles read out with WLS fibers are reported here, unless noted otherwise. Although
temporary damage is small for tiles irradiated in the HE, it is larger at the R values above 100 Gy/h.
The values reported in this section reflect the permanent damage to the scintillator tiles remaining
after annealing. This was ensured through observation of the signal output versus time.

Some of the data were taken at facilities with ®°Co gamma sources, located at the Kharkov
Institute of Physics and Technology (KIPT), National Research Nuclear University MEPhI, Goddard
Space Flight Center, Argonne National Laboratory (ANL), the Michigan Memorial Phoenix Project,
the National Institute of Standards and Technology in Gaithersburg MD, and at the University of
Maryland (UMD). We also include a measurement from irradiation using an electron beam at
Florida State University (FSU), described in ref. [30]. For these measurements, some tiles had a
fiber with a slightly smaller diameter, and a more recent formulation of Y—11 fiber from Kuraray
than that used for the HE construction. The machining of the grooves in the tiles was also performed
by different machinists using different toolings, and different machining rates. The temperatures of
the tiles during the various irradiations are not known precisely, hence the processes affecting the
annealing of radicals may differ somewhat.

For the source measurements, the signal output of the samples was measured before and
after irradiation to calculate D(R). The exact methods differ from study to study, but the general
procedure involves the excitation of the irradiated scintillator tile by particles (e.g., cosmic rays, or
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alpha or gamma particles from a small, calibrated source placed in contact with the scintillator),
and the measurement of the signal output from the WLS fiber via either a photomultiplier tube or
a SiPM.

The remainder of the data were taken from samples irradiated in a region forward of CMS
called the CASTOR radiation facility (CRF). These tiles were irradiated by particles originating
from pp collisions during the 2016 data-taking period. They were located at radial distances from
the beam line ranging from 11.8 to 25.9cm. The doses received by the CREF tiles in 2016 were
determined based on film dosimetry measurements and range from 15 to 60kGy. An additional
CRF-based measurement was performed during 2017, using tiles at the radial distance from the
beam of 43.2 cm, which received a dose of about 2.3 kGy.

For the CRF measurements, a laser calibration system was used to monitor the signal output
of the tiles during the data taking. As shown in figure 17, the signal loss as a function of received
dose appears to be more rapid in the initial stage of irradiation. The tiles were remeasured in the
laboratory after the CRF irradiation. The results of these measurements indicate that the initial drop
seen in figure 17 was caused by instrumental effects and not radiation damage. The signal output
follows an exponential decay for the remainder of the exposure. There is some annealing after day
44, when the exposure ended. The CRF data shown in figure 18 are corrected for the observed
annealing. Measurements of the tiles after removal from the CRF and replacement of the irradiated
WLS fiber with a new one indicate that about 20% of the damage occured in the fiber. The impact
of radiation on reflectivity of Tyvek™ is estimated by wrapping a single tile in the various Tyvek™
wrappers from the CRF samples exposed to different doses. The light output of such sets was seen
to decrease by about 0.2% per 1 kGy of the dose to the Tyvek™ wrappers. We conclude that the
impact of Tyvek™ damage on the measurements of light output of the HE channels was negligible.

Figure 18 summarizes the results from the CRF and from electron beam and gamma source
irradiations, along with the HE laser and source results. We are not aware of other measurements
of closely comparable tile-fiber systems at the low dose rates seen by the HE scintillators. For
several orders of magnitude in R, D(R) shows an apparent R-dependence. The exact causes and
mechanisms behind this effect remain to be understood. In the next section, we compare the
observed dependence to what is known about dose-rate effects in plastic scintillators.

Tiles irradiated at gamma sources are also used to investigate the uniformity of the signal output
after irradiation and to check the dependence of D(R) on the tile size. A transverse scan of the
signal output of a tile that received a total dose of 30kGy at an R of 9 Gy/h is shown in figure 19.
The number of photoelectrons (pe) detected in scans prior to irradiation is fairly independent of the
source position. The irradiated tile retains its uniformity after absorbing this large dose, implying
that it is unlikely that optical light attenuation is the major component of the observed signal loss.
Reference [31] came to similar conclusions based on Raman data, albeit for a PVT-based scintillator.

In addition, tiles with a thickness of 0.37 cm and sizes of 20cm X 20cm, 12cm X 9 cm, and
5 cm X 8 cm were irradiated at R of 1 kGy/h with doses of 1, 10, 20, 50, and 100 kGy. The extracted
values of D are similar, to within +20%.

We also investigated light propagation in tiles based on GEanT4 [32] ray tracing. Tile damage
is simulated using the measured density of color centers. This study indicates that the effect of tile
size is expected to be small (at most 20%).
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Figure 17. Relative signal for an SCSN-81 tile in the CRF radiation zone, plotted versus time (upper) and
versus received dose (lower), for R = 42 Gy/h.

6 Discussion of dose-rate effects

Because dose-rate effects have a significant impact on the performance of scintillator-based detectors
at hadron colliders, in this section we review what is known of their origins. Polymers are complex
molecules, and their structure depends on the details of their preparation and the presence of additives
such as antioxidants, while their behavior depends in detail on their environment. Therefore,
extrapolating from measurements of a specific plastic in a specific environment to another plastic
and/or environment is difficult. Measurements of new plastics and new environments will always
be necessary. However, existing theory facilitates a deeper understanding of the results of our
measurements.
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systematic uncertainties.
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Two well-studied [11, 13, 33-37] sources of dose-rate effects in plastic scintillators are related
to oxygen, one involving the diffusion of oxygen into the plastic during irradiation, and the other
involving the rate of polymer oxidation in the areas containing oxygen. Polymer oxidation can be
either beneficial or detrimental, depending on the dose rate and the details of the plastic preparation,
the presence of additives such as antioxidants, and environment. While the magnitude of polymer
oxidation depends on such details, theory gives us some guidance as to its dose-rate dependence.

As shown in the diagrams in figure 2, different kinds of termination, and thus permanent color
centers (see section 2), are possible when oxygen is present. Oxygen is highly reactive and polymer
oxidation occurs quickly after the production of the radicals [11, 13, 33-37]. In this case, there is
little of the temporary damage that is indicative of radicals, and little to no annealing. Since the final
products involving oxygen tend to absorb UV light, there can be considerable permanent damage
that results in what is called reduction of light output [20] (see section 2). Temporary damage
is larger without oxygen, as there is no oxygen to quickly bind to the radicals. However, as the
radicals slowly reform bonds, the resulting stable structures sometimes have a small probability to
absorb visible light, reducing the plastic’s absorption length. Given the tension between these two
competing effects, more experiments are needed to determine the optimum atmosphere for different
materials, dose rates, temperatures, and doses. It is challenging to predict the optimal amount of
oxygen for a given value of R.

For a given plastic and environment, theory allows some numerical extrapolation between
different values of R. At high enough R, the density of radicals produced is high enough that
oxygen cannot diffuse into the plastic fast enough to bind to and neutralize all the produced radicals,
and thus cannot penetrate beyond a depth that depends on the dose rate [37, 38]. The depth z, for
oxygen diffusion into the plastic for a rectangular slab of plastic is [37]

2MCy, 2MSP

= .1
TR TR ’ ©.1

2 _
20 =

where M is the diffusion coefficient for oxygen, C, is the oxygen concentration on its edge, Y is
the specific rate constant of active site formation, S is the oxygen solubility, and P is the external
oxygen pressure. There is an abrupt transition between areas with and without oxygen. The oxygen
concentration in the oxidized regions is almost uniform [29]. For PS tiles with a thickness of 4 mm,
oxygen permeates the entire sample for R below (roughly, depending on the plastic preparation
and environment) 10 Gy/h [13, 29]; annealing should be small below this R. For R above this
value, polymer oxidation will occur only in the region permeated by oxygen, contributing to an R
dependence of the damage to the scintillator.

