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Search for Quark Compositeness in v+jet final states in
proton-proton collisions at /s = 13 TeV with the CMS
Detector at the Large Hadron Collider

ABSTRACT

The main aim of the particle physics is to investigate the fundamental building
blocks of matter and the forces governing them. Within the context of the standard
model of particle physics, quarks and leptons are considered to be fundamental.
Their existence have been verified by a number of experiments and their properties
are extensively studied. In spite of its great success, the standard model is not
considered as a complete theory. There are a number of unexplained phenomena
which predict the existence of some new physics beyond the standard model. The
existence of three nearly identical generations of quarks and leptons strongly suggest
the possibility of an underlying sub-structure. A variety of models, referred to as,
the compositeness models, are theorized which consider the quarks and leptons to be
made up of more fundamental particles, known as “preons”. A convincing signature
of the quarks sub-structure is the observation of their excited states. These excited
quarks are supposed to interact with their standard model counterparts through
gauge interaction for the compositeness scale, A < \/s. Various searches have been
performed in the past to observe excited states but no evidence has been found.

This thesis presents a search for the excited states of light u, d and heavy b
flavor quarks in the v + jet and v + b-jet final states respectively, using the pp
collision data at /s = 13 TeV, collected by the CMS detector in 2016. This data
correspond to a total integrated luminosity of 35.9 fb™'. The excited quark signals,
if exist, will show their presence in the form of bumps over the continuous invariant
mass distribution spectrums of v + jet and 7 + b-jet states respectively. Many
standard model processes can also imitate these final states, thereby, forming
the backgrounds of this study. This analysis has two main backgrounds coming
from SM 7 + jet and QCD dijet processes, with a small contribution from W/Z +
jet processes. The MC samples corresponding to these backgrounds are used to
validate the data as per the standard model expectations. The actual background
of this study has been obtained by using a data driven technique. The excited
quarks signals are generated and simulated using the event generator PYTHIA to
scan a broad mass range.

In the absence of any expected signal, upper limits on the cross-sections or lower
limits on the masses of excited quarks have been set at the 95% confidence level

using the frequentist approach in the asymptotic approximation. A comparison of
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cross-section upper limits has been made with the theoretical predictions of excited
quarks in order to set the lower mass limits on the excited states. The excited light
quarks within the mass range 1.0 < My < 5.5 TeV and excited b-quarks within
the mass range 1.0 < My« < 1.8 TeV are excluded at the 95% confidence level,
corresponding to standard model like coupling strengths. The limits presented in
this thesis are the most sensitive limits for excited quark searches in the v + jet
and 7 + b-jet final states. The search for the excited b-quarks has been presented
for the first time in any final state at \/s = 13 TeV.

The work presented in this thesis has been accepted for publication in Physics
Letters B (Ref. No. PLB-D-17-01732R1).
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CHAPTER

ONE

THEORETICAL PERSPECTIVE

We, humans have always been curious about the physical world around us. Our,
possible, sole existence in this vast universe has fascinated us since time immemorial.
Humanity’s interest in the self-actualization has been universal and enduring. Since
ages, we are driven to explore the unknown to find out the answers to the questions
about our origin. These fascinations and curiosity has given rise to the birth of the
field of particle physics. Particle physics is a branch of physics that tries to answer
the fundamental questions like what the world is made of and how it came into
existence? It allows us to explore the secrets of the universe at the levels unmatched
by any other field. It is perhaps the most esoteric and mystical-sounding scientific
field. It is also termed as “High energy physics” because it requires microscopic
particles to interact at tremendously high energies to observe new and interesting
phenomenon. The theoretical model that defines the properties of fundamental
particles and their interactions is known as “Standard Model” (SM) [1-5]. The
subject of particle physics primarily revolves around the SM and its various possible

extensions, mainly investigating the postulates and assumptions posed by it.

1.1 Evolution Of Particle Physics

The first evidences of an understanding of the world in terms of fundamental
elements date back to ancient Indian philosophy that categorizes the world in

five elements (called Pancha Mahabhootas): earth, fire, air, water and space. An



Indian philosopher, named Kanada who lived around 6th century B.C., is credited
to be the first to develop the atomic theory of matter. He founded a school of
philosophy, named Vaisheshika. Kanada suggested that everything around us can
be subdivided, but the subdivision can not go on forever. There exists smallest
entities, named parmanu, that are eternal and can not be further divided. Also,
the Greek philosophers, Leucippus and his disciple Democritus around 5th century
B.C., speculated that all the matter occupying the universe is essentially made
up of myriads of minuscule particles, called atoms, coming from the Greek word
“atomos”, meaning “indivisible”. Faiths of similar forms are also found to exist in
other civilizations. However, these early theories of atoms were greatly conceived

through abstract, philosophical reasoning without any profound experimental basis.

The concept of atom was then, revisited and embellished by many scientists
and philosophers, like Galileo, Newton, Boyle and Lavoisier during 16" and 17th
centuries. In 1802, John Dalton, through his experiments on atmospheric gases,
modernized the ancient Greek ideas of atoms and led the foundation of the modern
atomic theory of matter [6,7]. The idea of Dalton was further taken forward
by Mendeleev, who developed a periodic table in 1869, by classifying the atoms
with similar properties into groups and predicting various new elements. This
classification led to the idea that the atoms can be made up of simpler building
blocks.

The modern era of particle physics began with the discovery of first sub-atomic
particle in the cathode-ray tube experiment by J. J. Thomson in 1897 (8], when
he observed that the cathode rays bent in the presence of magnetic field. He
demonstrated that these rays are made up of fundamental subatomic particles
called “corpuscles”; later known as “electrons”. Overwhelmed by this discovery,
Thomson proposed a model of atom in 1904, known as the “plum-pudding model” [9],
in which he hypothesized that the atom consists of both positive and negative
charges with positive charges spread uniformly in the form of a spherical cloud and
negative charges embedded in it in the form of electrons. This model was, however,
overturned by Rutherford [10,11], in 1911, when he performed an experiment
of scattering of alpha particles from a thin gold foil. He observed that a very
small fraction of alpha particles scattered through large angles, an observation
impossible to be explained by Thomson’s model. Rutherford, therefore, proposed

that the atom consists of a small positively charged nucleus at the center with



electrons revolving around. Subsequent discovery of proton by Rutherford in 1919
(earlier proposed by Goldstein in 1886) and neutron by J. Chadwick in 1932 [12]

as fundamental ingredients of nucleus, completed the picture of atom.

The inter-atomic phenomenon could not be explained by the laws of classical
physics. Therefore, to understand the characteristics of subatomic world, con-
cepts of “Quantum Mechanics” (QM) were developed by Planck, Einstein, Bohr,
Schrodinger, Heisenberg along with others. Max Planck, in 1900, in an attempt
to explain the nature of black body radiations, proposed the concept of energy
quantization, assuming it a peculiar nature of emission mechanism. Einstein, in
1905 through Photoelectric effect [13], argued that quantization is an essential
feature of electromagnetic (EM) radiation. Though his conception was widely
disagreed until its experimental verification in 1923 by Arthur Compton in the
famous compton effect [14]. The quanta of electromagnetic radiation came to be
known as “photon”, a term coined by Gilbert N. Lewis in 1926. The quantization of
energy is a consequence of wave-particle duality, put forward by Louis De Broglie
in 1924, that laid the foundation of QM. It says that each particle having mass m
and velocity v has an associated wave of wavelength, A = %, h being the Planck’s
constant. Einstein’s proposal of special theory of relativity (1905) [15] explained
the dynamics of particles moving at very high speed. The reconciliation of special
relativity with quantum mechanics resulted into the birth of “Quantum Field
Theory” (QFT) which became a perfect theoretical tool to explain the behaviour

of microscopic particles moving at relativistic speeds.

The first implication of QFT was the relativistic theory of electrons, proposed
by Paul Dirac in late 1920s, commonly known as “Quantum Electrodynamics”
(QED) [16]. Dirac’s theory successfully explained the behaviour of relativistic
electrons but these electrons were found to occupy both positive and negative
energy states. Dirac proposed that these negative energy states correspond to anti-
particles of electrons with same mass and opposite charge. This most anticipated
particle of Dirac, the positron (anti-electron), was discovered two years later, in
1932, by Carl Anderson [17]| and became a spectacular triumph of Dirac’s theory. A
more compelling interpretation of Dirac’s theory was presented by Feynman [18-20],
Schwinger (21, 22| and Tomonaga [23|, in 1948, by acknowledging the negative
energy states of Dirac’s theory as the energy states of a different particle, thereby

placing particle and anti-particle on same ground. They demonstrated that the



electromagnetic processes at the basic level occur by the exchange of photons.
Feynman also introduced the pictorial representations named “Feynman diagrams”,

to visualize the various processes.

The compactness of nucleus (~ fm or 107'%m) puzzled physicists during 1930s
since they could not understand: “How is it possible for so many positively charged
protons to remain in such a close proximity inside the nucleus, in spite of the
electrostatic repulsions?” Evidently, nucleons (protons and neutrons) inside the
nucleus are bound together by a force more stronger than electrostatic repulsive
force, thereby, given the name “strong force”. Since such a force was nowhere
observed, it was considered that this force is of very short range, probably that of
the size of a nucleus. The first serious theoretical background for strong force was
staged by a Japanese physicist Hideki Yukawa in 1934 [24] when he suggested that
the nucleons exhibit strong force through the mechanism of exchange of mediator
particles, called “mesons”. Owing to the short range of strong force, Yukawa
predicted that these mesons would be massive particles having mass ~ 300m., m,
being the electron’s mass. Soon after Yukawa’s prediction, in 1937, Anderson and
Neddermeyer while performing cosmic ray experiments, discovered a particle with
a mass of around 200m, and acknowledged it as the Yukawa’s meson [25]. Further
studies showed that this particle does not participate in strong interaction and
behaves as a heavier version of electron, later named as “muon” (u). The true
Yukawa’s mesons were discovered, in 1947, in cosmic ray studies by Cecil Powell

et. al. [26] and given the name “pions” (7s).

Around the same time in 1930s, there was one more puzzle making rounds in
high energy physics community. It was the continuous electron energy spectrum
obtained in nuclear § decay (first observed in 1914). The 3 decay process was noted
to be a two-body decay in which a nucleus transformed into a lighter one while
emitting an electron. Using the laws of conservation of energy and momentum,
the energy of decay products could be computed and the electron was expected
to acquire a discrete energy value, in contrast to the observation. This apparent
perversities of 5 decay even threatened scientists of that time with the abandonment
of law of energy conservation. A solution was sought by Wolfgang Pauli in 1930 who
proposed that the 3 decay process might be a three-body decay and the outgoing
electron is accompanied by an “invisible” elementary particle having vanishingly

small mass and no charge. This particle was later named as “neutrino” by Enrico



Fermi in 1932. The experimental observation of neutrino was achieved quite late,
in 1956, by Cowan and Reines in Savannah river nuclear reactor [27]. They looked
for the inverse beta decay process: 7 + p - n + e*. Detection of outgoing neutrons
and positrons was a signature for existence of anti-neutrinos (then considered as
neutrinos). Attempts were made to understand the nature of 5 decay process as it
could not be explained by either the strong or EM interactions. Fermi came up
with a theory of § decay in 1934 [28|, in which he introduced a new interaction,
now known as weak interaction, responsible for this decay. The theory posits
interaction of four fermions directly at one point, known as the contact interaction.
He also explained that the underlying process occurring in all 5~ decays is n — p

+ e+ .

The elementary particle’s world seemed quite simple until late 1940s. The
situation changed soon with the discovery of a lot new unconventional particles
in the cosmic ray studies. During the end of 1947, Rochester and Butler found
evidence for a new particle named kaon (K*) [29], soon followed by the discovery
of more particles which includes A° [30], X* [31,32], =~ [33] etc. by other groups.
A picture depicting the timeline of various particle discoveries presented in Fig. 1.1
clearly shows the enormousity of particles discovered in fifties and sixties. These
particles were termed as “strange particles” due to their strange features like long
lifetime, production in pairs etc. In order to account for the quirkiness of these
particles, Gell-Mann and Nishijima in 1953 proposed a new quantum number called
“strangeness” for these particles. This quantum number was conserved in strong
interactions but violated in weak interactions. Advent of particle accelerators
during this time resulted into the appearance of many more strange and non-
strange particles in the laboratory. These particles were classified based on their
properties into different groups: leptons (e~ v, etc.), mesons (7's, K’s etc.) and
baryons (p, n, A etc.). Gell-Mann and Ne’eman introduced the “Eightfold way” in
1961, that arranged the hadrons (mesons and baryons) having same spin-parity
(JP) but different charge (Q)) and strangeness (S) into octets and decuplets. This
classification was regarded as “periodic table” of particle physics and it led to the
prediction of a new particle {2~ having strangeness -3. This particle was discovered
later on in 1964 at Brookhaven National Laboratory (BNL) [34] and thereby,

became an experimental proof of the authenticity of eightfold patterns.

The astonishing patterns observed in eightfold classification were signalling
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Figure 1.1: A timeline of particle discoveries.

towards something striking. The explanation arrived in the form of “Quark Model”,
proposed independently by Gell-Mann [35] and Zweig [36] in 1964. They postulated
that hadrons are not elementary but composed of fundamental entities, called
“quarks”. These quarks are present in three flavours: d (down), u (up) and s
(strange). Each baryon is made up of three quarks while each meson is made up
of a quark and an anti-quark. Every member of the eightfold supermultiplets
got a quark substructure, however, the states like A** (vuu), A~ (ddd) and (2~
(sss) were appeared to violate the Pauli’s exclusion principle. A way out was
proposed by O. W. Greenberg in the same year by suggesting that each flavour
quark further consists of three different color states (red, green and blue), known
as color quantum number. Quarks of different colors combined together in forming
the hadrons and all the particles observed in nature are colorless. This color
hypothesis, though did not have any experimental proof, was able to describe
the various aspects. Indirect searches which includes scattering of electrons with
nuclear targets known as “deep inelastic scattering” [37] (similar to Rutherford’s
scattering of atom) were performed in 1967 at SLAC and the first ever evidence
of existence of proton substructure was observed. The Yukawa’s meson theory

was not applicable for the strong force between quarks, so a new theory of strong



force, known as “Quantum Chromodynamics” (QCD) was developed in 1973 by
H. Fritzsch and H. Leutwyler, along with Gell-Mann [38]. They proposed a gauge
theory with SU(3) gauge group that predicted the existence of strong force carriers
among quarks, termed as “gluons”. The first evidence of gluons was obtained at
PETRA in 1979 in three-jet events [39).

The elementary matter particles known at this stage were: four leptons (e,
Ve, i, v,) and three quarks (u, d, s). The existence of a fourth quark, named as
“charm” (c¢) quark, was predicted by Bjorken and Glashow around 1964 [40], in order
to maintain a symmetry between number of quarks and leptons. In 1970, more
technical aspects were provided for the existence of the charm quark by Glashow,
Iliopoulos, and Maiani through GIM mechanism [41]. The first evidence of charm
quark were obtained in 1974 in the form of c¢ (J /1) bound state simultaneously
by C. C. Ting’s group at BNL [42] and B. Richter’s group at SLAC [43]. The
discovery of J/v is known as November Revolution in the history. The Glashow’s
symmetry that was restored by the discovery of charm quark was soon broken in
1975 with the observation of a new lepton, known as “tau” (1) lepton, by M. Perl
et. al. at SLAC [44]. This naturally led scientists to expect for a new family of
quarks. Two years later, in 1977, a new heavy meson Upsilon (77) was discovered
by L. Lederman et. al. at Fermilab [45] and was immediately recognized as the
bound state of fifth quark, named as bottom/beauty (b) quark. After the bottom
quark discovery, the search of its partner, named as truth/top (¢) quark was very
much anticipated. However, it took a really long time of 18 years to be finally
discovered in 1995 at Tevatron’s CDF [46] and DO [47] detectors at fermilab.