The second source of dose-rate effects is related to the rate of polymer oxidation in regions
with oxygen [33, 36]. The rate of polymer oxidation is [33, 34, 39]

Cl C(.x, t)

K(C(x,1) = —m,

(6.2)
where —K(C(x, t)) is the rate at which oxygen is bound to the polymer, x is the position relative to the
surface of the material where the rate is being measured, and C(x, ?) is the concentration of oxygen.
The constants C; and C, depend on the kinematics of the chemical reactions. The constant C; is
related to polymer oxidation from radicals, while C, is related to stable terminations of polymer
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oxidation. The constant C; is proportional to the square root of R for bimolecular reactions (leading
to a dose-rate effect) and to R for unimolecular reactions (no dose-rate effect).

Another possible explanation for dose-rate effects involving oxygen for acrylic scintillators
(PMMA) is postulated in ref. [40]. Radiation damage in PMMA is generally larger, for the same
dose, than in either PS or PVT. The material produces more radicals and gas per dose than PS or
PVT and does not cross link [13]. The authors suggest that oxygen ions, produced by the radiation
in the atmosphere surrounding the material, may diffuse into the material and break polymer bonds,
and that the damage may be accentuated in the presence of UV light. An irradiation at 0.1 Gy/h
showed no damage when the samples were in a nitrogen atmosphere, while damage was clearly
seen for air and oxygen atmospheres.

According to ref. [18], dose-rate effects can also be caused by a change in the relative amount
of thermal- and radiation-induced damage. At low R, damage due to thermal effects becomes more
important. Because thermal photons are of lower energy, they can only break the lowest energy
bonds, changing what types of radicals are formed. This source of dose-rate effects is important
when performing aging studies at high temperature.

Other possible sources of dose-rate effects include damage to the fluors [13], damage to the
fiber, presence of ozone [41], and an unknown mechanism observed in PS at high R that is present
at 22° C but not at 60° C [29].

Because dose-rate effects are seen in the HE tiles at R < 10 Gy/h when oxygen fully permeates
the plastic, the cause cannot be its penetration depth (see eq. (6.1)), even though the power depen-
dence close to 0.5 is suggestive. The power dependence is in between that expected for unimolecular
and bimolecular terminations of radicals (see eq. (6.2)) [11, 13, 33-37]. There is a suggestion of
a change of slope at a dose rate of 10 Gy/h, which, if real, could be caused by different chemical
processes in the regions with and without oxygen above this dose rate.

7 Summary and conclusions

Radiation damage due to particles produced in pp collisions at 4/s = 13TeV in two types of
plastic scintillator tiles in the CMS hadron endcap calorimeter has been studied using data from
several sources: a laser calibration system, a movable radioactive source, as well as hadrons
and muons produced in pp collisions. Within the range of our measurements, the results from
the various methods indicate that at a fixed dose the damage to the scintillators increases with
decreasing dose rate. The dose-rate dependence is most accurately measured by the laser system,
with larger uncertainties in the other measurements. The signal has an exponential decrease with
dose characterized by dose constant D, which as a function of dose rate R is compatible with a
power law with an exponent of about 0.4 for both PS and PVT-based tiles, in between the values
predicted by bimolecular and unimolecular terminations of radicals [11, 13, 33-37]. The PVT-
based tiles indicate more damage than the PS-based tiles for the same exposure. For R = 100 Gy/h,
approximately 20% of the damage occurs in the fiber. The results are compared to damage produced
by irradiations with 9Co sources and by an electron beam. At dose rates less than 10 Gy/h, relevant
for future experiments at particle colliders, where oxygen has saturated the plastic, the amount of
damage does not depend on the particle type.
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The parameters of the power-law fit are functions of the detector geometry, materials, ambient
conditions, etc. More studies are required to derive a general parametrization. Nonetheless, fits
such as these above have been used to predict the future behavior of the CMS hadron barrel and
endcap calorimeters [6, 42].

Several aspects of the data-taking conditions in the CMS detector give rise to systematic
uncertainties that are difficult to estimate. A set of identical tile + WLS fiber assemblies subjected
to varying dose-rate exposures in a temperature-controlled laboratory, with careful monitoring
throughout a year-long exposure, would allow for a large reduction in the systematic uncertainties. At
high dose rates, the amount of damage has a considerable spread, possibly indicating underestimated
systematic uncertainties, motivating further studies to determine the underlying cause. It would be
interesting to have data over this wide range of dose rates separately for the fibers and for the plastic
tiles, to see their separate power dependencies. Studies of tiles at low dose rates in an oxygen-free
environment, like a nitrogen atmosphere as suggested in ref. [40], are needed to test directly if the
cause is dose-rate dependent polymer oxidation. It would also be helpful to make measurements
above 10 Gy/h using a set of tiles made in a uniform way and irradiated at a known temperature.

Dose-rate effects can be large at low dose rates and should be measured for new tile systems.
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Keyworbs: Detector modelling and simulations I (interaction of radiation with matter, interaction
of photons with matter, interaction of hadrons with matter, etc); Interaction of radiation with matter;
Micropattern gaseous detectors (MSGC, GEM, THGEM, RETHGEM, MHSP, MICROPIC, MI-
CROMEGAS, InGrid, etc); Detector modelling and simulations II (electric fields, charge transport,
multiplication and induction, pulse formation, electron emission, etc)
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1 Introduction

Most of the modern high energy particle physics experiments use colliding particle beams or a single
beam impinging on a fixed target. Due to the high collision rate and the interaction of beam particles
with matter, a hostile radiation environment is created. This radiation field is mainly composed of
low energy neutrons, photons (y), electrons/positrons (e*) and charged hadrons, namely kaons (K*),
pions (%), and protons (p) [1]. These particles are commonly referred to as background particles.
Due to the large interaction cross sections, background particles can cause damage to detector ele-
ments and front-end electronics [2]. Additionally, they can induce spurious signals that degrade the
detector performance. A strategy for mitigating radiation effects is crucial to the design and upgrade
of the LHC experimental facilities [3]. The strategy described in this paper uses estimates obtained
with Monte Carlo (MC) simulation and measurements. Dedicated data taking campaigns are used
to collect background data to understand the detector behaviour with respect to variations in the ex-
perimental parameters such as the instantaneous luminosity and the location of the detector element
with respect to the interaction point. Additionally, new detector technologies are studied using high
radiation doses in dedicated facilities such as the CERN High Energy AcceleRator Mixed Field
(CHARM) [4] and the Gamma Irradiation Facility (GIF++) [5] at CERN. A set of detectors based



on the triple-GEM technology [6] is being installed in Muon system of the Compact Muon Solenoid
(CMS) detector [7] for Run-3 and the Phase-2 (High Luminosity LHC) muon upgrade program [8].
A similar technology has been adopted for the upgrade of the ALICE TPC [9]. Background studies
are crucial to understand the impact of radiation on the detector performance. Detector simulations
(GEANT4 [10] and FLUKA [11] in this study) that reproduce the measurements will allow us to
evaluate the impact of radiation in muon detection performance. For instance, an overestimation
of the neutron flux would lead to a larger probability of misreconstruction of muons. To study
the radiation environment and its impact on the detector performance, dedicated simulation tools
involving a description of complex physics processes and particle decay chains are used.

The present study for the CMS GE1/1 detector system extends our previous work [8, 12] and pro-
vides a foundation for future studies of the response to background particles by other detector systems
in CMS and other experiments. This study includes a detailed simulation strategy and methodology,
an accurate detector description, and the response of a triple-GEM detector as a function of the inci-
dent particle’s kinematic properties. Variations of the detector configuration are considered to show
the validity of the estimates and robustness of the simulation model. Furthermore, the simulation
model is compared with experimental data collected in 2018 by the GE1/1 slice test at the CMS detec-
tor. Reliable modeling of the detector response will serve for future studies relevant to the preparation
for the High Luminosity LHC [13] where the luminosity will increase by one order of magnitude
and different detector technologies will be exposed to a harsher radiation environment. This work
can be useful for simulation of the response of other muon systems to background particles [14, 15].