The discovery of the strange particle K+ was a startling one. On its first
observation in 1947, it appeared to decay in two different final states, initially
thought as two different particles: 7+ (decaying into three 7’s) and 6* (decaying
into two 7’s). The difference in masses and lifetimes of 7 and # were observed to
be within experimental errors, but they had different parities [48]. Since parity
was considered a universal symmetry then, it led to the famous 7-6 puzzle which
was solved by the observation of parity violation in weak interactions by C. S. Wu
and collaborators in 1957 [49]. The experimental verification of parity violation
led to the reformulation of Fermi’s theory of § decay in terms of Gamov-Teller
transitions. Also, since Fermi’s theory was only effective at low energies and

found to violate unitarity at high energies, an attempt was made to devise the



theory in terms of intermediate vector particles acting as mediators. The first
step was a proposal from C. N. Yang and R. Mills who in 1954, developed the
theory in terms of massless vector particles [50]. But weak interactions required
its mediators to be massive, any attempt made to incorporate masses led to the
breaking of local gauge symmetry, thereby making the theory inconsistent. A
complete description of weak interactions was provided by S. Glashow [1], A.
Salam [2] and S. Weinberg [3] in terms of electroweak unification, by considering
SU(2) x U(1) gauge group, having three weak gauge bosons denoted by W#* and Z.
They invoked the Higgs mechanism proposed by Higgs [51-53|, Englert & Brout [54],
Guralnik, Kibble, & Hagen [55] in 1964, that provided masses to gauge bosons by
spontaneous symmetry breaking of local gauge symmetries. The Higgs mechanism
also predicted the existence of a new particle named Higgs boson, the mediator of
Higgs field. The experimental verification of electroweak unification first arrived
with the discovery of neutral currents by Gargamelle collaboration in 1973 [56]
while performing neutrino scattering experiments, followed by the discovery of
weak bosons, W#* [57,58] and Z [59-61] in pp collisions at SPS; CERN by UA1 and
UA2 collaborations in 1983. The much awaited Higgs boson was finally discovered
in 2012 by ATLAS [62] and CMS [63] collaborations at CERN, thereby, verifying
the source of mass generation of universal particles. Both the collaborations has
extensively studied the properties of this newly found boson [64,65] and measured

the mass to be mpy ~ 125 GeV/c? within experimental errors.

The SM of particle physics that incorporates six leptons (e, ve, p, vy, 7, v7),
six quarks (u, d, s, ¢, b, t) and three fundamental interactions (strong, EM, and
weak) alongwith their carriers, was developed in 1960s & 1970s. At present, all the
particles hypothesized by SM have been found and are well within the predictions.

1.2 Standard Model

The “Standard Model” is the theoretical model of particle physics that encap-
sulates the fundamental particles and their interactions to provide an ontological
basis to describe the organization of all matter forms except the ones related to
gravity. The fundamental particles are classified into two categories: the matter
particles, known as “fermions”, and the mediators of interactions, known as “bosons”.
In total, SM consists of 17 fundamentals including 12 fermions and 5 bosons. This

model, over the years, has been found to be immensely successful in all of its



experimental testings.

1.2.1 Matter particles

All the universal matter is made up of fermions, one set of fundamental particles.
These fermions carry spin—% and can be further classified into leptons and quarks;
each group consisting of six particles related in pairs, thereby forming three

generations.

The three quark generation involves: the up (u) and down (d) quarks, forming
1%t generation, followed by the strange (s) and charm (¢) quarks as 2"? generation
and the top (¢) and bottom (b) quarks as 3" generation. These quarks carry
fractional charges of +§e and —%e, e being the electronic charge, and exhibit
electromagnetic, strong as well as weak forces. Quarks also carry color charge, a

property which does not allow them to exist freely in nature.

The three generation of leptons are: electron (e) and electron neutrino (v,),
muon (x) and muon neutrino (v,), and tau (7) and tau neutrino (v;). Each
lepton (e, u, T) carry one unit of negative charge while corresponding neutrinos are
chargeless. SM predicts the neutrinos to be massless, however, recent discoveries
of neutrino oscillations [66-71] assure that they have small non-zero mass. The
leptons take part in electromagnetic and weak interactions while neutrinos involve
in weak interactions only. The three generations of quarks and leptons along with

their crucial properties [72] are summarized in Table 1.1.

Leptons Quarks
Flavor Charge Mass (MeV/C?) Flavor Charge Mass (MeV/C?)

15t Generation

e -1 0.511 u +% ~2.2

Ve 0 <22x10°6 d ) ~4.7
27d Generation

W -1 105.7 c +% ~1.27 x 103

v, 0 <0.17 s = ~ 96
3r¢ Generation

T -1 1776.9 t +% ~173.21 x 103

vy 0 <18.2 b L) ~4.18 x 103

Table 1.1: Standard model fundamental fermion’s three generations.

For each particle listed in table above, corresponding anti-particle having same

mass and spin but opposite charge exists.



1.2.2 Forces and messenger particles

All universal phenomena exhibit and experience four different kind of forces:
strong, weak, electromagnetic and gravitational. The gravity and electromagnetic
interaction are the only two forces that can be experienced in day-to-day life.
Strong and weak forces are applicable at sub-nuclear level only. Standard model
describes each force, except gravity, in the form of a physical theory, known as
the Quantum Field Theory (QFT). These theories are based on the analogy of
exchange forces via mediators, the spin-1 bosons; another set of fundamental
particles. These mediators for electromagnetic interaction are “photons” whereas
for strong force are “gluons” and for weak force are “intermediate vector bosons”
W+ and Z. These forces operate between particles due to different charges: EM
— electric charge, Strong — color charge, Weak — flavor charge. The Table 1.2

summarize the important properties |72] of all the forces.

Force Mediator Charge Mass Range Rel. Long distance
(GeV/C?)  (m)  Strength behavior
Strong Gluons (g) 0 0 10-1 1 ~T
Electromagnetic ~ Photon () 0 0 00 37 1/p2
Weak W= +1 80.38 1018 1072 Lpe=mr
A 0 91.18
Gravity Graviton (G) 0 0 00 10738 1/p2

Table 1.2: Important properties of fundamental forces of universe.

The electromagnetic interaction is the unification of electric and magnetic
forces, first formulated in 1864 by Maxwell. The QFT of electromagnetic forces
is known as Quantum Electrodynamics (QED) [18,19,21-23,73, 74|, perfected by
Feynman, Tomonaga, and Schwinger in the 1940s. EM interactions are of infinite
range, thereby requiring its mediator (photon) to be massless. The magnitude of
this interaction is defined by means of a coupling constant, a(Q?) = W
where 1 is the typical scale of renormalization. The interaction strength?ncrea%es

with the increase of interaction energy and decrease of interaction length.

The weak force is answerable for existence of life on earth owing to its radioactive
decays. It is actually the only force responsible for decay of particles. It is also
called Quantum Flavourdynamics (QFD) because of its capability of changing
the flavour of quarks. The first ever theory of weak forces was represented by

Fermi in 1934; later refined by Feynman and Gell-mann and finally, presented in
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its current scheme by Glashow, Weinberg, and Salam, in 1960s [1-3|, in the form
of Electroweak theory. This theory envision the unification of electromagnetic and
weak forces at some higher energy regime, thereby, predicting the existence of
massive weak bosons, W#* and Z. The mechanism that is responsible for providing
mass to weak bosons is known as Higgs mechanism that also predict the existence
of one more fundamental boson called Higgs boson. The magnitude of weak forces

is found to depend on the coupling strength of weak bosons as well as their masses.

The strong force is the mechanism responsible for the binding of quarks inside
protons and neutrons, thereby, ensuring the stability of nucleus. Most of the mass
of a proton (or neutron) arises from the field energy provided by the strong force,
the contribution of quark mass is almost negligible in total proton’s mass. The
field theory of strong force is known as Quantum Chromodynamics (QCD) that
explains the interaction mechanism of strong force in the form of exchange of
massless gluons. The gluons interact with quarks as well as other gluons by means
of a charge known as color charge. Color charge is analogous to electric charge but
it comes in three different types. The behaviour of partons! within the nucleons
are determined by the properties of asymptotic freedom and confinement. The

coupling constant [75] determining the QCD interaction strength is given by,

127
(11c—2n¢) In (Cj—j)

where () is the momentum transferred, c is the total number of quark colors (i.e.
3), ny is the total number of quark flavors (i.e. 6), A is the chromodynamics scale,

which is given by:

2 9 -127
A= [(11c—2nf)a5(u2)] (1.2)

where p is the renormalization scale. For Q> - oo and hence distance — 0,
as(Q?) - 0, which means that at high energies with large momentum transfers in
the interactions (Q? > A2), the coupling strength between the partons decreases,
thereby making the quarks and gluons to behave as free particles inside the nucleus.
This property of quarks is referred to as “asymptotic freedom” [76-78|. For low
(Q?, partons form hadronic bound states and can not be observed in isolated form.

This attribute is referred to as “quark confinement”.

!Together quarks and gluons are referred to as partons
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1.2.3 SM as a gauge theory

The standard model has been established on the notion of “symmetry”. As per
the statement of the Noether’s theorm: the continuous symmetries of a system
are associated with conservation laws. For example, invariance of the laws of
physics under space and time transformations, refer to as the symmetries of
nature, leads to the conservation of momentum and energy. These symmetry
transformations of a system can be easily modelled in the form of mathematical
group representations, like the rotational symmetry of a system in n-dimension

form the group representation for the special orthogonal group SO(n).

A symmetry can be labelled as a global or local symmetry depending upon
whether the transformation is same or different for each space-time point. A
physical theory of a system constructed by requiring local symmetries is known
as “gauge theory”, while the corresponding symmetry transformations are called
“gauge transformations”. The corresponding associated group representation is
known as “gauge group”. The gauge theory is called non-abelian if the underlying
gauge group is non-commutative. In SM, a physical system is described in terms
of a Lagrangian which is then required to remain invariant under a local gauge
transformation. This requirement leads to the appearance of additional fields
(known as “gauge fields”) in the Lagrangian that couples with the particles of the
system, thereby generating the fundamental interactions. The number of gauge
fields in a gauge theory is determined by the dimension of the gauge group and

the quanta of these gauge fields are known as the “gauge bosons”.

The standard model portray the three fundamental forces in the form of
gauge theories and unifies them as a non-abelian gauge theory under SU(3)o10r
® SU(2) f1avor ® U(1)charge gauge group. A more detailed description of this

formalism is outlined as:

1.2.3.1 Quantum electrodynamics

Quantum electrodynamics is the abelian gauge theory of electromagnetic in-
teractions characterized by the symmetry group U(1). The dynamics of a free

particle of spin—% can be represented in terms of Dirac Lagrangian,

Ly =¥ (x)(ir"0, - m)¥(x) (1.3)
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where ¥(x) is the Dirac field and 4* are the 4 x 4 Dirac matrices. We define a

symmetry operation of the global phase transformations:
U(x) »W'(z)=e¥(x) ; U(z) - W'(z) = eV (z) (1.4)

where phase « is independent of the spacetime variation. The Lagrangian remains
invariant under this transformation, AL = 0. As per the statement of Noether’s

theorm, this invariance corresponds to a current j#, known as Noether’s current,

defined by,

oL

g _ oc WAk .
J 8(%@)&[/ Uy, (1.5)

which remains conserved, that is, d,j# = 0. Now, if the phase is made to vary

locally as a function of spacetime points, such that

U(x) - V' (x) = @v(z) U(z) » W' (z) = e @Y (g) (1.6)
then under this symmetry operation, the Lagrangian transforms as:

Ly~ L), = Ly — V" P0,a(x) (1.7)

which is no longer invariant. In in attempt to achieve invariance, we introduce a

covariant derivative D, and a new gauge field A, such as
1
0, D,=0,-ieA, ; Ay = A=A+ =0,a(x) (1.8)
e
Under this transformation, the Lagrangian changed as

Ly — L, =W'(iv" D, —m)¥’
= We @ (j41(9, - ieA},) - m)e @)y

@e_ia(x)(iVMau +eyt (A, + 18MO‘(x)) - m)e' @y (1.9)
(&

= @(@'7“8# -m)¥ + e@’y“A“![/
=Ly + Wy AW

which is invariant under the local gauge transformation defined in Eq. 1.6.

Demanding local gauge invariance under the gauge group U(1) has resulted
into the introduction of gauge field A, which is none other than the required

electromagnetic field, also called the photon field, and it couples with Dirac
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particles (e7s) through the term e@vf‘AMW. Since A, is a physical field, we must

introduce a gauge invariant kinetic energy term for this, given by

1
Lrxp = _ZFW/FMV (1.10)
where F,, = 0,A, - 0,A,, known as the electromagnetic strength tensor. Adding
this term, the complete gauge invariant Lagrangian for electromagnetic interactions
can be written as:
ﬁtotal = ﬁfree + £int + LKE

_ _ ) (1.11)
Liotar = V(i7" 0, —m)¥ + eWy" AW — ZFWFW

If a mass term, like m2A,A#, is considered for field A, it will again spoil
the gauge invariance. So this term is prohibited in the QED Lagrangian and
corresponding gauge particle, the photon, remain massless. The interaction term
in the Lagrangian, e@yﬂAMu’/ can also be written as —j#A, where j* — —eWHY,
known as the current density, —e being the electric charge. The current density j#

is a conserved quantity of electromagnetic interactions.
1.2.3.2 Electroweak

The electroweak theory is a unified theory of electromagnetic and weak interac-
tions. This theory came into existence in an attempt to derive a self-consistent
invariant gauge theory for weak interactions, analogous to QED. The weak interac-
tions were first proposed by Fermi in 1934 as an explanation of S-decay. He came

up with the following interaction Lagrangian for S-decay process:
Ly = GF(EP’V#Wn)(@e’V“WV) (1’12)

where G is the Fermi coupling constant and ¥, ¥,,, ¥,, ¥, are the particle fields.
In his proposal, Fermi considered the interaction of four fermions at one point,
known as contact interaction. The most remarkable difference in Fermi Lagrangian

was the presence of charged currents, contrary to neutral current of QED.

The observation of parity violation in weak interactions emphasized that weak
interactions involve only left-handed fermions and right-handed anti-fermions (ob-

served experimentally in 1958 by Goldhaber et. al. [79]) and led to the introduction
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of axial-vector terms in the Fermi Lagrangian,

Gr — _
Lo =—=@7u(1 - ga75)0) Ty (1= 75) %) (1.13)
V2
where g4 = |g—€|, Gy and G4 being the constants for vector and axial-vector

couplings respectively. However, this V' — A theory was still incomplete in the sense

that it could not be renormalized and violated unitarity at high energies.

Later on, in 1960s, it was observed independently by Glashow, Salam and
Weinberg [1-3] that a gauge-invariant theory for the weak interactions can be
constructed if electromagnetic interactions are also included under the gauge group
SU(2); xU(1)y. The group SU(2),, where L refers to left-handed, forms the
gauge group of weak interactions and considers the doublet of left-handed lepton (or
an up-type quark) and lepton neutrino (or a down-type quark) as its fundamental
representation under the weak isospin, 1" = %, which remains conserved under this
group transformation. The group U(1), form the gauge group under the weak
hypercharge, Y. The weak isospin’s 3"¢ component, T35 and weak hypercharge, Y
are related to the electric charge, () by the Gell-Mann-Nishijima relation [80-82]:
Q="T3+ % The Table 1.3 summarize the electroweak singlets and doublets and

the various quantum numbers associated with them.

Fermions: Singlets & Doublets Q T T Y

(2) (%) (=) o & %o

(), (), G 3k %

€ER HUR TR -1 0 0 -2
Up Cr tr /3 0 0 /3
dR SR bR —1/3 0 0 —2/3

Table 1.3: Assignment of the various quantum numbers including 75 and Y to the
electroweak singlet and doublet fundamental fermions.