This article is organized as follows: section 2 gives an overview of the CMS GE1/1 GEM
detector and the experimental setup of the detectors in the CMS experiment. Section 3 presents
a simulation study of the response of a single triple-GEM detector to various particles and the
simulation framework. The response and its variation as a function of energy and angle of incident
particles are compared with previous simulation studies. In section 4, results for the response of
superchambers for a given geometry and the actual readout conditions during the slice test are
presented. A prediction of hit rates using the FLUKA simulation and its systematic uncertainties
are given in sections 5 and 6. A comparison of these predictions with measurements taken during
LHC running is presented in section 7, followed by a summary in section 8.

2 Overview of the CMS GE1/1 detector and slice test

2.1 CMS GE1/1 detector

The GE1/1 station in each muon endcap is upstream of the Muon Endcap Station-1 (ME1/1), as
shown in figure 1 in the R-z plane. Here, R is the perpendicular distance from the beamline. The
CMS coordinate system is a right-handed cartesian coordinate system with the origin at the collision
point, the x-axis pointing towards the center of the LHC ring, the y-axis pointing upwards and the
z-axis along the beam direction. The polar angle 6 is measured from the positive z-axis to the
x-y plane and the azimuthal angle ¢ is measured from the positive x-axis in the x-y plane. The
pseudorapidity 7 is defined as n = —In[tan(6/2)] and gives the information about angle of particle
relative to beam axis.

The GE1/1 detector system in each endcap consists of 36 superchambers where each super-
chamber is comprised of a pair of trapezoidal-shaped triple-GEM detectors, covering a ¢ slice of



10.15°. The superchambers are arranged in a staggered configuration with an overlap of 0.075°
to provide full 27 coverage in ¢. The superchamber design maximizes the detection of muons.
The superchambers alternate in ¢ between a long version covering a pseudorapidity region of 1.55
< |n| < 2.18 and a short version covering 1.61 < || < 2.18 (figure 2 right). The use of long and
short superchambers provides maximal 7 coverage within the mechanical envelope of the existing
endcap. The dimensions of the long and short chambers are summarized in table 1. The triple-GEM
detector of a superchamber closer to the interaction point of the pp collision is called Layer-1 and the
other detector of the pair is called Layer-2, as shown in figure 2 right. Moreover, each triple-GEM
detector is segmented into eight  partitions, referred to as i, (=1 to 8) and each partition has 384
radial readout strips.
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Figure 1. An R-z cross section of a quadrant of the upgraded CMS detector highlighting the location of
the GE1/1 station (in red) with triple-GEM technology in the muon endcap region. Also shown are the
previously existing muon stations, i.e., drift tubes (MB), cathode strip chambers (ME), and resistive plate
chambers (RB, RE), and the flux-return steel yoke (dark areas).

Table 1. Dimensions of long and short trapezoidal-shaped triple-GEM detector.

Configuration Long Chamber | Short Chamber
Height 1283.0 mm 1135.0 mm
Short Base Length 282.2 mm 282.2 mm
Long Base Length 510.0 mm 483.7 mm

2.2 GE1/1 slice test

Five triple-GEM pre-production superchambers were installed in the CMS experiment and exposed
to pp collisions at 13 TeV in the period from 2017 to 2018 as shown in figure 3. This served as
a demonstrator to obtain operational experience with the detector control system (DCS), the data
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Figure 2. Single triple-GEM detector with various parts (left). Long (red) and short (blue) superchambers
are mounted upstream of the ME1/1 station and cover the ranges in pseudorapidity 1.55 < |p| < 2.18 and
1.61 < |n| < 2.18, respectively, in a staggered configuration, with an overlap of 0.075°(right).

acquisition (DAQ) system, and the data quality monitoring (DQM) system, as well obtaining the first
data to assess the performance of the detector with pp collisions. The design of these demonstrator
superchambers is very similar to that of the final superchambers installed in the CMS endcap except
for the use of an improved version of the front-end electronics mounted on the chamber. The
improved version was realized by increasing the values of the protection resistor of each VFAT
channel and the decoupling resistor for the chamber HV filter [16]. Figure 2 left shows a schematic
drawing of the demonstrator chamber.

Superchambers 27, 28, 29, 30 (A¢ = 40°) in Slot-1 (shown in figure 3) were used to detect
muons, while superchamber 1 (A¢ = 10°) in Slot-2 tested the upgraded electronics and a new GEM
high voltage (HV) system [17] to be used in Run-3. The GE1/1 slice test chambers were operated
at a gas gain amplification of ~1x10* with Ar/CO, gas mixture. Strip readout thresholds of 3 fC
(i =3-8),4.0fC (i; =2), and 8.8 fC (i;, = 1) were applied to the VFAT electronics based on
electronic noise level. These thresholds are further discussed in detail in sections 3 and 4.

It should be noted that an irreversible channel loss was observed from April 2017 through
December 2018 caused by discharges from one of the GEM foils nearest to the anode plane. As
a result, only Layer-2 of superchamber 28 was operating with minimal channel loss (< 0.5%)
throughout the slice test. The channel loss occurred both in the presence and the absence of particle
beams in the LHC. Further details of the slice test setup and performance studies based on the data
can be found in [18].

3 Response of a single triple-GEM detector to collision-induced background parti-
cles

In this section, the sensitivities (defined below) of a single triple-GEM detector of the CMS GE1/1
design, without electronics and aluminium frame, are evaluated and compared with results reported



Figure 3. Schematic drawing of the negative muon endcap, showing the location of the five slice test
superchambers.

in the GE1/1 Technical Design Report [8] and with studies done at the CHARM facility [12]. It
should be noted that the response of the single triple-GEM detector is affected by material of other
triple-GEM detectors within the superchamber.

3.1 Single triple-GEM detector geometry

The detector response is modeled using a GEANT4 [10] simulation with the geometry of a triple-
GEM detector [8] and incident background particles with properties consistent with those generated
in pp collisions at the LHC. A single triple-GEM detector is shown in figure 2. Chamber dimensions
and material composition are presented in tables 1 and 2, respectively. Figure 4 shows a simplified
schematic transverse view of a triple-GEM detector’s gas gap configuration.
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Figure 4. Representation of a transverse view of a triple-GEM detector.



Table 2. Material and dimensions of the different layers in a single triple-GEM detector.

Layer z-Dimensions Material
Drift Board 35pum/3.2mm/35pum | Copper/FR4 /Copper
Drift Gap 3 mm Ar/CO,
GEM1 Spm/50 pm /S5 pm Copper / Kapton / Copper
Transfer-1 Gap 1 mm Ar/COy
GEM2 Spm/50 pm /5 pm Copper / Kapton / Copper
Transfer-2 Gap 2 mm Ar/CO;,
GEM3 Spm/50 pm/ 5 pm Copper / Kapton / Copper
Induction Gap 1 mm Ar/CO,
Readout Board | 35 pm /3.2 mm /35 pm | Copper/FR4 / Copper

3.2 Simulation

The physics processes and decay chains are simulated using GEANT4 version 10.6 with the
physics list recommended for standard HEP processes (FTFP_BERT_HP). The list includes all
standard electromagnetic processes, the Bertini-style cascade for hadrons (<5 GeV), and the FTF
(Fritiof) model for high energies (>4 GeV). It also includes a dedicated model for neutrons below
20 MeV [19].