If we consider only the first generation quarks and leptons, then

Vo- U
U z( ) or ( J ) i Yr=eg, ur, dg (1.14)
-
L L

form the left-handed and right-handed particle fields. The free particle Lagrangian
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for these fields can be written as,

Lpree = V("0 = m)¥y + W (i7", — m)¥r (1.15)
which remains invariant under the following global gauge transformations:

Uy > Uy =TT W W = Py (1.16)

where T, and Y are the generators of SU(2) and U(1) transformations with T,
= 0,4/2, 0, are the Pauli spin matrices? for a = 1,2,3. However, the invariance of
Lagrangian is carried away when the phases a and § are made to vary as a function
of spacetime points. In order to restore the invariance, the following covariant

derivatives and fields are introduced:

Op = Dy =0, —igl,W, - ig’%BM for SU(2) doublets

v (1.17)
0,—>D,=0,- ig’EBM for U(1) singlets
where the fields W, and B, varies as
1 1
W, - W, = W#+§8ﬂa(a:)—a(x) xW, B,— B, = Bu+?au5(x) (1.18)

Under these covariant transformations, the Lagrangian achieve invariance as:

— Y — —
Efree g E}ree = Efermz'on = Efree + gleryuTaW;WL + g,EBM(WL/yMWL + L-DR'YMWR)
_ — Y
= Lfree + gL T WV, + g'LPv“EBHLT/
= @L(i’}/’uDM - m)lPL + @R(i’}/uDu - m)WR
(1.19)

where T,Wg = % Wi = %(alwg +0oW2 +03W2). Replacing the Pauli matrices

with the matrix form, and using W# = (W} * zWi)/\/ﬁ,

1(W,§ W;-@Wﬁ)_l(Wj ﬂw,;)

T,We == - (1.20)
n . _
Wh+iw? -w3 2\ vew, -w3

2

Thus, the invariance under local gauge transformations led to the introduction

of four gauge bosons into the theory: a positively charged W#*, a negatively

2Pauli matrices are a set of three 2 x 2 hermitian and unitary complex matrices, given as:
0 1 0 — 1 0
27l 1 o) 27 i oo )70 1 )
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charged W+~ and two neutrals W#3, and B* where W,’s interacts with only the
left-handed fermions while B,, interacts with both left and right handed. The
kinetic energy terms for the gauge fields can be written as,

1 1
Lkp. = —ZWW“WﬁV - ZBWBW where,

Wi, =0,W3 -0,W; - geachL’Wf ., €ape 1s totally anti-symmetric tensor
B,, =0,B, -0,B,

(1.21)

The corresponding weak current densities that will remain conserved under SU(2)

x U(1) are represented as:
jg = —g@L%TJ/L : jZL/ = —g’@fquLP (1.22)

Using the general form of electromagnetic current, j&™ = —e@'y“Q!P, where (@ is the

charge operator for EM interactions, and Gell-Mann-Nishijima relation, ¢ = T5 + %,

Y
i

2

-3

jom b (1.23)

Thus, the electromagnetic current is a combination of weak isospin and weak
hypercharge current. Likewise, the two neutral physical gauge fields, Z# and A*

are the orthogonal combinations of gauge fields W#3 and B* with a mixing angle

9W>
T
ey
7
W;%’\
M =WH cosby — B*sinf // \ |9
v Y (124 - ®\0u

A* = WH3sin @y + B* cos Oy A8, |
g

Figure 1.2: W#3-B# plane
obtained by considering a plane in W32 - B, with W? along x-axis and B, along

y-axis. The relation among 6y, g and ¢’ is obtained as

/
g sin GW = g

. = 1.25
/92 + g/2 92 + g/2 ( )

Also, using Eq. 1.23, the following relation between e, g and ¢’ holds,

cos Oy =

e = gsinfy = g’ cos Oy (1.26)
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Thus, the gauge invariance has been restored, but no required mass term
appears for the gauge bosons. Any mass term like m?W#W, will break the gauge
invariance. This hints towards an underlying mechanism, which provide the masses
to gauge bosons alongwith keeping the theory renormalizable and gauge invariant.

This mechanism is known as Higgs mechanism [51-55].

Higgs mechanism: The higgs mechanism to endow the gauge bosons with mass

has been developed on the idea of “spontaneous symmetry breaking” [83] which
considers the breaking of a symmetry of a physical system such that the underlying
laws remains invariant under the symmetry transformation, but the physical
system itself changes. It is a spontaneous action that changes the system from a

symmetrical state to an asymmetrical state.

To realize this, a complex scalar field Lagrangian, gauge invariant under SU(2)
x U(1) has been introduced into the electroweak theory using the same covariant
derivative defined in Eq. 1.17.

Lo = (D,®) D' — 201D - \(D1d)” (1.27)

where @ is a SU(2) x U(1) multiplet of complex scalar fields having weak isospin,
T = 1/2 and weak hypercharge, Y = 1:

@=(¢+)=i(¢l+z¢2) (1.28)
¢° V2 \ o3 +idy

The potential term of the Lagrangian, V (&) = p2&t®+ \($1¢) has two parameters,
u? and A, that decide its nature. The four particle coupling A\ specifies the self
interactions among the ¢ fields and is always positive. We have two choices for
u?: p? >0 and p? < 0. For positive p2, V(@) has a minimum at ¢ = 0 and the
Lagrangian describes the QED interaction among scalar particles, but for negative
12, the potential behaves differently with ground state exhibited by, ®1® = ;—’f\z

2

= %, in a multi-dimensional regime. The corresponding potential for real scalar

fields before and after symmetry breaking is presented in Fig. 1.3.

Choosing one particular minimum will break the symmetry spontaneously. We

choose a ground state where ¢3 = v, ¢1 = P = ¢4 = 0 so that

(o)
@:ﬁ(v)’ with v = (1.29)

Sl=
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u>0,A>0 W' <0, A>0

s c
- -
-V i
[ 0

Figure 1.3: A potential with real scalar field V(¢) = p2¢? + A¢* before and after
spontaneous symmetry breaking.

This particular choice will break both SU(2);, and U(1)y gauge symmetries but
maintain the U(1).,, gauge symmetry. Thus the vacuum state remain invariant
under U(1).,, and photon does not acquire any mass. We perturb this field by
considering small quantum fluctuations h(x), hy(x), he(z) and hy(x) corresponding

to ¢3, @1, P2 and ¢4 fields respectively, such that

hi(z) +iha () )
v+ h(x) +ihy(x)

@(@:%(

Substituting this value of @ in the Lagrangian and using the relations defined in
Eqgs. 1.24, 1.25 and 1.26 results into,

(1.30)

1 2 1 o 2 sy, L2, 2 272 5 ARt Mt
EQSZ 5(8ﬂh’) +Zg (/U+h) (W'LL W_)‘f‘g(g +q )(/U‘Fh) Z’uZM—)\U h*=A\vh _T+T

(1.31)

This Lagrangian consists of gauge invariant massive higgs field h with mass, m; =
V2X\v?, along with the mass terms for weak gauge bosons W and Z,,. Tt can be

seen that there is no mass term for photon field A,,.

1 1
MWﬂ: = §g’U, MZ: E’U\/ 92+gl2; ]\IA:0 (132)

Thus, the spontaneous breaking of gauge symmetry has resulted into the generation
of masses of weak gauge bosons. The other terms of the Lagrangian represents the
interaction terms of the higgs field with gauge bosons. The same higgs field also

provide the masses to fermions through Yukawa coupling defined by,
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£Yuk:awa = _ylid)eR - yuQ(_iU2)¢*uR - yd@¢dR +h.c. (133)

with ;.4 being Yukawa coupling constants and ug, dg (eg) being the left-handed
doublet and right-handed singlet quark (lepton) fields. Now again we break the
symmetry and perturb the system around the minima to obtain a value for field @

defined in Eq. 1.30. Using it in the Lagrangian gives,

1 - 1
Ly ukawa = ——=yilp (v + h)lg = —=y,qr.(v + h)qg, 1.34
Yuk ﬂyl L( ) R ﬂquL( )C.IR ( )

where [, rp and ¢ r denote the lepton and quark fields. We see that a mass term
for fermions appears in this lagrangian given by, m; = %yfv, showing that the
coupling strength y; of fermions with higgs field is proportional to the mass of

fermion.

Thus, the full electroweak Lagrangian is a sum of four terms,

‘CEWK = *Cfermion +Lgp + L+ ‘CYukawa (135)

1.2.3.3 Quantum chromodynamics

The theory of strong force, known as Quantum chromodynamics, has also been
developed on the steps of QED. Since quarks come in three colors, in contrast
to the single charge of QED photon, the gauge group considered is SU(3), an
extension of U(1) gauge group in 3-dimension. It is a non-abelian gauge theory
with quark’s color fields forming the fundamental representation. The Lagrangian
for free quark fields can be written as,

L, = Z q,;(x)(iv" 0, — m)q;() (1.36)

§=1,2,3

This Lagrangian is conserved under the global phase transformation with the
conserved currents, j = ¥ ;1 53 979,;7"1.q;, known as color charge densities. Con-

sidering the invariance of Lagrangian under the local gauge transformations,
qj(x) = q;(x) = em“(gﬁ)Taqj () (1.37)

where T,, a = 1,2,...,8 are the generators of SU(3) transformations with [T}, T}]

= i fapele, fape are anti-symmetric real structure constants. To make Lagrangian
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invariant under this local phase, we introduce the following covariant derivatives

and fields,
1
D, =0, +igT,G}, G - Gy - Eﬁuaa(x) = favearr ()G, (1.38)

where last term of G, signifies the non-abelian nature of the theory. Substituting

0, = D,, in the Lagrangian,

Lo~ L, =Ly~ Z 93;7" TG4 (1.39)

J=1,2,3

Also, considering the kinetic energy term for the gauge fields, G, we can write the

complete QCD Lagrangian as,

2l ) T~ a 1 a rva
L= 12; 3%(5'3)(17"% - m)g;(v) - 94,7 T Glig; - 3G, G (1.40)
J=12,
where,
GZV = 6MG3 - aVGZ - gfachZGf/ (141)

Thus, we can see that the invariance of Lagrangian under local gauge has
resulted into the appearance of interaction fields into the theory with the mediators

of interaction, gluons, remaining massless.

1.2.4 Challenges faced by SM: unknown mysteries

The standard model is acknowledged to be the most successful theoretical model
till today. Over the years, it has been built up owing to the lively conversations
between theoretical predictions and experimental proofs. Even after being able to
describe so many natural phenomena, this model is not considered perfect. The
reason being several existing questions that standard model can not adequately
explain. Some of these include:

e Gravity: Standard model does not include gravity and provides no explana-

tion for it.

e Three generations: No particular justification has been given in SM as to
why only three particle generations exist and why there is so much variation

in masses of particles from different generations.

e Neutrino mass: In SM, neutrinos are regarded as massless. However, there

are many experimental results [66,67,69,70] which prove that neutrinos have
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small tiny non-zero mass.

e Matter-Antimatter asymmetry: The imbalance of matter and anti-
matter within the observable universe, also referred to as baryon asymmetry,
has been one of the greatest mysteries of particle physics for which standard

model has no answer.

e Dark energy and dark matter: It has been observed in various cosmo-
logical observations that the visible matter accounts for only 5% of the total
energy-mass content of the universe. The SM gives no explanation for the
rest of about 25% of the non-luminous dark matter and about 70% of dark

energy.

e Short range of strong force: Usually, the range of a force is inversely
proportional to the mass of its mediator. But this is not true for strong force.
Its mediators, gluons are massless, still, this force is of limited range. No

explanation for this is provided in SM.

So the picture depicted by SM is not perfect, it has been, therefore, regarded as
a piece of a bigger picture that will be explained by some beyond the standard

model theories.

1.3 Beyond The Standard Model

Many theoretical models have been developed to overcome the deficiencies
observed in standard model. These models are collectively known as “Beyond the
Standard Model” (BSM) theories. The most famous among these are String theory,

Supersymmetry, Technicolor, compositeness etc.

1.3.1 Model of excited quarks

The study represented in this thesis is based on a model that considers the
excited state of quarks (q*) and leptons (1*), also known as compositeness models [84—
87|. The prime motivation for these models are the presence of three quark and
lepton generations with similar properties. This replication points toward some
underlying structure identical in all the families. The most implicit signature of this
sub-structure is the observation of a fermion (quark or lepton) in the excited state.
The analogy with excited states has been made on the basis of a very basic physics

phenomena. We know that a composite system, e.g. a hydrogen atom, consists of
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various energy levels arising due to the interactions among its constituents. Thus,
the observation of a system in excited state is the confirmation of its composite
structure. The excited state of fermions is assumed as a resonance state which

then eventually decay into SM particles.

The fundamental particles that quarks and leptons are considered to be com-
posed of, are known as “preons”. These preons are postulated to experience a
new kind of force that becomes very strong at a particular scale A, known as the
compositeness scale, forming quarks and leptons bound states. Excited quarks and
leptons can interact with their ordinary counterparts through contact interactions
for A >> /3 and through gauge mediation for A < /s where /3 is the center
of mass energy. The model used in this study assumes compositeness scale A <
V/§ and mass scale of excited quarks My = A, gauge interactions dominate over
contact interactions in this regime. The excited quark model used in this study [87]
considers a SU(3) x SU(2) x U(1) symmetry with ground state quarks in the
form of left-handed doublets and right-handed singlets while the excited quarks in
the form of left- and right-handed doublets.

u u* u*
Ground state: ( g ) , UR, dg Excited state: ( & ) : ( & ) (1.42)
L L R

The excited quarks interact with gauge bosons via vectorlike coupling defined by

the Lagrangian:

- e b Y .
Lgauge = 7" [QSEGZ + QEW,IZ +g EBu] q (1.43)

where g5, g, and g’ are the coupling constants for strong and electroweak interactions;
G, Wy, and B, denote the gauge fields corresponding to SU(3), SU(2), and U(1)
gauge groups. The excited quarks attain spin and isospin value of % and weak
hypercharge Y value of % under this model. The gauge interaction mediated
between ordinary and excited quarks by gauge bosons is obtained through the
requirement of gauge invariance and is of magnetic-moment type, defined by the
effective Lagrangian:

1 1Y A? a 7 b / /Y
Eint = QQRU gsfs?G;w + ngW/u/ + 49 f EB;U/ qr +h.C., (144)

Here GY,, W,,, and B, are corresponding field-strength tensors while \,, 7,

Y are the corresponding generators for SU(3), SU(2), and U(1) fields. The
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constants f,, f, f’ determine the strength of a coupling and are evaluated using
the compositeness dynamics, these are considered to be equal to unity to allow for

the standard model like coupling strengths.

A composite quark can acquire an excited state by the absorption of a gluon
and will radiate a photon, gluon or weak boson on returning to the ground state.
The branching fractions of excited quark decays into various final states is given in

the Table 1.4 below.

Decay Channel BR
q" —qg ~ 83%
qr —qy ~ 2%
q* »qZ° ~ 5%
q* —»qW- ~ 10%

Table 1.4: Approximate estimate of branching fractions (BR) of q* decay in different
channels, assumptions made are: A = My and f = f' = fs.

This study considers an excited light (u*,d*) and heavy (b*) flavor quark
decaying into a quark and a photon final state. The physics processes contributing
to this final state are represented in the form of Feynman diagrams in the Fig. 1.4

with ¢ referring to u,d and b quark.

q
Y q Y 9 v
q*
a* a*
9 q q g 9 9
(a) qg fusion (b) q@ annihilation (c) gg fusion

Figure 1.4: Feynman diagrams for q* — v + jet final state with (a) quark-gluon
fusion (b) quark-antiquark annihilation (c) gluon-gluon fusion processes. Whereas
the light quarks will show their presence in all the three modes, heavy bottom
quark will appear only in quark-gluon fusion and quark-antiquark annihilation.

Under the assumption A < v/, gauge interactions will be dominating and

the excited quarks will be produced mainly via the s-channel® quark-gluon fusion

3s,t and u are called Mandelstam variables. For a 2 -2 scattering process of initial momenta p;
and ps and final momenta p3 and py, the variables are defined as, s = (p1 + p2)? = (ps + p4)?,
t = (p1 — p3)? = (pa — p2)? and u = (p1 — ps)? = (p3 — p2)?. Each one represents a different
Feynman diagram of a process.
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process. The scattering of an ordinary quark and gluon in s-channel will produce an
excited quark resonance that will tower over the continuous SM ~ + jet background.
Appearance of excited quark in other channels will be captured in the form of

excess of events over the background distribution.

1.3.2 A follow-up of previous searches

Many attempts have been made in the past to look for the evidences of quark
compositeness. But no success has been gained yet. A summary of the various
experiments that deployed their potential in this important search are reported

here.

The ZEUS detector at HERA looked for excited quarks of heavy flavor in e*p
collisions at \/s = 300GeV and excluded the excited quarks in the mass range
40-169 GeV at the 95% confidence level (CL) [88].