The simulation setup has “source planes” that generate primary particles. The source planes
are the same size as the drift board of the GEM detector and are located at a distance of 3 mm from
the detector, on both sides. This configuration captures all possible incident angles and path lengths
of the primary particles hitting the surface of the detector and traversing its sensitive volume. The
response of the detector to the primary incident particles is estimated separately on each side for
each source plane. The average is used to estimate the final response of the detector. Although the
simulation considers the interaction of particles and the creation of secondaries in the different gaps
of the triple-GEM detector, the detector response is extracted from the first two gas gaps, namely
the drift and transfer-1 gaps (figure 4).

The signal induction is due to the production of a charged particle inside the detector originating
from the interaction of neutral or charged background particles (e.g., neutrons, y’s, electrons,
and charged hadrons). Other meaningful processes in signal evolution (such as electron drift,
multiplication, charge transfer, and electronic response) are not covered in this study. Studies of
the optimization of signal detection [20] using other simulation packages were used for the detailed
design of the CMS GEM detectors.

The detector response is characterized using the sensitivity variable. Sensitivity is defined
as the probability for a charged particle to deposit energy in the sensitive volume (e.g., Ar/CO,
gas mixture), and to produce primary ionized electrons [8, 12]. Primary electrons go through a
multiplication process, so that the charge is large enough to be detected by a readout system with
charge thresholds. The charge threshold is related to the energy deposit required to separate signal



from noise. Hence the sensitivity can be expressed as:

Nhits

Sensitivity = 3.1

total
Here, Ny is the total number of incident particles entering the active surface of a GEM detector
from any direction and Ny is the number of total “hits” recorded above a certain energy threshold.
The “hits” are counted for a given incident particle at a given incident energy and angle through the
triple-GEM detector.

The simulated energy depositions in the first two gaps of a triple-GEM detector are converted to
charge depositions using corresponding amplification factor, and required to be above the minimum
threshold value of the VFAT chip. Although the readout electronics have a threshold of 3 fC, a
value of 1.69 fC is used, corresponding to one electron in the drift gap, in order to study the effects
of low levels of noise. Later in section 4.2, the energy thresholds are set to match the operational
configuration of the GE1/1 chambers in CMS.

The minimum energy deposits required are estimated as follows:

* The gas gain amplification (G) was set to 1 x 10, corresponding to 24, 22, and 20 multipli-
cations, respectively, in the transfer-1, transfer-2, and induction gaps.

* The readout thresholds for the strips were set to 1.69 fC for i, = 1 to 8. Hence, to achieve
this threshold a total of ~ 10547 (= 1.69 fC /1.6021x 10~'° C) electrons are required.

* The minimum average number of electrons required to be produced in the drift gap and the
transfer-1 gap are 1 (= 10547/G) and 24 (= 10547/G?>/3), respectively.

* The effective average energy required to remove an electron due to ionization for an Ar/CO,
gas mixture (in the ratio of 70/30) is (W;) = 28.1eV [21, 22]. Thus, energy losses of 28.1 eV
and 674.4eV (= 24x 28.1eV) are needed to count as “hits” in drift and transfer-1 gaps,
respectively. Those electrons produced in the drift and transfer-1 gaps are amplified by 10*
and 440, respectively, at the readout strips. If the energy loss of a particle, simulated by
GEANT4, is above the threshold, a “hit” is counted for (Nyjts) in equation (3.1).

Due to the fact that GEANT4 does not report charged particles with a track length less than 0.7
mm [23], instead of counting secondary charged particles, we impose requirements on the amount
of energy deposited in the gaps. This procedure is consistent with previously published results in
ref. [12].

The detector response depends on the particle type, its kinematic properties, and the composi-
tion of the material in which the particle interacts. The dominant energy loss processes for neutrons
are inelastic scattering at high energy (> 10 MeV), elastic scattering at intermediate energy (107>
to 10MeV), and neutron capture at low energy (< 107> MeV). The dominant processes for y’s
are pair production at high energy (> 10 MeV), Compton scattering at intermediate energy (107!
- 10MeV), and the photoelectric effect at low energy (< 107! MeV). The dominant processes for
e* are bremsstrahlung at high energy (> 1 MeV) and ionisation at low energy (< 1 MeV). Neutral
particles (neutrons and y’s) interact before they produce a charged particle. The estimated sensi-
tivity, as a function of kinetic energy and angle, is presented as a 2D map for neutrons (figure 5



left) and y’s (figure S right). The one-dimensional projection of sensitivity as a function of incident
energy for different particles at normal incidence to the detector is presented in figure 6 left. The
sensitivity as a function of the incident angle for different particle types, at two energy values (1
and 100 MeV), is presented in figure 6 right.
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Figure 5. Sensitivity map for neutrons (left) and photons (right). The x-axis is kinetic energy and the y-axis
is incident angle.
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Figure 6. Sensitivity as a function of kinetic energy, for neutrons, photons and electrons, at normal incidence
to the detector (left). Sensitivity as a function of incident angle for different types of particles for energy
values of 1 MeV and 100 MeV (right).

The sensitivity is strongly dependent on the energy and incidence angle. The probability
for an interaction is correlated to the detector width and the incidence angle. If the incidence
angle increases the particle will traverse a larger distance inside the detector, so more material will
be available as target for the interaction. The probability to interact is also process and energy
dependent. To estimate the sensitivity, we take into account the energy spectrum of the incident
particles, the energy dependent interaction probability, and the path length.



Sensitivities are obtained using large simulated samples with O(107) events. The statistical
uncertainty depends on the type of particle under study and the region in the sensitivity map.
Statistical uncertainties lie in the ranges 0-16% for neutrons, 0-2.1% for y’s, and 0-10.0% for ¢*.

It is important to note that the sensitivities were obtained without constraints from a particular
radiation environment. The only information considered was the energy ranges for the different
types of particles. Thus, the results can be used for any facility in which similar triple-GEM
detectors are installed [12].

The sensitivities for a single triple-GEM detector, shown in figure 6 left, are independent of
the shape of the surface of the detector. These results are qualitatively similar and quantitatively
compatible with those presented in ref. [12]. The main difference, for neutron sensitivity at low
energies, is attributable to several reasons. The GEANT4 version used in this simulation has updated
modeling for thermal neutrons. Energy thresholds for drift and transfer-1 gaps were applied in this
study but not in the previous one. Lastly, the previous study simulated a detector with an additional
layer of Kapton (50 pm) and FR4 (1.2 mm).

The sensitivity for photons found here is consistent with that found in the previous study. Note
that a GEM detector that is part of a superchamber installed in the CMS experiment will have a
response different from that of the single chamber considered here. In the following sections, the
background modeling is adapted to the characteristic radiation environment of the CMS experiment
and the specific detector geometry of the GE1/1 muon upgrade project.

4 Collision-induced background particles on the GE1/1 chambers

The prediction of background rate in the GE1/1 detectors requires two components: the simulation
of the radiation environment and the detector response. The radiation environment is simulated
with FLUKA for collision of the LHC proton beams with a center of mass energy of 13 TeV in the
configuration of the CMS experiment. The simulation models particle interactions and transport
through the different layers of the CMS detector. The estimation of detector response follows an
approach that is similar to that described in section 3, but using the geometry of a superchamber.
Both components are described in the following sections.

4.1 Radiation environment for GE1/1

The information for incoming particles reaching the GE1/1 system is extracted from a FLUKA
simulation for the conditions during data-taking in Run-2, with instantaneous luminosity of 1.5 X
103 cm™2 s!. The cross section of the CMS detector geometry used in the FLUKA simulation
is shown in figure 7 top-left. A key property estimated with the FLUKA simulation is the flux of
particles: the number of particles per unit area and per unit time weighted for their tracklength in
a volume defined by the detector of interest. This distribution is presented in figure 7 top-right.
Other important distributions that characterize the incoming particles are those for energy, shown
in figure 7 bottom-left, and incident angle, shown in figure 7 bottom-right. These distributions are
needed for the subsequent GEANT4 simulation.