The CDF detector collaboration at Tevatron also searched for excited quarks
in v + jet and dijet channels in pp collisions at center of mass energy of 1.8
TeV and excluded the ranges 80 < Mg+ < 540GeV [89], 200 < Mg+ < 520GeV &
580 < Mg+ < 760 GeV [90], respectively. The DO collaboration at Tevatron looked
for evidence in dijet final state [91] and excluded My« below 775 GeV at 95% CL.
The CMS and ATLAS Collaborations have also performed the searches in pp
collisions at \/s = 7TeV, 8 TeV as well as 13 TeV. At \/s = 8 TeV, exclusions have
been reported by both the collaborations in different channels. At /s = 13 TeV,
ATLAS had excluded q* below 5.2 TeV with 95% CL in the dijet channel [92] and
below 4.4 TeV in the 7+ jet channel [93]. The CMS Collaboration has also excluded
excited quarks below 5.0 TeV in the dijet channel [94].

Searches for excited states of heavy bottom quarks have also been performed
earlier in different channels. The ATLAS collaboration searched for b* in ¢tW final
state at /s = 7TeV [95] and excluded M, for masses below 870 GeV. The CMS
collaboration have looked for excited b-quarks in W and dijet final state at /s =
8 TeV. In tW final state, it excluded b* upto the masses of 1.53 TeV for vector-like
couplings [96] at 95% CL while in dijet final state, it claimed an exclusion in the
range of 1.20-1.56 TeV [97]. At /s = 13TeV, no search for b* has been performed
vet, this study, therefore, presents the first search for b* at \/s = 13TeV.
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CHAPTER

TWO

THE EXPERIMENTAL APPARATUS

The “Large Hadron Collider” (LHC) accelerator and the “Compact Muon Solenoid”
(CMS) detector, situated across Swiss-French border in Geneva, Switzerland at the
European Organization of Nuclear Research (CERN), has been used to accumulate
data for this study. This chapter presents a brief introduction and description of

the design and performance of these accelerator and detector facilities.

2.1 The Large Hadron Collider

The Big-Bang theory [98| provides an explanation of the origin of the universe.
It says that the universe initially started from a small singularity and an explosion
(called Big-Bang) put the universe into a continuous state of inflation, so it
took around 13.7 billion years for the universe to reach in the present state
(Fig. 2.1). During the initial seconds after the birth of universe, the temperature
was tremendously high and the universe consists of plasma of vast number of
fundamental particles interacting with each other with extremely high energies. In
order to study the properties of early universe, scientists use particle accelerators
in which sub-atomic particles travelling at relativistic speeds are made to undergo
inelastic collisions to reproduce the conditions that existed at the time of Big-Bang

or soon there after.

The Large Hadron Collider [99,100| as the name suggests is a large circular
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Figure 2.1: Big-Bang timeline.

accelerator having a circumference of ~ 27km which accelerates counter rotating
beams of hadrons and collides them to study the fundamental properties and
interactions of quarks, leptons and bosons. It is the world’s largest and most
complex particle accelerator ever built. Earlier particle accelerators like “Large
Electron Positron” collider (LEP) [101] at CERN (in the same tunnel where LHC
has been built) and Tevatron [102| at Fermilab, Batavia, IL, USA, have been
extensively used to confirm the predictions and test the precision of Standard
Model parameters. Both of these were circular colliders. The LEP was an e*e-
collider with a center of mass energy (/s) ranging from 90 GeV to 209 GeV while
Tevatron was a pp collider with /s = 1.8 TeV and 1.96 TeV. Studying a collision
data obtained from electron-positron beam is far more easier as compared to proton
beams due to the absence of hadronic background in the former. However, in
a circular ring of a particular radius, the loss of energy caused by synchrotron
radiations is given as:

4o

-AEF = —
3r

Byt (B=v/c~1 and v = E/mc? for relativistic speeds), (2.1)
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which is very large due to small mass of e* and e~ and further increases as the
speed v approaches the speed of light ¢. The choice is to either increase the radius
of the circular rings or to use linear colliders or use heavy particles in collision
beams. The first two instances are not very easy to meet either due to technical
or financial constraints, so in order to achieve very high energies, proton beams
are used. Since m,, ~ 2000 m., use of proton beam reduces synchrotron losses by a
factor of (2000)" ~ 1013,

The requirement of very high energies for particle accelerators can be explained
by the fact that in scattering experiments, the wavelength of the probe should
be smaller than the target particle size in order to observe the particle. Since,
in particle physics, we look for extraordinarily small entities, we need probes of

h

smaller wavelengths or higher energies (as per the de broglie’s relation, A = =t-).

2.1.1 LHC tunnel layout

The LHC is situated in an underground tunnel having a circumference of 26.7 km
and a diameter of 3.8 m at a depth of around 45 to 170m beneath the France-
Switzerland border. The LHC tunnel is divided in eight straight sections, each of
528 m separated by eight arcs. The straight sections are utilized as experimental
or utility insertions. A schematic diagram representing the layout of LHC tunnel

is shown in Fig. 2.2.

The eight sections are numbered from 1 to 8. The two general purpose detectors,
namely, A Toroidal LHC ApparatuS (ATLAS) [103] and Compact Muon Solenoid
(CMS) [104] are located at point 1 and point 5 respectively. Point 2 is occupied
by the heavy ion detector, A Large Ion Collider Experiment (ALICE) [105] while
the detector for b-physics study, Large Hadron Collider beauty (LHCb) [106] is
placed at point 8. These two points also have the beam injection utility for the
two beams. Collimation systems utilized for beam cleaning are placed at point
3 and 7 while the radio frequency (RF) systems for each beam are present at
point 4. The point 6 has been used for the beam dump where the two beams are
extracted vertically using horizontally and vertically deflecting magnets. The LHC
is primarily a proton-proton collider, but it also uses heavy ion beams to perform

proton-lead and lead-lead collisions for some short periods of time.
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Figure 2.2: A schematic layout of the LHC tunnel.

2.1.2 Main components of the LHC

The design of LHC depends on very basic physics principles associated with

latest technology. The three main components of LHC are:

1. Radio Frequency (RF) cavities: The RF cavities are located along the beam
pipe and are used to provide acceleration to the proton beams using alternating
electric field. There are two independent RF systems, one for each beam. A

sketch of a RF cavity is shown in the Fig. 2.3 below.
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Figure 2.4: A sketch showing

Figure 2.3: A Radio Frequency cavity. formation of a bunch

The sinusoidal varying alternating electric field of RF cavity changes polarity
after each half cycle which implies that it accelerates the protons during one
half cycle and decelerates during the other half. This results into the formation

of bunches of protons. As can be seen in Fig. 2.4, when a proton arrives inside
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a RF cavity at a time when the voltage is zero, it will see no force and is called
synchronous proton. Any proton arriving before the synchronous proton will
see a negative polarity and hence will decelerate while any proton arriving later
than the synchronous proton will see positive polarity and will get accelerated,
so these protons will come closer to the synchronous proton and form a bunch.
At LHC, the RF cavities resonate at a frequency of 400 MHz. The LHC is
designed to have a total of 2808 bunches at a gap of 25ns. The main goal
of RF cavities is to maintain the tightness of proton bunches to provide high
luminosity at collision points. These cavities also transfer the radio frequency
power to the beam to provide acceleration. The LHC has eight RF cavities per
beam operating at 4.5° K, each delivering a power of 2 MV at 400 MHz.

. Vacuum chamber: The beam pipe in which proton beams travel are kept
at a low pressure of ~ 10713 bar, much less than the outer space, forming an
ultrahigh vacuum. This is required to minimize the interactions with parasitic

particles and subsequent loss of accelerated protons.

. Magnet system: In order to provide proper bending and focusing of the proton
beams, an intense magnetic field varying in the range of 0.54T (for 450 GeV
proton energy) to 8.33T (for 7TeV proton energy) has been used. This high
magnetic field has been achieved by the use of superconducting magnets made of
copper plated Niobium-Titanium (NbTi) superconductors. The superconducting
state has been attained by using many tones of superfluid Helium cooled to
a temperature of 1.9° K. Due to the constraints of small tunnel diameter, it
was not possible to make completely separate rings for both the proton beams.
So an alternate way was adopted in the form of twin-bore magnet design (a
front view is shown in Fig. 2.5) which comprises of two coils and beam pipes at
a separation of 180 mm within the same mechanical framework. This magnet
structure is constructed in such a way that it provides opposite magnetic fields
in the two beam pipes. The copper plated NbTi filaments are joined together to
make the cables and two layers of these cables are wrapped around each beam
pipe. The current is made to flow in opposite directions through the cables
around the two pipes, which produces an intense magnetic field of opposite
polarity in both the beam pipes. The copper provides an insulation among the
NbTi filaments in superconducting state and act as a conductor upon reaching

the conducting state.
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Figure 2.5: The LHC twin-bore magnet system

The LHC consists of different type of magnets that include, dipoles used for
bending of the particle’s beam, quadrupoles used for focusing of the beam,
sextupoles and octupoles used for correcting the size and position of the beam.
The LHC ring consists of 1232 dipoles, 392 quadrupoles and many sextupoles
and octupoles. To enhance the probability of collisions, the bunches are squeezed
by the use of special magnets positioned near the collision chambers. These

magnets reduce the beam diameter to a minimum of 16 pm.

2.1.3 Proton’s journey to maximum acceleration

Making the proton beams travel closer to the speed of light is a very intricate
task. At LHC, it has been accomplished in a number of steps as can be seen in the
schematic representation of CERN accelerator complex [107] in Fig. 2.6. First of
all, protons are extracted from hydrogen gas by stripping off the electrons using
an electric discharge. Then, the protons are directed towards a Radio Frequency
Quadrupole (QRF) that provides an initial acceleration of 750keV to the beam.
After that, the protons are sent to LINAC2, a linear accelerator that makes use
of RF cavities and accelerates the proton beam upto 50 MeV. The beam from
LINAC?2 is made to enter Proton Synchrotron Booster (PSB) which increases the
energy of protons to 1.4 GeV and divides the proton beam into 6 bunches. The
output of PSB is then injected into Proton Synchrotron (PS) that accelerates the
protons upto 25GeV. The PS is also responsible for preparing the LHC bunch
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Figure 2.6: A schematic view of CERN accelerator complex representing the
different accelerators deployed for providing acceleration to the proton beam.

structure. A total of 72 bunches with a spacing of 25ns are formed in PS. The
proton bunches from PS then enter into Super Proton Synchrotron (SPS) where
they are further bunched into 288 bunches and are accelerated upto the LHC
injection energy of 450 GeV. The protons from SPS are then finally made to enter
into LHC where they accelerated upto the highest energy required.

2.1.4 Luminosity measurements at LHC

At LHC, the rate of collision N is expressed in terms of the instantaneous
luminosity L as N = oL where o is the cross section of the process under study.
For a given process, the higher the luminosity, the chances are more of a collision
to happen. The luminosity of a beam depends upon many machine parameters

and is given by,

_ Ngnb.frev’)/r

L
ATt * e,

F, (2.2)

where,
Np: number of particles in a bunch,

np: number of bunches in each beam,
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frev: beam revolution frequency,

~,: relativistic gamma factor,

€,: normalized transverse beam emittance!,

[*: betatron function?, and

F: luminosity reduction factor due to the presence of crossing angle between the

two beams.

In order to achieve highly luminous beams, one need to provide large number
of highly populated bunches having low value of beam emittance and betatron
function colliding at high frequencies. The various parameters related to LHC

machine and proton beams are summarized in Table 2.1.

LHC Parameters Design Value 2016 Value
Total number of magnets 9600 -
Number of dipole magnets 1232 -
Beam energy (TeV) 14 13
Bunch spacing (ns) 25 25
No. of protons per bunch 1.1 x 1011 1.1 x 1011
No. of bunches per beam 2808 2220
Beam crossing angle (urad) 285 370
Beam emittance, €, (um) 3.75 3.4
Betatron function, £* (m) 0.55 0.4
Instantaneous luminosity (cm=2sec™*) 1.0 x 103 1.0 x 1034

Table 2.1: Design values of the various parameters of LHC and a comparison with
the values obtained during the 2016 run.

The sum of instantaneous luminosities obtained over a period of time is referred
to as the integrated luminosity. The Fig. 2.7 shows the total integrated luminosity
delivered by the LHC and recorded by CMS [108| over a period of time for the
year 2016.

During the 13TeV run in 2016, the LHC delivered a total of 40.8fb™" of pp
collision data, out of which, CMS recorded a total of 37.8fb™". The CMS has
certified 35.9fb™" of recorded data to be used for physics analysis. The study
presented in this thesis has been performed using this 35.9fb™ of data.

!The beam emittance is defined as the transverse size of the beam. The narrower the beam,
the lesser is the beam emittance and more are the chances of interaction.

2Betatron function is defined as the distance from the collision point at which the beam width
in transverse plane is twice compared to the beam width at collision point.
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CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV
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Figure 2.7: Total integrated luminosity delivered by the LHC and recorded by
CMS as a function of time, during the year 2016 [108|.

2.2 The CMS Detector

The CMS detector [109] is one of the main particle detectors designed at
the LHC to observe different kind of particles and processes produced in the pp
collisions. The prime objective of the CMS detector is to explore the physics at
Terascale, the energy region at which the physicists believe the experiment has
the potential to answer some of the existing key questions. The detector has a
cylindrical onion like structure having a coverage of 47 steradian, with each layer
representing a different sub-detector used to measure different type of particles.
The information from different layers is used to build up the complete picture
of an event. It is situated in a cavern, 100m underground, located at point 5
of the LHC tunnel in France near village Cessy. It has a length of 21.6m and
a diameter of 14.6 m, it weights around 14,000 tonnes. CMS is a large scientific
collaboration involving around 3,000 people from 198 scientific institutions and

universities belonging to 45 countries.

Experimental challenges: As discussed in last section, the LHC has a very high
collision rate which is achieved by colliding bunches of more than 100 billion protons
each, 40 million times every second, resulting into a pp interaction rate of around
109 per second. The high track density arising due to these interactions create
severe radiation environment. The detector needs to remain unaffected from these
radiations along with providing efficient particle identification. The detector has to

face the challenge of adjusting between occupancy and granularity. Additionally, a
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Figure 2.8: A layout of the CMS experiment at CERN.

majority of collisions contain uninteresting events, a fast filtering trigger system
is required to reject these unwanted events. Also, the interesting pp events are
superimposed by many uninteresting events occurring in the same bunch crossing
(known as pile-up). Dealing with these events require high granularity and good
time resolution detectors, which further demand to have large number of detector
channels with good synchronization. Even storing the data after huge reduction

require about 10 million gigabytes per year which in itself is a big challenge.

2.2.1 Layout of the CMS detector

A general layout of the CMS detector is presented in Fig. 2.8. It is based on
four principle sub-systems: A high granularity central tracker, a homogeneous
electromagnetic calorimeter, a sampling hadron calorimeter and a muon detector.
The heart of the CMS is its very high superconducting magnet that is situated
between the calorimeters and the muon detector. All the sub-systems of the detector
are divided into one cylindrical barrel region and two opposite facing endcap regions,
complimented with very forward regions. This arrangement provides a very good
coverage of the collision fragments required for event building. A longitudinal view
of the CMS detector system, showing the barrel and endcap sections of various
sub-detectors is presented in Fig. 2.9, with the origin denoting the interaction

point.
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Figure 2.9: Longitudinal contour of a quadrant of the CMS detector.

Co-ordinate system: The CMS has adopted a right-handed spherical co-ordinate
system with origin at the center of the detector which is also the intended collision
point. The z-axis points towards the center of the LHC tunnel, the y-axis is
vertically upwards and the z-axis is along the beam pipe. The polar angle 6 is
taken from the z-axis to the x-y plane and the azimuthal angle ¢ is taken from
the x-axis to the y-axis in the z-y plane. The angle # denotes the particle’s
angle w.r.t the beam axis while angle ¢ denotes the particle’s orientation in the
transverse plane. The co-ordinate r denotes the radial distance and is defined by r
= \/m . It is conventional to use pseudorapidity 7 instead of polar angle
0 as seen in Fig. 2.9. The pseudorapidity is defined in terms of angle 6 as

n=-1In [tan g] . (2.3)

On going from -z to 4z axis, 6 goes from -7 to +7 and 1 goes from -oco to +o0. In

the non-relativistic limit, it is called rapidity and is defined as,

1 E+p,
=—1 2.4
y QD(E—pz)’ (2.4)

where F and p, are the particle’s energy and z-component of the momentum. The
rapidity, y requires the measurement of both E and p, and in relativistic regime,
it is quite difficult to measure the z-component of momentum very precisely. The
reason of choosing n over 6 is that the difference between the pseudorapidity of two
particles (An) is Lorentz invariant under boosts along the beam axis. This means

that an observer in the lab frame, boosted along z-axis w.r.t the rest frame, will
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measure the same An between two particles as an observer in the rest frame. The
importance of this feature comes from the fact that in the pp collisions, the hard
interaction takes place between proton constituents (quarks or gluons), usually
having different momenta, which means the different interactions have different
boosts of their center-of-mass frames w.r.t the detector rest frame. Invariance of
An under boosts allows us to treat the different interactions in a similar way as
the interaction happening in the center-of-mass rest frame. The various histograms
binned on the angular separation of particles will remain undistorted by these
arbitrary boosts of different events. The angular distance R between two particles

in 1 — ¢ plane, as observed from the origin of CMS detector, is written in terms of
the differences in 1 and ¢ as, R = \/(4n)2 + (A¢)2.