The results in figure 7 are consistent with an earlier study using the FLUKA simulation [24].
The major contribution in the region where the GE1/1 detectors are located comes from low energy
neutrons (107! to 10* MeV), y’s (1073 to 10*MeV), e* (1072 to 10* MeV) and charged hadrons
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Figure 7. CMS geometry used in FLUKA simulation run v3.31.4.2 (top-left). Flux of particles, normalized
to the instantaneous luminosity, arriving at the GE1/1 volume (top-right). Energy spectra of incoming
particles (bottom-left) and distribution of direction cosine with respect to the normal to the detector surface
for different particles (bottom-right).

(107! to 10* MeV). Minor contributions to the radiation field, such as muons from gauge boson
decays, are neglected as their production cross sections are an order of magnitude lower than those
shown in figure 7.

4.2 Detector response for a superchamber

The detector response to background radiation depends on all the materials of the triple-GEM
detector, including the electronics, cooling system, and mechanical support. The triple-GEM
detectors used in the CMS experiment have additional components compared to the simple triple-
GEM configuration described in section 3. Table 3 lists some of these important additional
components and their details. For this study, a long chamber configuration is used, as shown in
tables 1 and 2. The superchamber has a total thickness of 73.1 mm, including a space of 3.7 mm
between the two detectors.

Each triple-GEM detector unit has a GEM Electronics Board (GEB) with the readout electronics
and a cooling system that consists of cooling pads and cooling pipes. The cooling pipes contain
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circulating chilled water. Copper is used for the cooling pipes and pads because of its good thermal
conductivity. A main component of the readout electronics for a superchamber are the VFAT-3
ASICs, based on the earlier Very Forward ATLAS and TOTEM (VFAT) ASICs [25, 26] and an
Opto-Hybrid board. The VFAT-3s are used for reading, digitizing and processing the signals from
the 384 strips of each i7-sector of a superchamber layer. The Opto-Hybrid board is plugged into the
GEB and contains Giga-Bit Transceiver (GBT) chip sets, optical receivers and transmitters, and a
Field Programmable Gate Array (FPGA). Further details of the front-end electronics can be found
in [8]. Figure 8 shows a GEANT4 based image of a superchamber, as used in this study.

Table 3. Additional material, layers and their dimensions used in the triple-GEM detector configuration in
the CMS experiment.

Layer z-Dimensions Material
GEB 0.1 mm /0.9 mm Copper / FR4
VFAT and Opto-Hybrid 1.0 mm/ 1.6 mm FR4 / FR4
Cooling Pads 1.0 mm Copper
Cooling Pipes 8.0 mm external, 6.0 mm internal | Copper (Filled with H,O)
Spacers 3.0mm/ 1.0 mm/2.0 mm/ 1.0 mm FR4
External Frame 7.2 mm FR4
Aluminium Frame 11.5 mm Aluminium
Cover 1.0 mm Aluminium

The sensitivity is calculated by simulating the detailed detector configuration as described
above, that is the same configuration used in the GE1/1 slice test [18]. Thresholds used in simulation
are summarized in table 4 and estimated as discussed in section 3.2 but with an energy deposit
threshold corresponding to 3 fC, as used in the slice test [18].

Table 4. The energy thresholds and related parameters used in the simulation of the drift and the transfer-1
gaps of the triple-GEM detector configuration. The effective gain is set to 1x 10* and the charge threshold
for readout is 3 fC.

Parameters Drift Gap | Transfer-1 Gap
Minimum no. of electrons in the gap 2 43
Energy thresholds 56.2¢eV 1.21keV

5 Collision-induced background hit rates in GE1/1 superchambers

The hit rate is defined as the number of particles detected per unit of time in single chamber. In
the slice test, the hit rate was measured for the GE1/1 superchambers as a function of instantaneous
luminosity and detector area [18]. The hit rate is one of the most important quantities to measure for
detector calibration and monitoring. It depends on the convolution of particle flux and sensitivities
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Figure 8. GEANT4 visualization of a superchamber containing two triple-GEM detectors.

for each particle type (neutrons, y’s, e*, charged hadrons) as functions of energy and incident angle,
as described in equation (5.1).

Hit Rate = Z Sensitivity(type, E, 8) ® Flux(type, E, 0, R) 6D
type

Here fype is the kind of particle (i.e. neutrons, y’s, e* and charged hadrons), E is the energy of
the incident particle and 6 is the angle with respect to the normal to the detector surface. The
perpendicular distance from the beamline is denoted by R. The particle flux is estimated using
FLUKA as presented in figure 7 top-right and multiplied by an average sensitivity. The average
sensitivity is obtained from the convolution of the sensitivity at a given energy and incident angle
with the normalized abundance of particles at that energy and incident angle. The convolution over
a given energy range gives the average sensitivity. The FLUKA simulation provides the information
needed for all possible particle types arriving from different directions at a given position and time.
The average sensitivity is used to convert the particle flux into total hits at that position.

The simulation technique used here for the sensitivity estimation is similar to that described
in section 3. The main difference is that here we have a superchamber and additional material due
to the presence of an extra triple-GEM detector. This affects the sensitivity of the other detector
layers since sensitivity is measured for incident particles arriving at the superchamber surface from
different directions. The sensitivities for Layer-2 of the superchamber, as a function of the energy of
the primary incident particles arriving at the chamber surface, is shown in 9 for neutrons, photons,
electrons/positrons and charged hadrons. It is convoluted over all possible incident angles and
contribution from incident primary particles reaching the chamber surface from both sides are used.

The average sensitivity, estimated using the energy spectrum of the incident background
particles, and the sensitivity for different energies are presented in table 5 for both Layer-1 and
Layer-2. The method of using the average sensitivity is preferred over obtaining the sensitivity for
different n-sectors because the detectors have a uniform response for each n-sector, as verified with
X-rays during quality control tests [27].

The effect of detector material and configuration on the sensitivity can be seen by comparison of
figure 6 left for the simplified geometry and figure 9 for the superchambers in the CMS experiment.

6 Systematic uncertainties

The accuracy of the sensitivity estimates relies on the correct description of the physics processes
and on realistic detector modeling. The physics processes considered in this simulation are well
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convoluted over all possible incident angles.

Table 5. Average Sensitivity for each type of particle for Layer-1 and Layer-2 of the superchamber configu-
ration used for data taking in 2018.

Particle Average Sensitivity of Layer-1 | Average Sensitivity of Layer-2
(%) (%)
Neutron 0.64 + 0.01 (stat.) 0.76 = 0.01 (stat.)
b% 0.28 + 0.01 (stat.) 0.22 + 0.01 (stat.)
e* 1.24 + 0.04 (stat.) 0.31 = 0.01 (stat.)
Charged Hadrons 26.29 + 1.24 (stat.) 24.29 + 1.14 (stat.)
(K*, n*, p)

known and have been validated in the GEANT4 framework in several studies reporting comparisons
with experimental data [28, 29]. To quantify the impact of the detector modeling on the sensitivity
estimates the following parameters are varied.

* Drift Gap Width (DGW) variations could arise from mechanical deformations during de-
tector assembly. Variations [8] of +10% are used in the simulation for both layers of the
superchamber. The impact on the average sensitivity of Layer-2 is shown in table 6.

* Gas Mixture Proportion (GMP) for the Ar/CO; (in the ratio 70/30) gas was monitored
during detector operation and quality control testing and found to be negligible. However,
conservative variations of (60/40) and (80/20) were considered in the simulation. The impact
on the estimated average sensitivity of Layer-2 is shown in table 6.
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The impact of the parameter variations depends on the type of incident particle, kinetic energy
and incident angle. We found that a single detector is less sensitive compared to the experimental
configuration. The impact of parameter variations on the sensitivity for different energy ranges
is also estimated. The energy ranges for neutrons are low energy (LE) from 10! to 1072 MeV,
intermediate energy (IE) from 1072 to 1 MeV, and high energy (HE) from 1 to 10* MeV. The energy
ranges for y’s, e*, and charged hadrons are LE from 1072 to 1 MeV and HE from 1 to 10* MeV. For
neutrons, the maximum variation in sensitivity due to GMP variations is 1.0% for LE, 5.6% for IE,
and 4.6% for HE. For y’s, e*, and charged hadrons the variation in LE (HE) is estimated to be 0.8%
(0.5%), 2.1% (0.3%), and 1.2% (0.1%), respectively. For DGW uncertainties, variations are similar
to those for GMP, except for the neutron case in the IE region for which the statistics are low.

The systematic uncertainty is also evaluated arising from changes in the setup of the primary
source near the surface of the detector. The distance of the source surface from the detector is varied
by +2 mm from the nominal value of 3 mm and the average sensitivity is re-calculated to measure
the impact on the hit rate. A total variation of 0.5-0.8%, 0.0-1.0%, 0.2-0.4%, and 3.9-8.8% on
the average sensitivity is estimated for neutrons, ys, e*, and charged hadrons, respectively. These
uncertainties are also summarized in table 6.

Table 6. Variations of simulation parameters and their impact on estimated average sensitivity. The change
in sensitivity is relative to that obtained using the average sensitivity of Layer-2 shown in table 5.

Parameters Values for Variations | Impact on average sensitivity of Layer-2 (in %)
Neutron | y | e* Charged Hadrons

DGW Drift Gap: 2.7 mm 0.6 14110 0.5
Drift Gap: 3.3 mm 0.3 04100 0.6
GMP Ar/CO, (60/40) 1.0 04103 0.5
Ar/CO; (80/20) 0.1 09109 0.2
source z-position I mm 0.6 04109 4.0
from superchamber 5 mm 1.0 14109 9.9

Another systematic uncertainty comes from variation of the x-y dimensions of the source
planes. The maximum variation for a 10% larger size of the source planes is about 1.3% or less for
any type of incident particle. A 10% smaller size gives a maximum variation of 6.7% or less.

The uncertainties described in table 6 for different types of incident particles result in uncer-
tainties on the hit rate. The overall uncertainty on the hit rate is dominated by neutron and photon
contributions.

The systematic uncertainty associated with the particle flux is estimated by comparing the
Run-2 scenario in FLUKA with an alternative scenario. In this alternative scenario, the material
composition of the shielding in front of the Hadron Forward (HF) calorimeter is changed, replacing
borated polyethylene by non-borated polyethylene; this change impacts the number of particles
reaching the muon stations. The uncertainty is evaluated by comparing the particle flux between
the two scenarios and a variation of 10 to 20% is found, depending on R, with a mean value of 15%.
The latter value is considered as the associated uncertainty.
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The uncertainties in the hit rate from the FLUKA simulation and the GEANT4 detector
simulation are added in quadrature. The total systematic uncertainty is about 14.5%.

7 Comparison of background modeling and experimental data

A comparison between simulation and measurement is used to validate the model presented in this
study. Figure 10 compares the measured hit rate of Layer-2 of superchamber 28 with the prediction
from simulation. The hit rate from simulation is obtained from the convolution of the average
sensitivity shown in table 5 and the particle flux shown in figure 7 top-right. The data points in
figure 10 correspond to different perpendicular distances R from the beamline to the centers of the
n-sectors. As expected, the hit rate is higher at lower R (higher 1) because the flux from the collision
is higher in this region. The bottom panel of figure 10 shows the ratio of data to simulation and
the estimated systematic uncertainty. The contributions from different types of particles to the total
hit rate are shown in figure 11 for Layer-2. The largest contribution comes from neutrons while
photons contribute about ~15%. Charged hadrons and e* contribute about 1% only.
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Figure 10. Comparison of the measured hit rates on Layer-2 of superchamber 28 in the slice test with the
particle flux from the FLUKA simulation weighted by the sensitivity. The systematic uncertainties from the
detector modelling (by the GEANT4 simulation) are shown as shaded blue bands around the prediction. The
systematic uncertainties from the flux modelling for the CMS experimental configuration (by the FLUKA
simulation) are shown as orange bands after adding them in quadrature with the systematic uncertainties shown
in the blue band. The bottom panel shows the ratio of hit rates from data to those predicted from the simulation.
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Figure 11. Prediction from simulation for hit rate contribution from different background particles at Layer-2
of superchamber 28.

The measured hit rates for the triple-GEM detector agree with those predicted from the simu-
lation within the uncertainty except for n7-sectors 1 and 2 for which data were taken with higher than
nominal readout thresholds. The total uncertainty includes both the statistical uncertainty and the
systematic uncertainties, described in the previous section, added in quadrature. The uncertainty
of the hit rate in data includes the statistical uncertainty and uncertainties on the instantaneous
luminosity measurement.

The hit rate data for i;, = 1 and 2 (sectors with R > 210 c¢m) in figure 10 are lower than the
prediction. This can be explained by the higher than nominal thresholds for the VFAT-3 readout
electronics during the data taking. The thresholds for i, = 1 and 2 were 8.8 and 4.0 fC, respectively,
corresponding to 6 and 3 electrons per strip in the drift gap. For i;, = 1, an energy loss of 168.6 eV
(= 6 x 28.1eV) is needed to count as a “hit”, resulting in a low sensitivity. In this way, the applied
thresholds caused a distortion of the strip multiplicity distributions for i, = 1 and 2. The detection
efficiency for muons at i,, = 1 was most affected by the higher threshold at the strip level. While
a threshold of 3 fC is low enough for our simulation model to reasonably reproduce the data, a
threshold of 8.8 fC is not low enough, especially since the interaction of particles with Ar/CO, gas
(energy loss rate) [30] and electron multiplication (gas gain) are non-linear phenomena. While it
is difficult to reproduce the non-linear effects in the current simulation framework a future study
could be improved with a detailed description of the electron multiplication (avalanche) e.g. using
the GARFIELD [31] software package, as well as a simulation of the electronics.
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8 Summary

Collision-induced background hit rates in the CMS triple-GEM detector in pp collisions at the LHC
were evaluated by modeling the radiation environment and detector response using a framework
of the FLUKA and GEANT4 simulation packages. The FLUKA simulation provides kinetic
energy and angular distributions of incident particles in the radiation environment. The GEANT4
simulation models particle interactions based on an accurate material description of each GEM
detector. The simulated hit rates were obtained by combining the sensitivity and particle flux, and
compared with measurements at a luminosity of 1.5 x 103 cm™2 s! at 13 TeV. The predicted hit
rates and experimental data are found to agree within their uncertainties for detector sectors with
nominal operating parameters.

The framework presented in this article is generic, so it can be used for evaluation of hit rates
on other detectors at High-Luminosity LHC, providing a better understanding of trigger rates and
longevity of detectors.
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Abstract. ATLAS and CMS are two general-purpose detectors setting almost opposite to each
other at the LHC ring. Both detectors resulted in the discovery of Higgs Boson in 2012. With
successful data taking during Run-II, ATLAS and CMS recorded up to 139fb~! of integrated
luminosity and probes for rare and exotic decays and sets exclusion limits on various models
searching beyond standard model physics.

1. Introduction

The standard model (SM) of particle physics successfully explains the structure of matter and
forces acting between them but still, it fails (i) to include the fourth fundamental force i.e.
gravitational force (ii) to explain matter-antimatter in the universe (iii) to explain the 95% dark
energy and dark matter forming the universe and so on.

There are several models evolved with time to explain the physics beyond the standard
model and are known as "Beyond Standard Model (BSM)”. Some examples of these models are
Sequential-SM, Fg model, Grand Unified Theories (GUT). Different search strategies have been
incorporated at the LHC to find answers to the above questions.