In colliders, two particle beams colliding head-on consist of only longitudinal
component of momentum. So the particles in the beam do not have a transverse
component of momentum before collision, thus by conservation of momentum, the
total transverse momentum after the collision should also add up to zero. This
feature is extensively used in collider experiments and it requires to consider the
particle’s energy and momentum in the transverse direction, known as transverse
energy (E7) and transverse momentum (pr), defined as Er = E'sinf and pr =
\/m respectively. Any imbalance in the transverse momentum is caused by
either the invisible particles like neutrinos or by the energy lost in the unavoidable

nuclear processes. This imbalance is known as missing transverse energy and is
given by, Emiss — -3 pr.
A short description of all the components of the CMS detector from innermost

to outermost has been provided as follows:

2.2.1.1 CMS tracking system

The tracker [109,110] is the innermost sub-detector, installed close to the
interaction point. It has been designed to build tracks of charged particles coming
out of the collisions and reconstruct primary as well as secondary vertices, with

utmost precision and accuracy.

The tracker has a total length of 5.8 m, a diameter of 2.5m and covers a region
upto |n| < 2.5. A uniform magnetic field of 3.8 T is present over its entire volume.
A cross-sectional view of the CMS tracker has been presented in Fig. 2.10. The

tracker is made up of a central barrel and endcap parts consisting of pixel and
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strip layers. Both pixel and strip layers are made up of silicon sensors of different
dimensions. The CMS tracker is the world’s largest silicon tracker with over 200 m?
of active silicon area. Whenever a charged particle passes through a silicon sensor,
it results into generation of electron-hole pairs, which are measured in an outer
circuit as a hit. Subsequent information of the large number of hits from different
sensors leads to the reconstruction of the particle’s track. Since the energy required
to generate an electron-hole pair is small, the energy/momentum resolution of
these sensors is very large. Also, since the electrons travel very fast to the outer
circuit, the time resolution is better. The charged particles of different momentum
curved differently under the effect of the magnetic field and the tracker records
the particle’s tracks and momentum by finding their positions and curvature at

various key points.
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Figure 2.10: A cross-sectional view of the CMS tracker system in -z plane, with
each line representing a silicon detector module.

The tracker has to face around 1000 particles coming from each bunch crossing
at every 25ns which lead to high radiation doses in the detector. So it should
be able to operate in such a harsh environment in addition to dealing with high
occupancy rate as well as providing high granularity and quick response [111|. The
silicon detector technology meets all these goals very efficiently. The number of
tracker layers is a tradeoff among the tracking efficiency and material budget [112].
On one side, more layers leads to more hits and precise track reconstruction.
While on other side, large amount of material inside the tracker leads to multiple

scattering which in turn can spoil proper tracking too.

In order to reconstruct a track using hits, the simplest approach is to start
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from a hit in the innermost layer and in radial direction, project a cone on the
next layer. If the next layer contains no hit within the cone, leave the starting
point considering it a noise or a particle of very low energy. Otherwise, keep on
repeating the procedure until last layer is reached. A more advanced approach
start the search from the outermost layer along with taking additional information
from other sub-detectors. A description of pixel and strip layers of CMS tracker

has been provided below.

2.2.1.1.1 Pixel detector

The high precision pixel detector [113] is the innermost detector of the CMS
tracker. Since the particle flux near the collision point is very large, a small-scale
pixel geometry is constructed to achieve unambiguous track reconstruction and
precise vertex determination. The particles with relatively long lifetime, such as b
and ¢ quarks, arise from primary vertex but decay after travelling small distances,
forming secondary vertices. The pixel detector is designed to distinguish these

secondary vertices from the primary collision point.

The pixel detector consists of three concentric barrel layers and two endcap
disks on both sides (shown in Fig. 2.11), covering a pseudorapidity region of |n| <
2.5. The barrel layers are 53 cm long and are present at the radii of 4.4, 7.3 and
10.2cm from the beam line. The two endcap disks are extended in radius from
6cm to 15cm and are present at £34.5 and +46.5 cm from the collision point. The
detector is equipped with a total of about 66 million pixels, each having a size of
100x150pm?. The occupancy rate of each pixel is of the order of 0.1% per LHC

bunch crossing.

Figure 2.11: A schematic layout of the CMS pixel detector.

The pixel detector has performed exceedingly well during Run I, providing a
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resolution of around 10um in r— ¢ and 20-40um in 2 direction along with an overall
efficiency of more than 99%. The LHC Run II started in 2015 with an increased
center of mass energy of 13TeV and a lower bunch crossing frequency of 25ns.
During overall Run II phase, a peak instantaneous luminosity of 2 x 10734 cm=2s~!
was achieved. It also saw a pileup rate of more than 50. Under these conditions, the
current pixel detector will suffer from increased fake rates and reduced resolution
due to higher occupancy. So in order to maintain the performance of pixel detector,
an upgrade known as “Phasel Pixel Upgrade” [114,115] was performed during
the technical stop at the end of 2016. The upgraded pixel detector features 4
barrel layers and a turbine-like module arrangement for endcap disks (as shown
in Fig. 2.12). Light-weight support structures and 2-phase COz cooling has been
introduced to keep the optimum material budget. A comparison of the two detector
configurations using tracking efficiency and fake rate as a function of pileup are

presented in Fig. 2.13.

Figure 2.12: A schematic representation of the upgrades in pixel detector barrel
(left) and endcaps (right) during Phasel Pixel Upgrade.

2.2.1.1.2 Silicon strip detector

The silicon strip tracker [109,110] is present outside the pixel detector and
consists of more than 15000 single or double sided (shown in Fig. 2.10 by single
and double lines) modules. Since the particle flux reduces in strip tracker, the
dimensions of strip modules are kept larger than that of pixel detector modules.
The size of modules also increases with distance to keep the occupancy level at
around 1%. The modules are of rectangular shape in barrel region while that
of trapezoidal shape in the endcap region. The strip tracker consists of four
subsystems: The Tracker Inner Barrels (TIB), Tracker Inner Disks (TID), Tracker
Outer Barrels (TOB) and Tracker EndCaps (TEC).
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Figure 2.13: Performance measurement of the older pixel detector (blue) and the
upgrade pixel detector (red) using tt events, showing tracking efficiency (left) and
fake rate (right) as a function of per event pileup [115].

The TIB and TID are extended up to a radius of 55c¢m and consists of 4 barrel
+ 3 endcap layers. The modules in TIB/TID are 320um thick and delivers up to 4
measurements in r — ¢ direction, providing a position resolution of 23um in the
inner two layers and 35um in the outer two layers. The outer barrel layer TOB
is made up of 6 layers of 500um thick sensors extended up to an outer radius of
116 cm which provides 6 more measurements in r — ¢ direction, corresponding to
a resolution of 53um in the initial four layers and 35um in the last two layers.
The TOB covers a z range up to £118 cm. Outside this range, +TEC occupies the
region from 124 -282cm in +2z and 22.5-113.5cm in +r. Each of the TEC is made

up of 9 disks, thereby providing 9 measurements in r — ¢ per trajectory.

The transverse momentum resolution of the tracker varies in the range from

0.7% at 1 GeV to 1.5% at 100 GeV.
2.2.1.2 Calorimeter

A calorimeter is a device that is used to measure energies of different type of
particles. The incident particle interacts with the material of the calorimeter and
produces a cascade (shower) of secondary particles of progressively lower energies,
until the energies fall below a critical value which is then dissipated in ionization
or excitation of the atoms of the material. The subsequent energy released by
the atoms is captured by the photo-detector which through photoelectric effect,
yield an electronic signal that provides a measurement of the particle’s energy. In
case of the sampling calorimeters, the medium that activate the particle shower

is known as the passive medium (absorber) while the one that absorb the shower
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particles and lead to the energy measurement, is known as the active medium
(scintillator). Calorimeters has the capability to stop almost all particles except

muons and neutrinos.

Calorimeters are broadly divided into two categories: Hadronic and Electro-
magnetic, depending on the particle type. They can also be classified on the basis
of their composition into sampling and homogeneous calorimeters. A sampling
calorimeter is the one that consists of alternate layers of two materials acting as
passive and active mediums while a homogeneous calorimeter is build up of only
one type of material that accomplish both the tasks. An advantage of sampling
configuration is that both the materials used are well-suited for their tasks. A
very high density material is used as passive medium which results into the quick
evolution of the shower into a limited space, so sampling calorimeters can be made
compact as compared to homogeneous calorimeters. However, it has a disadvan-
tage that part of the shower energy get deposited in the passive medium and left

unmeasured.

The CMS consists of Electromagnetic calorimeter (ECAL) just outside the
tracker, followed by Hadronic calorimeter (HCAL), both contained inside the

solenoidal magnet. A short description of each one is considered below.

2.2.1.2.1 Electromagnetic calorimeter

The CMS ECAL measures the energy of electromagnetically interacting parti-
cles, primarily photons and electrons. The photons interact with the material of
the detector mainly through pair production for energies above 1 MeV and through
Compton scattering and photoelectric effect for energies below 1 MeV. On the
other hand, electrons mainly interact via bremsstrahlung for energies above 10 MeV
and through ionization and excitation for energies below it. As a consequence,
high energy electrons and photons, inside ECAL, produce a number of secondary
particles, thereby generating electromagnetic (EM) showers. The EM showers are
characterized by a material dependent parameter, the radiation length denoted as
Xo, which is the average distance x travelled by an electron before losing an energy
equivalent to 1/e times its original energy i.e. E = Ege_’%O. It is also equivalent to

7/9 times the free path travelled by photon before converting into an e*e~ pair.

As a result of particle multiplication and faster interaction, the amount of

material required to contain an EM shower is rather small. Therefore, the
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ECAL [109,116] (shown in Fig. 2.14) is constructed as a homogeneous calorimeter
made up of lead tungstate (PbWQ,) scintillating crystals. It is a highly dense
material (8.28¢g/cm3) with a radiation length of 0.89cm and Moliere radius of
2.2cm, allowing a design of fast, granular and radiation resistant calorimeter.
The crystals are designed to provide very good energy resolution of electrons and
photons required for CMS physics program. These are arranged in carbon fibre

matrices to provide optical isolation.
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Figure 2.14: A layout of the CMS Electromagnetic calorimeter displaying the
arrangement of crystals in barrel and endcaps with the preshower present in front.

The ECAL barrel (EB) is extended upto || < 1.479 and consists of 61,200 crystals
providing 360-fold granularity in ¢ and (2x85)-fold granularity in 7 direction. The
crystals are of trapezoidal shape having a front cross section of 22x22mm?, a rear
cross section of 26x26 mm? and a length of 230 mm, equivalent to 25.8 X implying
that it is able to contain 99.999---% of e/~ energy. These crystals are assembled
into 36 supermodules, each weighing around 3 tonnes and containing 1700 crystals.
Each supermodule covers 20° in ¢ and half barrel in 1. The avalanche photodiodes
(APDs) are used as photo-detectors to capture the scintillating light generated in
the crystals upon interaction. These are made up of semiconducting silicon and
have an active area of 5x5mm?. The relatively low light yield of PbWO, crystals
is compensated by the signal amplification by APDs through avalanche process.
In addition, insensitivity of APDs towards high magnetic field and high radiation

environment, makes them convenient for EB.

The flat circular ECAL endcaps (EE) cover the barrel at both the ends in the
pseudorapidity range 1.479 < |n| < 3.0, each consisting of 7,324 crystals arranged
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in 5x5 crystal units, known as supercrystals. The trapezoidal crystals have a
front face of 28.62x28.62mm?, a rear face of 30x30mm? and a length of 220 mm
(24.7X5). Endcaps use vacuum phototriodes (VPTs) as photo-detectors since these
can work in high radiation environment compared to APDs. Each VPT has a
diameter of 25 mm and an active area of 280 mm?2. In front of each ECAL endcap is
present a high granularity sampling calorimeter, known as ECAL Preshower (ES),
made up of alternating layers of lead (passive medium) and silicon strips (active
medium). It covers a pseudorapidity range of 1.653 < |n| < 2.6 and forms a disc of
2.5m circumference. The disc is about 20 cm thick and has a 50 ¢cm diameter hole
in the middle for the passage of beam pipe. The principle aim of ES is to identify
and stop overlapping photons coming from the decay of 7° so as to prevent false
signals. The high density of lead stimulate quick showering, thereby resulting into
the shower containment in a very small volume. Around 95% of incident photons

start showering in the first lead plane.

Many contributions deteriorate the actual energy resolution of any realistic
calorimeter. The energy resolution of ECAL (for energies below 500 GeV) can be

written in general as:

o S N
E—EEBEEBC (2.5)

where @ corresponds to quadratic sum which implies that the contributions of
different terms are independent from each other. The first term S is known as
stochastic or sampling term. It considers the statistical fluctuations due to the
shower fluctuations, lateral shower leakage, photo-detector inefficiencies, efficiency
loss due to the shower containment in the passive medium of preshower etc. The
second term N corresponds to the noise term arising due to instrumental effects,
light-attenuation, pileup effects etc. The last term C' is a constant term and it
includes effects from imperfections in calorimeter construction, inter-calibration
errors, longitudinal shower leakage, fluctuation in energy deposition in the dead

areas of calorimeter etc.

The test beam studies [117] were performed using a block of 3x3 crystals and
various terms involved in energy resolution were computed. These terms for barrel
region are: S = 2.8%, N = 124MeV and C = 0.3% while for endcap region are: S
= 5%, N = 500MeV and C' = 0.3%.
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2.2.1.2.2 Hadronic calorimeter

The CMS HCAL has been designed to measure energy of particles (hadrons)
interacting via strong force. Hadrons interact with the material of the detector
through strong nuclear interactions, resulting into the production of a large number
of secondary hadrons, thereby activating a hadronic shower. A majority of these
shower particles, around 90%, are pions. Among these, the neutral pions (7)
decay electromagnetically into two photons, thereby generating a component of
EM shower within a hadronic shower. The fraction of energy of a hadron taken off
by the EM component is denoted as fgy and it varies from event-to-event. This
fraction depends on the energy of initial hadron and varies from 30% for a 10 GeV
hadron to 50% for a 100 GeV hadron. Also, a significant fraction of shower particles
lose their energy as nuclear binding energy in nuclear reactions. This energy does
not appear as a signal in the calorimeter and therefore, dissipate as invisible
energy. As a consequence, the calorimeter signal for a hadron is usually smaller
than an electron having same energy, a phenomenon known as non-compensation,
also denoted as e/h ratio. These two features of hadron showers result into a

non-linearity in the energy measurement of hadrons by HCAL.

The shower profiles of hadrons are characterized by nuclear interaction length,
Aint (expressed in g/cm?) which is the mean distance traversed by a hadron before
undergoing a nuclear interaction. Usually, the interaction length of a hadron is
much larger than the radiation length of an electron of same energy, e.g. in copper,
Xo = 1.4cm while Ay = 15cm. This implies that a large amount of material is
required to contain a hadron of a particular energy compared to an electron of
same energy, not possible to achieve with homogeneous calorimeter. Therefore,
the hadron calorimeter always use sampling configuration. A properly designed
sampling detector achieves compensation of hadronic signals by the use of various

techniques and sampling fractions [118].