LHC successfully recorded data up to December, 2018 around ~ 139fb~! of integrated
luminosity from p-p collisions at 13 TeV as shown in figure 1.
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Figure 1. Luminosity recorded Figure 2. Mean number of
by the ATLAS experiment. interactions per bunch crossing.

This marks the end of Run-II. The luminosity obtained at the LHC helps to investigate the
different extensions of the Standard Model. The biggest challenge due to this large instantaneous
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luminosity is the number of simultaneous collisions (called pile-up events) which increase the
background and complicates the reconstruction as shown in figure 2.

Due to space constraints, we are providing a snapshot of the latest results recorded by ATLAS
and CMS detectors and are classified into four major categories: heavy resonances, new leptons
and quarks, dark matter, and new leptons and quarks based on theoretical motivations.

2. Heavy resonances

The most striking signature for the existence of new physics beyond the standard model is the
existence of heavy resonance such as excited quarks, new heavy gauge bosons, gravitons or dark
matter which eventually decay to standard model particles giving pairs of jets, leptons, photons,
or more complicated objects like W and Z bosons and top quarks as the possible final states.
Dedicated reconstructions mechanisms and background estimation methods have been utilized
by both ATLAS and CMS to search for such kind of signatures.

2.1. Dijet resonance search

The dijet resonance search is the best approach to search for extremely high masses due to large
production cross-section of jet final states. But, with the large sensitivity towards the signal,
the biggest challenge in these searches is the handling of QCD or other jet backgrounds.

In this search [1] carried out by CMS, a new data-driven method is introduced for m;; > 2.4
TeV which predicts the background from a control region where the pseudorapidity separation
of the two jets (|07|) is large. This new method termed as ”ratio method” leads to improvement
in the sensitivity for broad resonances by a factor of two depending on the resonance width and
mass. Also, to reduce analysis sensitivity to final state radiations (FSR), two close-by jets are
combined forming a wide jet with a cone size of 0.8 as shown in figure 3.

CMS,
y
Z

Figure 3. Event display contain-
ing four jets depositing energy in
CMS calorimeters grouped together
to two wide jets.

Due to better data-driven background estimate from ”ratio method” than the traditional ”fit
method”, larger signal significance has been observed with the ratio method. With this search,
limits are improved by 200 GeV TO 800 GeV for narrow resonances relative to those reported
in previous CMS dijet resonance searches. Figure 4 describes the exclusion limits for various
models predicting new resonances.

Another benchmark was set with analyzing data collected at high-level trigger (HLT) level
to get sensitivity in lower masses. With this technique called Data Scouting, events containing
three jets are reconstructed, selected, and recorded in a compact form with lower thresholds
using only calorimeter information by the high-level trigger. The spectrum of the dijet invariant
mass, calculated from the two jets with the largest transverse momenta in the event, is used to
search for resonance. No significant excess has been observed over a smoothly falling background.
This search [2] presents the most stringent upper limits in the mass range between 350 and 450
GeV as shown in figure 5.
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Another search [3] for ¢f resonance decaying to fully hadronic final states has been carried
out by ATLAS experiment exploiting an advanced top-tagger based on deep neural network
(DNN) technique. In this technique, a single large-R. jet captures the top-quark decay products
and accordingly multiple jet-level discriminants are used as input to the DNN tagger such as
jet transverse momentum and mass, information about the dispersion of the jet constituents,
splitting scales and energy correlation functions. The signal region is further divided into two
regions containing 1b or 2b jets tagged as variable radius (VR) track jets containing b-hadrons
identified using multivariate classification technique with an artificial deep neural network to
combine track information within a jet. A parametric fit has been performed over data and no
significant excess has been observed. Upper limits are set on the production cross-section times
branching fraction for Z’ in the topcolor-assisted-technicolor model, resulting in the exclusion
up to 3.9 and 4.7 TeV for decay widths of 1% and 3%, respectively as shown in the figure 6.
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However, improved analysis techniques have provided 65% improvement in the expected
cross-section limit at 4 TeV with the same data set.

2.2. Diboson resonance search

For the diboson resonance searches, the search becomes more challenging. Due to the production
of heavy bosons in the TeV scale, the decay products produced are generally boosted and hence
it becomes critical to combine the calorimeter information with the tracker angular information.
ATLAS and CMS have extensive search strategies to search for diboson resonances. With the
increasing centre of mass energy, the novel techniques have been developed such as 3D likelihood
fits and anomaly detection techniques for broadening the scope of these searches. Both ATLAS
and CMS search for diboson resonances [4] [5] with all possible final states i.e. 0-lepton, 2-lepton
final state with associated jet from H decay. ATLAS also considered the fully hadronic decay [6]
of the diboson resonance. Whereas, to enhance sensitivity for the search, CMS considered the
VBF production mechanism of the ZH resonance. As no significant excess has been observed,
upper limits with 95% CL are set on masses for Z’ for O-lepton, 2-lepton channel and in fully
hadronic final states by ATLAS and is shown in figure 7. Similarly, CMS sets exclusion limits
for VBF 0-lepton and 2-lepton final state with 95% confidence level for the HVT benchmark
Model C where Z’ couples only to the SM bosons as shown in figure 9.
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3. New leptons and quarks

One of the biggest questions remains unanswered by the standard model theory is the symmetry
between the quarks and lepton families. Several models such as Grand unified theories,
technicolor models etc foresee new particles that carry both lepton and baryon number and
are knows as "Leptoquarks (LQ)”. Recently, LQ search gained more importance because it may
explain B-meson anomalies.

ATLAS probes for the LQ with two search categories: LQ decaying to 7 lepton and top
quark [8] and to e (or u) and top quark [9]. In the former case, five final states, based on
the multiplicity and flavour of lepton candidates, are considered and each of them is divided
into several event categories to constrain several leading background in each final state. No
significant excess above the Standard Model expectation is observed and 95% CL upper limits
are set on the production cross section as a function of the LQ mass, under different assumptions
for the branching fractions into ¢7 and br as shown in figure 10.

For the scalar LQ decaying to a top quark and either an electron or a muon, the normalization
of dominant backgrounds such as Z-+jets and ¢f is determined with profile likelihood fit to
a binned BDT in the signal region and two dedicated control regions. The observed data
distributions are compatible with the expected Standard Model background and lower limits
on the production cross-section are set at 1.48 TeV and 1.47 TeV for the electron and muon
channels, respectively as shown in figure 11.
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Figure 10. Observed (solid line) and Figure 11. Observed (solid line) and
expected (dashed line) 95% CL upper limits expected (dashed line) 95% CL upper
on the LQg pair production cross-section as limits on the cross section of LQ pair
a function of m . production as a function of LQ mass
3 assuming B(LQ — t/*) = 1, for muon

channels.

Recently, CMS considered the search for LQ [9] in which LQ may couple to a top quark plus
a 7 lepton (1) or a bottom quark plus a neutrino (bv, scalar LQ), or else to br or tv(vector
LQ), leadingt o the final states t7vb and t7v. The channel in which both the top quark and
the 7 lepton decay hadronically is investigated, including the case of a large LQ-t mass splitting
giving rise to a boosted top quark whose decay products may not be separated on the scale of
the spatial resolution of the jet. Such a signature has not been previously examined in searches
for physics beyond the standard model. The observations are found to be in agreement with
the standard model prediction.Exclusion limits are given in the plane of the LQ-lepton-quark
vertex coupling A and the LQ mass for scalar and vector LQ. The range of lower limits on the
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LQ mass, at 95% CL,is 0.98-1.73 TeV, depending on A and the LQ spin as shown in figure 12.
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4. Dark matter searches

Gravitational effects on astrophysical scale provide convincing evidence for the existence of non-
luminous and Weakly interacting matter which constitutes up to 26% of the matter-energy
content of the Universe. At hadron colliders, searches for this weakly interacting DM have
to rely on one or more visible particles being produced in association with the invisible DM
candidate. Large missing energy in the collision events is the only experimental signature for
the DM search.

Several models populate the “theory space” of all possible realizations of physics beyond
the SM with a particle that is a viable DM candidate. A common model to interpret
the observations known as ”simplified DM model” assumes a vector, axial-vector, scalar, or
pseudoscalar mediator, which decays into a pair of fermionic DM particles and interacts with
SM particles. More complete models involve a 2HDM-+a model (or two-Higgs-doublet) in which
the pseudoscalar mediator coupling to DM also couples to Higgs boson. ATLAS and CMS have
an extensive search program to search physics beyond standard model after the discovery of
Higgs boson.

ATLAS presents its first measurements [10] for processes where the pseudo-scalar mediator
is produced in association with a single top quark. Several final states are considered,
including either one or two charged leptons (electrons or muons) and a significant amount of
missing transverse momentum. No significant excess is found with respect to Standard Model
predictions. The results are expressed as 95% confidence level limits on the 2HDM-+a signal
models as shown in figure 13.
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Also, a search [11] with an energetic jet and large missing transverse momentum is reported
by ATLAS. Compared to previous publications, in addition to an increase of almost a factor of



ICPPA 2020 IOP Publishing
Journal of Physics: Conference Series 1690(2020) 012169  doi:10.1088/1742-6596/1690/1/012169

four in the data size, the analysis implements several improvements in the signal selection and
the background estimation leading to enhanced sensitivity. Events are required to have at least
one jet with transverse momentum above 150 GeV and no reconstructed leptons (e, por 7) or
photons. Several signal regions are considered with increasing requirements on the missing
transverse momentum starting at 200 GeV. An overall agreement is observed between the
number of events in data and Standard Model predictions. Model-independent 95% confidence
level limits on visible cross sections for new processes are obtained in the range between 861 fb
and 0.3 fb as shown in figure 14.

Another pioneering search [12] is performed by ATLAS for dark matter particles produced in
association with a Dark Higgs boson decaying to VV where V= W+, Z. The s — V(qq)V (qq)
decays are reconstructed with a novel technique using reclustered jets with a cone parameter
R=0.8 based on R=0.4 calorimeter jets and tracking information. The observed data are found
to agree with Standard Model predictions. The results provide exclusions in the previously
uncharted parameter space of the Dark Higgs model for my >160 GeV as shown in figure 15.
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contours in the mz,—m, parameter B(s — VV) for the Dark Higgs model at a 95
plane for the axial-vector mediator C.L., compared to the SM-only expectation.

model.

CMS presents a search [13] for a scalar boson H produced in the Vector Boson Fusion (VBF)
production mode and decaying to an undetected particle and a photon. Such Higgs boson decays
are predicted by several BSM models. In this search, the target final state is qqH(— v7yp), where
the final state quarks (q) arise from the VBF process and «p is a massless dark photon that
couples to the Higgs boson through a charged dark sector. The dark photon escapes the CMS
detector undetected. No significant excess of events above the expectation from the standard
model background is found. The results are used to place limits on the product of the signal cross
section for VBF production and the branching fraction for such decays of the Higgs boson,in
the context of a theoretical model where the undetected particle is a massless dark photon as
shown in figure 16.

5. Unconventional signatures

The existence of long-lived particles and unconventional signatures are features of both standard
model (SM) and beyond standard model (BSM) scenarios and are predicted by many extensions
of the SM, like several SUSY scenarios (e.g. Gauge Mediated Supersymmetry Breaking or
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scenarios with mass-degenerate gauginos) and in models where there is a hidden sector that
couples very weakly to visible sector fields. These new long-lived particles would show up in
several different topologies in detectors: delayed photons, displaced track vertexes, displaced
jets and leptons, disappearing tracks, almost stable charged particles, particles stopped in the
detector, and emerging jets. The LHC detectors were not originally intended to detect particles
that decay further than a few centimeters from the beamline and the original focus for displaced
signature was only on detecting jets containing bottom or charm quarks, which decay a few
hundred micrometers from the beam axis.

CMS has presented results for long-lived particles decaying into jets. The analysis [14]
examines the distinctive topology of displaced tracks and displaced vertices within a dijet
system.To discriminate against SM backgrounds such as QCD, a multivariate discriminant is
constructed based on variables such as: Vertex track multiplicity, Vertex L,, significance, Cluster
RMS and . For the multivariate discriminant , the Gradient Boosted Decision Trees (GBDT)
is utilized and due to insufficient statistics of simulated QCD, data is used for the training and
testing. The signal yields in the final signal region are used to set limits on a variety of models.
The expected and observed 95% CL upper limits on the branching fraction of the SM Higgs
boson to decay to two long-lived scalars, assuming the gluon-gluon fusion SM Higgs production

cross section of 49 pb at 13 TeV with myg=125 GeV, shown in figure 17 at different masses and
ctp for the scalar S.
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lived scalars.

ct, [mm]

Talking of unconventional signatures comes the violation of the assumption that the number
of leptons in each family is conserved in interactions known as Lepton Flavour Violation (LFV).
LFV is not possible in the SM, even though no fundamental principles forbid it. The observation
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of neutrino oscillations, where neutrinos (the neutral leptons) of one flavour transform into that
of another, indicates that LF'V processes do occur in Nature. It reveals that neutrinos have mass,
and this constitutes the first experimental evidence of new phenomena beyond those originally
predicted by the SM. The ATLAS experiment sets a new strong constraint on Lepton Flavour
Violation effects in weak interactions, searching for Z boson decays into a 7-lepton and another
lepton of a different flavour (e or ) with opposite electric charge [15]. Only events with a 7-lepton
that decays hadronically are considered. Neural network classifiers are used in a novel way for
optimal discrimination of signal from backgrounds and improved sensitivity in the measurement
of LFV effects from the data using a binned maximum-likelihood statistical fit. The LHC Run
2 result is combined with a previous LHC Run 1 result to further improve sensitivity. These
results set stringent constraints on LFV Z decays involving 7-leptons, superseding the otherwise
most stringent ones set by the LEP experiments. Using a combination of LHC Run 1 and Run
2 proton-proton collision data, the branching fractions for these decays are now measured by
the ATLAS experiment to be less than 9.5 x 1075 (u7) and 8.1 x 107¢ (e7) at 95% confidence
level as shown in figure 18.

Observed (expected) upper limit on B(Z — £7) [x107%
Experiment, polarisation assumption er pr

ATLAS Run 2, wnpolarised 7 81 (8.1) 9.9 (6.3)

ATLAS Run 2, left-handed 7 8.2 (86) 9.5 (6.7) Figure 18. The expected (median)
ATLAS Run 2, right-handed = 7.8 (7.6) 10 (5.8) ..
and observed upper limits on the

ATLAS Run 1, unpolarised 7 [53] 17 (26)

ATLAS Run 1 and Rum 2, ipolarised 7 9.5 (6.1) : : :
LEP OPAL, unpolarised 7 [10] 9.8 17 Slgnal branChlng fraction at 95%
LEP DELPHI, unpolarised 7 [11] 22 12 CL

6. Conclusion

The outstanding performance of the LHC led to ~ 140fb~! of data accumulated at /s = 13 TeV,
exceeding the expectations. This large amount of data has allowed for a multitude of searches
for beyond Standard Model scenarios involving striking new signatures, like heavy resonances,
new leptons and quarks, long-lived particles, and dark matter. Unfortunately, no significant
excess of events has been observed above standard model expectations and the measurements
are consistent with the Standard Model. While moderate improvements for extremely high mass
searches are expected in future, there are several new approaches, targeting low and intermediate-
mass regions and using novel experimental techniques, which will explore new territories during
next years.
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