The HCAL [119] is a sampling calorimeter constructed of a dense absorber ma-
terial made up of brass/steel plates interleaved with plastic scintillator tiles, which
are read out via embedded wavelength-shifting (WLS) fibres. This configuration
is chosen for both barrel and endcap regions of HCAL due to the non-magnetic
behaviour, high absorption length and good mechanical strength of brass while
long term stability and radiation hardness of plastic scintillators. The detector

is assembled in such a way that it does not have any cracks or dead areas in
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¢. The scintillator tiles emit blue-violet light upon particle interaction, which is
then converted into green light by WLS fibres. These optical signals are then
converted into electronic signals by the use of Hybrid Photodiodes (HPDs). The
HCAL constitutes of four sections: HCAL Barrel (HB) [120], HCAL Endcaps
(HE) [121], HCAL Forward (HF) [122], and HCAL Outer (HO) [123]. The HCAL,
in association with ECAL, provides the energy/direction measurements of hadrons.

A schematic view of a section of HCAL is presented in Fig. 2.15.
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Figure 2.15: A schematic view of a quadrant of the CMS Hadron calorimeter
presenting different sub-detectors (in yellow color).

The HCAL barrel covers a pseudorapidity range of |n| < 1.3 and is made up of
two half barrels, each made of 18 azimuthal wedges, each covering 20° in ¢. Each
wedge is sliced into 16 absorber plates, with front and back plates made of steel
and rest made of brass (a Cu-Zn alloy). The plastic scintillating tiles with WLS
fibres are arranged into trays containing many tiles and are inserted between each
plate to construct a sampling configuration. Each wedge is further partitioned into
4¢ sectors while the plastic scintillators are further partitioned into 167 sectors,
resulting into a segmentation of A¢p x Anp = 0.087 x 0.087. The HB is situated
between EB (at 7 = 1.77m) and superconducting magnet (at 7 = 2.95m), resulting
into highly constrained material amount. The total thickness of HB corresponds
to 5.82A\iy at 7 = 0 and 10.6\y at n = 1.3, ECAL also adds a thickness of 1.1\
to HB material. In order to ensure the proper energy containment of hadronic
showers, a complementary detector layer of same configuration known as HO, is

positioned outside the magnet coil which acts as a tail-catcher for any late starting
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showers. It provides an additional thickness of 1-2\;; to HB showers. The high
pseudorapidity region, 1.3 < || < 3.0 has been instrumented using HE on both sides
of HB. The endcaps are made of 17 brass plate layers with plastic scintillator tiles
accommodated in between. Including with EE, it corresponds to a total thickness

of around 10\;;.

The high radiation environment (3.0 < || < 5.0) near the beam pipe is armed
with a more robust hadron forward (HF) calorimeter made up of quartz fibres as
active medium and steel as the absorber medium. The front face of HF is located
at a distance of 11.2m from the interaction point. The structure is divided into 36
azimuthal wedges of steel, 18 wedges on each side of collision point and composed
of 5mm thick scintillator plates along with WLS fibres. A signal in the form of
Cherenkov radiation is produced in HF when a charged particle from the shower
enters the active medium (quartz) with a velocity greater than that of light in
the medium. The HF has been utilized to improve the E¥*S measurements and
identify/reconstruct very forward jets which can contain distinguishing features
of many physics processes. The HF is also used in the measurement of online

luminosity of CMS.

The energy resolution of CMS HCAL is parametrized as: & = % ® B, with
the parameters, A = 0.847GeV and B = 0.074 for HB and HE and A = 1.98 GeV

and B = 0.09 for HF.

2.2.1.3 Solenoidal magnet

The CMS uses a large solenoid magnet [124] as its central device around which
the detector has been constructed. In order to achieve precise measurements and
resolutions of energy/momenta of charged particles coming from the collisions,
CMS has deployed a large magnetic field of 3.8 T. A charged particle in a uniform
magnetic field B experience a force equal to F = quBsin 6, where ¢ is the particle’s
charge, ¥ is the particle’s velocity and 6 is the angle between ¢ and B. In this
magnetic field, the particle will traverse a curve of radius qB";—i";e, m being the mass
of particle, which implies that the particles of different initial velocities or momenta
will be curved differently inside field B. Therefore, measurement of the angle and
radius of curvature of charged particles inside B can be used to get an estimate of
particle’s momentum. Also, the momentum resolution depends on the magnitude

Ap _ p

of magnetic field B and length of solenoid L as > = B

stating that a large
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Figure 2.16: A schematic view of the solenoidal magnet used in the CMS detector,
showing the coil and the central return yoke.

resolution (less Ap) can be achieved by the use of a high magnetic field of large

size.

The CMS magnet as shown in Fig. 2.16 is a solenoidal magnet made of su-
perconducting Nb-Ti coils which produce an intense magnetic field of 3.8 T when
a current of 19,500 Ampere is passed through them. The magnet with a length
of 13m and an internal diameter of 5.9m fit snugly the tracker and calorimeters
inside. It consists mainly of three parts: the coil, vacuum tank and yoke. The
vacuum tank acts as a cryostat and provide the essential cooling to solenoid using
liquid He. The return yoke is made up of iron and is present outside the magnet
coil reaching an outer diameter of 14 m. It is responsible for return of magnetic
flux with a field of 2T. The yoke is a 12-sided structure made up of 11 discs, 5
in barrel and 6 in endcaps, the muon chambers are interleaved in this. The total

energy stored inside the magnet amounts to around 2.6 GJ.

2.2.1.4 Muon detector

The CMS has been specifically designed for precise identification, momen-
tum resolution and triggering of muons within a range |n| < 2.4 and pr < 1 TeV.
Muons, though interact electromagnetically, do not lose much of their energy via
bremsstrahlung owing to their high mass as compared to electrons. They interact
primarily through ionization loosing an energy on the average of 1-2MeV/g/cm?.
Due to their less interacting nature, they penetrate the material of ECAL and

HCAL, so the muon chambers for their detection are installed at the very edge of
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the detector.

The CMS muon [125] system has been divided into four stations interleaved
with the return yoke and having a magnetic field of 2 T. The barrel muon detector
is also longitudinally divided into five wheels labelled as YBO, YB+1, YB+2, with
each wheel being further divided in the azimuth direction into 12 sectors of 30°
each. It uses three different kind of detectors to observe muons: Drift Tubes (DTs),
present in the barrel region upto |n| < 1.2; Cathode Strip Chambers (CSCs), present
in the endcap region for 0.9 < || < 2.4; and Resistive Plate Chambers (RPCs),
present in barrel as well as endcaps. Whenever a particle passes through these
chambers, it leaves its signature in the form of hits. Tracking the particle’s position
in multiple layers and combining the information from tracker, leads to a precise
determination of the position and momentum of the particle. The DTs/CSCs
are good in position measurements while the RPCs provide fast response, so a
combination of the three result into a robust muon detector. Diagrams representing
the mechanical layout of CMS muon detector and the trajectory of muon through

muon stations is shown in Fig. 2.17.
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Figure 2.17: A schematic view of the solenoidal magnet used in CMS, showing
the coil and the central return yoke. The trajectory of a muon through the muon
stations is also presented.

The drift tubes are organized into 4 stations labelled as MB1, MB2, MB3 and
MB4, which forms concentric cylinders around the beam pipe. Each of the inner
three stations are composed of 12 drift chambers, with each chamber containing
many drift tubes. These chambers are further grouped into three superlayers
denoted as SL1, SL2 and SL3, each consisting of four chambers. SL1 and SL3

provides the co-ordinates of incident muons in r — ¢ plane while SL2 measures the
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co-ordinates in r — z plane. The outermost station consists of two superlayers only.
The choice of drift chambers is made in barrel due to the low particle rate and
uniform magnetic field. Each drift tube contains a anode wire of 50um diameter
and two electrode plates to create electric field. The tube walls are grounded and
act as cathodes. The drift tube is filled with a gas containing a mixture of Ar
(85%) and COs (15%). The voltage difference between wire and walls is about
1.8kV. When a muon pass through the gas volume, it knocks off electrons which
travel to the anode wire, carrying along the information of incident particle. The

DTs provide a signal gain of 10° and a drift time of 380ns.

The CSCs have been deployed in the high radiation and uneven magnetic field
environment in the endcaps. Owing to their quick response time, high granularity
and radiation hardness, the CSCs are well qualified to identify muons in the range
0.9 < |n| < 2.4, overlapping with DTs in 0.9 < || < 1.2. The CSC chambers are
of trapezoidal shape placed perpendicular to the beam line and cover 10°-20° in
¢. These are organized in 4 stations per endcap, labelled as ME+1, ME+2, ME=+3
and ME=zx4, each station containing a number of CSCs. Each CSC consists of an
array of positive anode wires made of tungsten held perpendicular to the negative
cathode strips made of copper, in a gas mixture of Ar (40%), COy (50%) and CF,
(10%). When a muon enters a CSC, it knocks off electrons from the gas atoms,
which then flock towards the anode wires resulting into an electron avalanche. The
positive gas ions move towards cathode strips and induce a charge pulse. Since
the anode wires and cathode strips are present in perpendicular direction, these
provide two position co-ordinates corresponding to each particle. This arrangement
in CSCs also results into fast response making them convenient for triggering.
Each CSC is composed of six anode wires interleaved with seven cathode strips,

providing the measurements in r — ¢ plane.

The RPCs are parallel plate gaseous detectors with fast response time and
adequate position resolution making them suitable for muon triggering. The RPCs
are installed both in barrel (480 chambers) and endcaps (432 chambers) with two
chambers of rectangular shape per DT chamber in barrel and one chamber of
trapezoidal shape per CSC chamber in endcaps. The RPCs have the ability to tag
a particle in a time frame much lesser than the bunch crossing time, making them
ideal for triggering. The RPC is composed of two gaps, each operating in avalanche

mode and read-out strips are inserted in-between. The total signal induced by the
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RPC is sum of signal induced in each gap. However, in order to ensure proper
stability and operation of the RPC, an intensive control of humidity, temperature

and pressure is required.

The muon system of CMS is made up of around 25000m? area and more
than a million readout channels. Considering only the muon system without any
information from tracker (stand-alone muon), a momentum resolution of around
9% 1is obtained for a muon of pr < 200GeV in low 71 region. For a high pr
muon (~ 1TeV), the resolution varies from 15-40% for different 1. Adding tracker
information (global muon) results into an improvement in momentum resolution of

around 1% for low pr muons and around 5% for high pr muons.

2.2.1.5 CMS upgrade during Long Shutdown 1

During LS1 in 2013-2015, minor repair and maintenance work were performed
on most of the CMS sub-systems, except for some major improvements that
include: Installation of new pixel tracker layer (explained in Section2.2.1.1) which
was actually done after LS1 and during the technical stop at the end of 2016,
installation of new photo-detectors to improve signal-to-noise ratio in HCAL outer
barrel, installation of the fourth RPC disk in the endcap region of the muon
detector which was actually the part of the first CMS technical design report and
installation of around 72 new chambers in CSC along with 468 old chambers. The

electronics have also been updated to handle high collision rates.

2.2.2 CMS Trigger and Data Acquisition System

Most of the LHC collision data consists of “soft” particles which do not partici-
pate in any interesting process. Also, at each bunch crossing, the collisions amount
to a raw data of approximately 1 MB, which at the crossing rate of 40 MHz (25 ns),
results into around 40 TB data per second. It is almost impossible to store and
process such a large amount of data. Therefore, to reduce the data rate while
keeping the potentially interesting events for further analysis, a hardware and
software based automated system, referred to as the CMS trigger system [126]| has
been designed together with a Data AcQuisition (DAQ) system [127], as shown
in figure Fig. 2.18. The trigger system consists of two layers: a hardware based
trigger known as Level-1 (L1) trigger and a software based trigger known as the

High Level Trigger (HLT), reducing the event rate to an average of a few 100 Hz
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to a maximum of 1kHz. The data passing through both the trigger levels is stored
for offline physics analysis. In order to obtain the required data rate, sometimes
the triggers are prescaled at L1 or at HLT level, thereby storing only a fraction of
selected events. DAQ acts as a bridge between the two trigger layers, it gathers
data from first trigger layer, digitizes and build it and pass it to second trigger

layer.
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Figure 2.18: CMS Data Acquisition and trigger system.

2.2.2.1 Level-1 trigger

The Level-1 trigger of CMS is a set of hardware based triggers that rely on
custom electronics. It has been designed to produce an output data rate limit
of 100kHz. The L1 triggers are implemented as custom hardware processors and
considers only low resolution, coarsely segmented data from ECAL, HCAL and
muon systems while keeping the high resolution data in the pipelined memories
present in the front-end electronics. The L1 stores data in pipeline for 3.2us during
which it transmit its decision to detector electronics. The L1 trigger consists of a
number of hardware components including field-programmable gate-array (FPGA)
technology, ASICs and programmable lookup tables (LUTs). A block diagram

representing the architecture of L1 trigger system is shown in Fig. 2.19.

The L1 trigger consists of local, regional and global components. At the top
are the local triggers, also known as Trigger Primitive Generators (TPGs), which
takes the information from the energy deposits in calorimeter towers and hit

patterns in muon chambers. The information from TPGs are then passed on to
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Figure 2.19: An architecture of CMS Level-1 trigger system.

the regional triggers. The regional calorimeter triggers (RCTs) makes use of this
information and forms sorted and ranked trigger objects like electrons, photons
and jets. The regional muon triggers (RMTs) join the segments and complete the
tracks along with assigning physical parameters to them. The regional triggers
passes these objects along with various information to the Global Calorimeter
Triggers (GCTs) and Global Muon Triggers (GMTs) which sort out the highest
ranked calorimeter and muon candidates along with determining various physics
parameters like Ep, E number of jets, Hr etc. This information from GCTs
and GMTs are then passed on to the Global triggers (GTs), the top level entity of
L1 hierarchy, which makes the final decision of keeping or rejecting the event by
applying the programmable topological cuts and energy thresholds on the objects
and issues the final Level-1 Accept (L1A) decision. The L1A is then passed on
to the Trigger Timing and Control (TTC) system for transferring it further to
the detector front-end, from where it goes into the DAQ system. The TTC also
interfaces with the LHC machine to provide clock and orbit information. The GT
sends a command by the use of TTC in order to keep all the detectors and their

electronics well in synchronization.

2.2.2.2 High level trigger

The CMS high level trigger accepts the output of L1 trigger and process it further
by using a software (written mostly in C++) based trigger system implemented in

a filter farm consisting of more than thousand commercial processors. All major
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aspects of offline reconstruction code are included in the filter farm software and
is designed to reduce data rate to a minimum of few 100 Hz. The average time
taken in HLT processing is around 100ms. It employs the use of high resolution
data and utilize many sophisticated algorithms to identify interesting events for
further storage. The HLT is based on highly flexible programming environment
such that the changes in the algorithms can be easily done to improve the various
selections and to deal with unexpected experimental conditions. A set of algorithms
that reconstruct the physics candidates (known as producers) and apply various
selections to the reconstructed objects (known as filters) is known as a “trigger
path”; a number of trigger paths together constitute a “HLT trigger menu”. Within
a trigger path, the various algorithms are arranged in an increasing order of
complexity, with the most complex algorithms like the b-tagging, are executed
in the end. Events that pass any of the trigger paths within a trigger menu are
considered for further analysis and are sent to storage manager where these are
stored on disks and are sent to CMS Tier-0 system present at CERN for offline

processing and permanent storage.

2.2.2.3 Data acquisition system

The CMS DAQ mainly work as a carrier that gathers the data stored in
detector’s front-end modules at the Level-1 accept rate and deliver it to HLT
filter farms for further processing. It operates at an input data rate of 100 kHz,
the output rate of L1 trigger. The complete processing of DAQ is summarized
as follows: First of all, the front end systems (FESs) store data continuously in
40 MHz pipelined buffers. As the synchronous L1 trigger comes, data are extracted
from FES via TTC and pushed into front end drivers (FEDs). The FEDs digitize,
convert and zero suppress the data and then transfer it to front end read out links
(FRLs) that merge data from different FEDs. These FRLs are known as event
builders as these built a complete event by assembling the event fragments from
all FEDs belonging to same L1. The data from FRLs are then transmitted into
filter units (FUs). The HLT is mounted over FUs and use its computing power
to perform its operations. These FESs, FEDs, FRLs, FUs all forms the different
parts of DAQ system. A Trigger-Throttling System (TTS) has also been designed
to protect DAQ against any back-pressures.
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2.2.3 CMS data management

The raw data after passing the various triggering stages, is managed further by
the use of the LHC computing grid [128]. The grid is constituted of four levels/tiers,
referred to as Tier-0 (T0), Tier-1 (T1), Tier-2 (T2) and Tier-3 (T3). Each tier
consists of a number of computer facilities and provides a set of dedicated services.
The Tier-0 is the data center present at CERN, it contributes less than 20% of
total grid computing capacity but it is responsible for maintaining a full copy of
raw data, for performing calibration and prompt reconstruction (prompt-reco) and
for distributing the raw and prompt-reco data to Tier-1 centers. Tier-1 is a group
of around 13 computer centers located in various part of the world and joined
together via optical-fibre links operating at a speed of 10 gigabytes/sec. The T1
centers together maintain a second copy of raw data, produce various Monte Carlo
(MC) samples?® and re-reconstruct the raw data along with distributing it to various
Tier-2 centers. The T2 centers are the sites where physicists can log-in and perform
their analysis within the CMSSW environment. These centers also produce the
MC samples and share them with T1 centers for storage and distribution to other
sites. There are around 155 T2 sites distributed all over the world. The Tier-3
consists of local computing resources at various universities and institutes which
individual users can access from any place around the world using grid, and can

use for storage and data analysis.

The data present at various tiers are managed by the use of three data man-
agement tools [129]: Physics Experiment Data Export (PhEDEx) [130,131], Data
Bookeeping Service (DBS) [132] and Data Aggregation Service (DAS) [133]. The
PhEDEXx service provides data information access through the central PhEDEx
database, perform operations such as requesting data transfer or data deletion and
transport the data among the different CMS sites along with keeping a track. The
DBS service keeps a metadata catalog of all the CMS data used by physicists as
well as the various production and analysis systems. The DAS service provides
the user an overview of all the available datasets and keep a mapping between the

datasets and corresponding file blocks.

3simulated data samples, more information provided in Chapter 3
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2.2.4 CMS software and computing

The CMS physics analyst perform various analyses using a collection of soft-
wares based on C++ and python, referred to as the “CMS Software frameWork”
(CMSSW) [104], installed at various T2 and T3 centers. A number of services
including simulations, calibration corrections or reconstruction etc. are supported
by this framework. It consists of one main executable, known as cmsRun, along
with many other plug-in modules, containing all the required codes for event
processing. The cmsRun operates over a python configuration file that contains all
the important information regarding the data and modules. The CMSSW software
has been built over the concept of an “Event”. An Event contains the information
of a particular collision in different data formats, a physics dataset consists of
many events and are stored in the form of ROOT* [134] files. A RAW data format
contains the output of online trigger decisions and has a size of 1.5 MB/event, the
size of RAW data in a simulated sample is around 2 MB/event due to additional
information. A RECO data format contains the offline reconstructed data that
includes the high level physics objects such as electrons, photons, jets, b-jets, muons,
taus EXS etc., in convenient format and has a size of 250kB/event. Usually, a
RECO data format contains a large amount of unwanted information, so more
compact data formats are obtained by filtering the RECO data. These data formats
includes Analysis Object Data (AOD) and mini Analysis Object Data (mini-AOD),

used in almost all physics analyses.

4ROOT is a data analysis framework
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CHAPTER

THREE

EVENT RECONSTRUCTION AND SIMULATION

The detector provides information about the collisions and the underlying physics
processes in the form of various electronic signals. A number of steps have to
be followed in order to obtain a meaningful physics result, by making use of
scientific and theoretical knowledge, computing and man-power. A diagrammatic

representation of an event processing chain in presented in Fig. 3.1.
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Figure 3.1: A diagrammatic representation of an event processing chain.

The electronic signals from various sub-detectors are stored, after digitization,
in the form of RAW data using online trigger and DAQ system. This RAW data
is further processed using a software based multi-level process, known as “Event
Reconstruction” [135], that refines the data, applies various calibration corrections
and construct high-level physics objects!. At CMS, two levels of reconstruction
are performed, one is a fast reconstruction, known as prompt reconstruction, done

alongwith the data collection by using less time consuming algorithms and the

'High-level physics objects are the reconstructed particles like photons, electrons, muons, taus
etc.
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second one is a detailed reconstruction, known as re-reconstruction, performed at a
later time. The reconstructed data is written in various data formats (e.g. RECO,

AOD, mini-AOD) that differ in size, technicalities, compactness etc.

Based on the theoretical knowledge, it is possible to simulate the behaviour of
various particles within the detectors using event generators, also called Monte Carlo
(MC) generators [136,137|. Event generators make use of some computer programs
based on Monte Carlo techniques [138| to generate physics events corresponding
to different physics processes. This simulated data form an integral part of any
physics analysis, used in determining various SM parameters, validating/rejecting
any new theory, forming expected background for experimental data, evaluating
various uncertainties and trigger parameters etc. In the language of statistics, it
forms the null hypothesis for the test of any new theory. The simulated data is
also written in different data formats like RECOSIM, AODSIM, mini-AODSIM, in

correspondence with reconstructed data.

This chapter details the different steps and procedures used in the reconstruction

and simulation of the events for CMS physics analyses.

3.1 Event Reconstruction

Reconstruction is the process of constructing physics quantities using the raw
data collected from the experiment. Inside the CMS detector, starting from the
collision point, the particles first arrive in the tracker where the charged particle’s
trajectories, their momenta and interaction points are reconstructed using the
particle’s signal and bending angle in the sensitive layers of tracker. If the particle is
either electron or photon, it will be absorbed in ECAL. The EM showers generated
by such particles are detected as energy clusters in ECAL cells and are used in
the determination of energy and direction of these particles. Hadrons (charged
and neutral) will be absorbed in HCAL, sometimes initiating their showers in
ECAL. The associated clusters are used in measuring the energies and directions of
hadrons. Only muons and neutrinos pass through the calorimeters with negligible
interactions. While neutrinos escape unidentified, muons leave their signature in
muon detectors, used to reconstruct the muon direction and momentum. This
behaviour of different particles is graphically depicted in Fig. 3.2 in a slice of CMS

detector.
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Figure 3.2: A graphical representation of the trajectories of various particles
through the CMS detector.

The CMS reconstruction software [135] is a collection of several independent
units, each consisting of many reconstruction algorithms and provides one set
of reconstructed objects at the output. The software has been developed and
validated by making use of simulated data. The complete reconstruction process is

divided into three steps as shown in Fig. 3.3.
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Figure 3.3: Different steps of CMS reconstruction program.

At first, the local reconstruction takes place within a particular detector module
of a sub-detector. It uses raw data as input and provide in output the reconstructed
units, also called rechits. These rechits are corrected for any uncertainties by the

application of different calibration corrections. The form of these rechits depends
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on the sub-detector under consideration. These are the position measurements
inside tracker and muon system while energy clusters inside the calorimeters. These
reconstructed hits act as input to the next reconstruction level, known as global
reconstruction where the physics object reconstruction takes place. At this level,
the information obtained from different detector modules within a sub-detector is
combined to form sub-detector level objects, like high/low pr charged particle tracks
and displaced vertices in the tracker, candidate muon tracks in the muon system,
photon/electrons in ECAL and jets in ECAL+HCAL. These objects from different
sub-detectors are then combined to reconstruct high-level physics analyses objects
using an optimally efficient Particle Flow (PF) reconstruction algorithm [139], as a
final stage of event reconstruction. The high-level objects like EMis*, tau, b-tagging
etc. that require the additional knowledge of tracks, displaced vertices, Y. pr, are

also reconstructed at this level.

Since this thesis is based on an analysis that requires a photon and a jet or a
b-jet in the final state, so only the steps needed to reconstruct photons and jets

(b-jets) are considered in detail in the following sections.

3.1.1 Track reconstruction

The tracker is the first detector in which the charge particles leave their
signatures, hence reconstruction of tracks is one of the most important task of the
CMS reconstruction program. More than a thousand particles pass through the
tracker every 25 ns, thereby, making the track reconstruction immensely challenging.
The track reconstruction is a combinatorial kind of problem, as for a partial track
formed by hits in the internal layers, there can be many compatible hits forming
different tracks in the outer layers, so the reconstruction algorithm should be able
to properly locate the equitable hits without loosing any tracks, over a broad range
of pr from 100 MeV to 1TeV. This insurmountable feat is achieved by the use of
the “Combinatorial Track Finder” (CTF) [111,140] algorithm which is an extension
of the Kalman filter [141-143] algorithm, an algorithm that allows single framework

modelling of complete track reconstruction program.

At first, the individual hits in pixel and strip tracker are reconstructed at the

local reconstruction level by clustering the zero-suppressed? signals passing the

2Zero-suppression is the default noise cleaning performed in CMS detector, in which all signals
below a particular threshold are rejected, the value of the threshold depends on the sub-detector
part under study.
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specified thresholds. The corresponding hit positions and associated uncertainties
are also estimated with an average efficiency of more than 99%. These hits are
then used as input into the CTF algorithm to reconstruct the charged particle
tracks and their position/momentum. The CTF algorithm is based on a process
known as “iterative tracking” that reconstruct the track collection in a number of
iterations. The basic idea is to first sort out the easily accessible tracks, like the
high pr ones near the interaction region and do not consider the hits corresponding
to these tracks in the next iterations, thereby, successively reducing the complexity
of subsequent iterations. This strategy is very useful in building up of more difficult
tracks, like low pr or displaced tracks. The algorithm has a total of 6 iterations,
starting with iteration 0, that reconstruct the prompt tracks (close to pp interaction
point) with pr > 0.8 GeV and having at least three pixel hits. Iteration 1 takes
care of all other high pr prompt tracks with two pixel hits. Iteration 2 has been
configured to locate low pr (pr < 0.8 GeV) prompt tracks. Lastly, the iterations
3 -5 are intended to recover tracks originated outside the luminous region of pp
interactions and not considered in previous iterations. The first three iterations of
CTF has a prompt track reconstruction efficiency of ~ 90% for charged hadrons
and ~ 99.5% for muons, the efficiency for hadrons deteriorate due to their nuclear
interactions with the tracker material. The track reconstruction is the most CPU
extensive task with each iteration step constituted of four further steps as detailed

below:

e Seed generation: In this step, the track seeds are generated using the hits in
the internal pixel layers of tracker. A set of parameters are used to determine the
compatible hits that has the capability of track formation. Usually, a window
around a hit in a layer is used to find the compatible hit in the adjacent layer.
A seed provides an initial estimate of track parameters and their associated
uncertainties. The seed generation algorithm requires the knowledge of center
of beam spot and location of primary vertices including the ones coming from
pileup events. Since the charged particles traverse a helical path under the effect
of the uniform magnetic field, a minimum of five parameters are required to

define a trajectory.

e Pattern recognition/track finding: The track seeds originating in the first
step are used to determine the complete track by looking for other hits in the

outer pixel and strip layers. The corresponding algorithm is based on the Kalman
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filter technique [141-143] that makes use of coarsely estimated track parameters
by the trajectory seed. As it finds new hits in successive layers, it keeps on
updating the track parameters. A y2-test is performed to check the compatibility
of hits with the extrapolated trajectory.

Track fitting: The candidate track estimated by the pattern recognition can be
biased by the constraints applied to the trajectory at the seeding step. Therefore,
the trajectory is fitted again by initiating a Kalman filter from the innermost
hit and proceeding iteratively through all the hits in the outward direction,
the track parameters are updated sequentially at each hit. The covariance
matrix corresponding to the fit has been scaled by a large factor to avoid any
biases. This filter is then followed by a smoothing step, in which a second filter
is initiated in the outermost hit using the results obtained by the first filter
and proceeds backwards toward the beam-line. The final track parameters are
then obtained by the weighted average of the two filters. In order to get best
precision, a Runga-Kutta propagator is used to extrapolate the trajectory. The
X2 approach is also followed to check the presence of and removal of any spurious
hits (outliers), that do not belong to the track.

Track selection: In the high luminosity environment of LHC, there is a sig-
nificant probability of reconstructing fake tracks (tracks not associated with
charged particles). So track selection step imposes some quality requirements
on the reconstructed tracks to reduce the fraction of fakes, these quality checks
include the requirements on the number of hit layers in the track, the y2/d.o.f.
of the track fit, the impact parameters of track in transverse and longitudinal
directions and the compatibility with the primary vertex. A track is considered

as a final track candidate if it passes these quality criteria.

3.1.2 Vertex reconstruction

The vertex reconstruction [111] involves determination of all the pp interaction

vertices in an event, coming from the signal as well as the pileup collisions. The

algorithm is constituted of three steps, which include the track selection, clustering

of the tracks that seem to be originating from the same interaction point and

fitting of the tracks to locate the vertex position.

The track selection step sort out the prompt tracks that are appeared to be

produced in the primary interaction region by requiring the maximum transverse

64



impact parameter significance relative to the beam spot [144] position to be < 5,
more than 2 pixel or more than 5 pixel+strip hits and normalized x? from the
trajectory fit to be < 20. No requirements are imposed on track pr in order to
ensure high reconstruction efficiency. The clustering of the selected tracks is done
by the use of a deterministic annealing (DA) algorithm [145] which considers the
z-coordinates of the tracks at the point of closest approach from the center of
beam spot and their corresponding uncertainties. This algorithm considers many
prototype vertices initially and assign a number of vertices to each track with
different weights which reflects the track consistency to be coming from the beam
spot. A priori, each of the configurations is considered to be equally likely. A
X2 minimization is performed to obtain the most probable vertex corresponding
to each configuration which finally results into a number of effective vertices at

distinct positions.

3.1.3 Photon reconstruction and identification

Photons are one of the most abundant particles produced in pp collisions either
as the direct products of pp interactions (known as prompt or signal photons) or
as the decay products of other particles. These, along with electrons, are detected
and reconstructed using ECAL signals. A detailed description of the procedure

used has been provided as follows.

3.1.3.1 Photon reconstruction

Photons are absorbed in ECAL by depositing their energies, in the form
of showers of secondary particles, in a number of ECAL crystals. The energy
reconstruction of photons takes place by grouping the energy depositions in different
crystals in the form of clusters and superclusters (clusters of clusters). If no material
is present between the collision point and the calorimeter, then electrons/photons
deposit around 97% (94%) of their energy in 5x5 (3x3) crystal matrix. But the
presence of tracker in-between, results into showering even before reaching ECAL,
with a spread in ¢ direction arising due to the effect of magnetic field. Similar
reconstruction algorithms are used for both electrons and photons; electrons also

use further directional information from the tracker.

The photon reconstruction [146,147] in CMS takes place in a number of steps

illustrated in the Fig. 3.4. The first step is the local reconstruction and calibration
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of EcalRecHits. This is then followed by a second step that involves clustering of
various rechits to form energy clusters and superclusters. The third and final step
considers the energy scale correction to the reconstructed superclusters. These

steps are explained one by one in the coming sections.
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Figure 3.4: Various steps followed in reconstruction of particles inside ECAL.

3.1.3.1.1 Calibration of Ecal channels

The e/~ signals in ECAL are calibrated and corrected to account for a number
of detector effects [117]. The ECAL crystals have a tendency to degrade light
response if illuminated continuously for a long time, therefore, the transparency
of these crystals is monitored during data taking by using a synchronous laser
system and the observed changes are corrected for individual crystals during event
reconstruction. The relative calibration of individual channels is done by deploying
the knowledge of ¢-symmetry of various energy depositions, the invariant mass of
79/n mesons in diphoton channel and the momentum measurement of electrons,

coming from decays of W* and Z bosons, in tracker.
3.1.3.1.2 Clustering

The clustering algorithms group together the crystals associated with different

electromagnetic showers into clusters. Since the showers have a spread in ¢-direction
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due to the magnetic field, the clusters which are close in 7-direction are further
grouped together into superclusters using a larger ¢ window. Due to different
crystal geometries in ECAL barrel and endcap, two different algorithms, namely,
Hybrid algorithm in barrel and Multi5x5 (a modified island) algorithm in endcap,

described in detail below are used.

e Hybrid algorithm: The hybrid algorithm is a super-clustering algorithm
deployed in the ECAL barrel that makes use of the n— ¢ geometry of crystals and
the corresponding knowledge of lateral shower shape in n-direction to construct
superclusters of electron and photon energy deposits. This algorithm considers
fixed length window in 7 while variable length window in ¢-direction. An

illustration of the algorithm has been provided in Fig. 3.5.
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- > 1x3 domu
X omino
seed crystal -
EN
A
sub-cluster sub-cluster
» O

Figure 3.5: An illustration of the Hybrid algorithm used for clustering in ECAL
barrel region.

The complete step-by-step procedure is outlined as follows:

1. Start by searching for a seed crystal, that is the maximum energy crystal
satisfying Fr > Efrhggz 4 (1GeV). The crystal should not belong to any other

cluster. Terminate the process in case no such crystal is found.

2. Construct a 1x3 domino of crystals in ¢ —n direction. If Fyomino > 0, then
extend it to a 1x5 domino. Add other 1x5 dominoes to it by moving in
¢-direction on either side of seed domino upto +Ng, crystal length in ¢
where N, = 17. If energy of a domino falls below Eie (0.1 GeV), do

not consider it.

3. Group the selected adjacent dominoes into local energy clusters. If energy of

67



a local cluster falls below Efres (0.35GeV), then remove the corresponding

dominoes from the final supercluster.

e Multi5x5 algorithm: Since the geometry of crystals in ECAL endcap is not
the same as in the barrel, a different algorithm named Multi5x5 has been utilized
in endcaps to collect the energy deposits within a window in 7 — ¢ plane. The
Multibx5 algorithm first naively creates the basic clusters and then group them
together into superclusters on the basis of their proximity in n/¢ direction. The

complete description of the procedure is provided as follows:

1. At first, the seed crystals that do not belong to any cluster and that satisfy
Er > Ethres required to be equivalent to 0.18 GeV, are selected. Terminate
the process if no such seed is found.

2. The seeds are required to be local maxima when compared to the four
direct neighbours. If this is not the case, repeat the previous step again.

Arrange all the seeds in descending order of Er.

3. Start with the highest Et seed and move towards the lower ones while
constructing 5x5 crystal matrices around each. In this process, do not
include the crystals in a matrix that have already been clustered in a
previous matrix. The matrices in Multi5x5 algorithm can partially overlap
with each other but the crystals will only belong to the one with high
Er seed. The overlapping matrices represent the close showers due to

bremsstrahlung etc.

4. In order to construct a supercluster, all the 5x5 clusters whose total energy
satisfies, Er cluster > E?ié}uster (1GeV), are considered within a search road

in 17 and ¢ around each seed having the range n+ An and ¢ + A¢p where An
= 0.07 and A¢ = 0.3rad. An illustration of this is presented in Fig. 3.6.

Since the pre-shower detector is present in front of ECAL endcaps in the n
range 1.65 < |n| < 2.6, the particles deposit a fraction of their energy in the pre-
shower before reaching the endcap. In order to obtain this energy, the energy
weighted positions of all the 5x5 clusters belonging to a supercluster in endcap are
taken and extrapolated to the preshower planes, while taking the most energetic
cluster as reference point. The maximum distance between the clusters and the
reference point in ¢, along with an extension of +0.15rad, is taken as the pre-shower

clustering range in ¢. The corresponding range in 7 has been set to +0.15. The
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Figure 3.6: An illustration showing overlapping of two Multi5x5 clusters. Clusters
in yellow are eligible to seed other Multi5x5 clusters if they form the local energy
maxima. The mechanism of formation of a supercluster using many multi5x5
clusters is also shown.

energy deposited in pre-shower in this range is computed and added into the endcap

supercluster energy.

Each supercluster corresponds to a potential photon candidate. The position of
a supercluster in all the clustering algorithms is estimated via an energy weighted
average of the positions of all the crystals belonging to the supercluster. Each
crystal is assigned a weight equivalent to, w; = maz(0,4.7 + In(E;/Esc)) [148].
The supercluster position is then connected to the primary vertex of the event to
obtain a direction of photon’s momentum. If many primary vertices exist in an

event, then the one with highest track sum p2. is considered.

3.1.3.1.3 Energy scale corrections of superclusters

There are many factors that affect the resolution of the energy measured in
ECAL using clustering algorithms. These mainly include the energy losses due to
the bremsstrahlung and photon conversions in the material of the tracker, leading
to an underestimation of the energy. The aim of supercluster energy corrections

is to compensate for various energy losses and achieve a homogeneous response
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throughout the ECAL. The corrected energy of a reconstructed particle in ECAL
is given by

E=FxGx Y ¢xA4 (3.1)

cluster

where A; refers to the signal amplitude given by the ADC counts; ¢; is the
inter-calibration term that equalizes the different crystal’s response (as discussed
under 3.1.3.1.1); G is the scale representing the global correction term defined such
that the product of G and energy amplitude of a 5 x 5 crystal matrix is equivalent
to the energy of an unconverted photon. The factor F' refers to the supercluster
correction term and it includes corrections for three type of effects in barrel while

two type of effects in endcap, described as below:

e The factor Cgg(n) used in barrel only to compensate for the lateral energy

leakage from the exposed sides of the EB crystals.

e The correction term fi e that is used to correct for the response of the clustering

algorithms with different SC topologies towards the shower.

e The residual correction term, f(FEr,n), applied to all the reconstructed super-
clusters. It corrects for the non-linear matter distribution in the detector and

the corresponding energy dependence.

3.1.3.2 Photon identification

As photons are an important ingredient of many prominent physics searches,
a precise identification and selection of photons is a crucial task of CMS physics
program. The photons selected using various reconstruction algorithms can have
a significant fraction of fake photons coming from different sources. In addition,
the signal photons (directly coming from pp interactions) are contaminated with
a large fraction of background photons (coming from decay of other particles),
arising mainly from the decay of neutral mesons (mainly, 7% and 7) produced in
the jets. These mesons decay into two photons which can get reconstructed as a
single photon if the initial p of mesons is quite high. Two different algorithms
for photon identification have been deployed in CMS: one approach considers the
selections applied to the individual photon variables; while second approach uses a

multivariate technique.

The analysis documented in this thesis adopts the first approach that makes use
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of the different photon variables utilizing the knowledge of properties of photons.

These variables can be divided into two different categories as mentioned below:

3.1.3.2.1 Shower shape variables

The direct photons are distinguished from background photons and other
particles on the basis of their lateral shower patterns within the calorimeter cells.

A number of variables are utilized under this category, including

e Shower profile: Studying the lateral extension of energy deposits in the 7-
direction, is a very sophisticated and powerful way to distinguish the showers
due to a single photon or two overlapping photons. A variable, 0y, is used
that provides the transverse shape of EM cluster in a particular n direction and
is defined as the energy weighted standard deviation of a single crystal n in
a matrix of 5 x 5 crystals centered around the maximum energy crystal. It is
computed using logarithmic weights and is defined as:

2 _ L —7)*w;
inin S, ;

2 W;T);

w;

(3.2)

E.
and w; zmax[O; 4.7+10g(E - )]

5x5H

where 7 =

Here the distances n are measured in units of crystal size in the n-direction. This
variable has a symmetric and narrow distribution for a prompt photon while has
a long tail on the lower side of the distribution for misidentified or overlapping
photons. Another variable, 044, a counterpart of oy, in ¢ direction is also

used, however, it is less effective compared to oy,

e Single tower hadronic over electromagnetic ratio (H/E): It is defined as
the ratio of energy deposited in the single HCAL tower, closest to the photon
supercluster position and centered in the photon direction, within a cone of
radius R = 0.15 in 1 — ¢ plane and the energy deposited by that supercluster in
the ECAL. Due to the large depth of ECAL (~ 26Xj), the probability of EM
shower leakage in HCAL is relatively small, so this variable proves to be a good

discriminator.

e Ry: It is defined as the ratio of total energy deposited in a 3x3 crystal matrix
around the most energetic crystal in a supercluster and the total supercluster
energy. The energy spread due to a pair of overlapping photons is larger as

compared to a single photon, therefore, this variable also provides a good

71



discrimination.

e Conversion safe electron veto: This variable is used to distinguish between
electrons and converted photons. It requires that for a photon cluster in ECAL,
there should not be any charged particle track with pixel hits, matching with

the conversion vertex, in the tracker pointing towards the photon direction.

3.1.3.2.2 Isolation variables

If a photon candidate is a direct descendant of a pp collision, it will be quite
away from other particles produced in the same collision. On the other hand, if a
photon is a decay product of a hadronic jet, it will be associated with hadronic
activity in its vicinity. Therefore, requiring limited amount of activity around
the photon results into extraction of good photon candidates. Various isolation
sums, expressed as the total energy/momentum carried by various particles within
a specific volume around the photon candidate, are estimated using the particle
flow (PF) algorithms [139], making use of all the sub-detectors. These sums are
evaluated within a cone of radius R = 0.3 around the photon candidate while
neglecting the energy/momentum within a veto region of smaller radius, to avoid the
inclusion of the candidate photon energy. Three different isolation sums depending

upon the type of particles under consideration, are defined:

e PF charged hadron isolation: ) pr of all the charged hadrons within a hollow

cone of 0.02 < R < 0.3 around the photon supercluster.

e PF neutral hadron isolation: } pr of all the neutral hadrons within a cone

of R = 0.3 around the photon supercluster.

e PF photon isolation: Scalar } pr of all the photons within a cone of R = 0.3

while excluding a strip in 7 of 0.015 around the photon supercluster.

3.1.4 Jet reconstruction and identification

Jets in the detector represent the experimental signature of quarks and gluons
emerging from the high energy pp collision. Since, quarks and gluons can not
survive individually owing to their colour confinement, they hadronize in the form
of jets soon after their production. Therefore, jets provide a way to access and

study the underlying processes at partonic level. A precise determination of jets
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and understanding of their properties is of utmost importance for many physics

searches.

Jets are made up of a large number of particles including leptons, hadrons as
well as bosons (mainly photons). Within the detector, these appear as a collimated
spray of particles in a particular direction as seen in Fig. 3.7. As they travel
through the detector, they leave their signals in different detector components.
These signals are then combined by the jet reconstruction algorithms to build a jet.
A number of jet energy corrections are also considered to equalize the reconstructed

jet energy to the true particle-level energy.

Parton level

‘p\ Particle Jet Energy depositions

in calorimeters

Figure 3.7: A pictorial representation of a jet.

3.1.4.1 Jet reconstruction

The aim of jet reconstruction is to reconstruct and identify jets coming from
the hadronization of partons. This process can be divided into two parts: The first
part reconstructs the individual jet constituents and the second part clusters them

together to produce a complete jet.

For reconstruction of jet constituents, three different approaches are considered
at CMS: a calorimeter based approach which utilizes the information of the
calorimeter energy deposits only; a Jet—Plus—Track (JPT) approach that improves
the calorimeter information by using the additional knowledge from the associated
tracks; a Particle-Flow (PF) approach that attempts to combine the information
from all the relevant sub-detectors. A highly improved spatial and momentum
resolution can be achieved by the use of PF approach as compared to calorimeter

or JPT approach.

The jet clustering algorithms are used to cluster individual jet constituent

particles to form a jet. These algorithms can be broadly divided into two classes:
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the sequential recombination algorithms and the cone algorithms. The sequential
algorithms work by combining a pair of particles based on the closeness in some
distance measure and then repeating the procedure for other particles until some
stopping condition is reached. The main sequential algorithms employed at CMS
include, kt [149], anti—kt [150] and Cambridge/Aachen (CA) [151,152], described

by the distance measurements,

4y = min(k2, 12 20 g
ij = min(k7, Tj)? an (3.3)
diB = k?I‘ZZ)a

where,

d;;: distance between ith and jth particle,

d;p: distance of ith particle from the beam line,

kr: particle’s transverse momentum, and

AR;;: spatial distance between ith and jth particles, \/(771 -1;)%+ (i — ¢;)2.

The parameter R determines the angular reach of a jet and is usually called the

jet radius. The parameter, p = 1 for kt algorithm, implies that this algorithm
clusters the soft particles (low pr) first, p = -1 for anti-kr algorithm means that
it clusters hard particles (high pr) first and p = 0 for CA algorithm performs an
energy independent clustering. On the other hand, the cone algorithms define
specific conical regions around the particles and put together all the particles inside
the cone in the form of a jet such that the total momentum of the particles coincide
with the cone axis. The famous cone algorithms include, Iterative cone, Midpoint
cone, SIScone etc. These algorithms mainly differ from each other in the strategy
used to search for the stable conical region. The Fig. 3.8 represents the behaviour

of different jet clustering algorithms.

The sequential algorithms have a number of advantages over the cone algo-
rithms, like: simplicity and detector independence, can be easily implemented in
experimental analyses and theoretical calculations, insensitive to hadronic effects,
infrared and collinear safe3 etc. The analysis in this thesis considers the particle
flow jets clustered using the anti—kr algorithm. A detailed description of these has

been provided below:

3Infrared safety requires that the clustering algorithms should not be affected by the inclusion
of an extra soft gluon and collinear safety requires that the jet clustering should remain same for
splitting of a parton into two partons. Both of these lead to finite perturbative calculations upto
any order.
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Figure 3.8: The behaviour of different jet clustering algorithms.

Particle flow reconstruction algorithm: The particle flow algorithm of

CMS [139, 153]| relies mainly on the high efficiency of track reconstruction and
fine granularity of ECAL and HCAL. This algorithm works by linking the energy
clusters in the calorimeters with the tracker signals to create a complete picture of
the event. Since, this algorithm reconstructs individual particles corresponding
to each sub-detector first, a dedicated calibration can be done and the impact
of non-compensating nature of HCAL can be mitigated to get an overall good
response. Also due to the availability of tracking and vertex information, the
impact of pile-up collisions can be reduced. The list of individual particles from

each sub-detector is then used to reconstruct jets, E¥, 7, b-jets etc.

This algorithm is performed in three main steps. The first step builds the basic
elements of PF algorithm, like the reconstruction of charged particles tracks in the
tracker and energy clusters in the calorimeters. The energy clustering in HCAL
starts by searching for a seed channel, a local energy maxima. The topological
clusters are then formed by adding neighbouring channels to it. The energy of each
calorimeter channel is required to be above some predefined threshold, in order
to avoid any contributions from electronic noise etc. The energies and positions

of the final clusters are determined using an iterative method by re-weighting the
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contributions of individual channels on the basis of their distance from the seed
channel. This step is then followed by a second step that involves the building of
PF blocks using a mechanism known as link algorithm, which performs the linking
of the tracks with the energy deposits in ECAL and HCAL, compatible with the
electromagnetic and hadronic shower profiles. A link between ECAL and HCAL
energy deposits is also made if the ECAL cluster position lies within the envelope
of HCAL cluster. The tracks are also linked to the muon hits in the muon system,
thereby forming global muons. The resultant PF block consists of a maximum of
three elements. The quality of these blocks is determined by the compatibility of
its elements, either in the form of 1 — ¢ distance in case of track—to—cluster and
cluster—to—cluster links or in the form of x? fit in case of track—to—muon links.
The third step consists of the reconstruction of final PF objects on the basis of the
PF blocks.

The performance of PF algorithm has been studied using simulated events [153].
A great precision is achieved, using tracker and ECAL, for the measurement of
around 90% of jet energy taken by the charged hadrons and photons. The remaining
10% of jet energy shared by neutral hadrons is measured solely in HCAL and has
an energy resolution of 120%/VE.

Anti-kt clustering algorithm: The default jet clustering algorithm used in

CMS is one of the sequential recombination algorithm, the anti-kr [150] algorithm.
It determines two distance measures for a pair of particles (i, ) as
2

2
2 and

R? (3.4)

dij = mln(kz}%, kr}?
diB = krf\%

This algorithm works by finding the distance of ith particle from the closest jth
particle (d;;) and from the beam line (d;z), by using the definition of distance
measures given above. If ith particle is closer to jth particle as compared to beam
line (d;; is smallest), it replaces ith and jth particle with a single new particle
of momentum kr; + k1;, often called a pseudojet, as it is neither a single particle
nor a full jet. However, if the ith particle is closer to beam line as compared
to jth particle (d;p is smallest), then it removes the ith particle from the list of
particles under study and considers ¢th particle as an inclusive jet. The algorithm
then repeats this procedure with a new pair of closest particles/pseudojets, until it

includes all the particles. The CMS uses anti—kr algorithm corresponding to two
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values of jet radius, viz 0.4 and 0.8, forming AK4 and AKS jets.

3.1.4.2 Jet energy corrections

The energy of a reconstructed jet is not the same as that of the true energy of
a particle level jet. The primary reason being the non-linearity and non-uniform
response of calorimeters, especially HCAL. The jet energy corrections (JEC) [154]
are a set of tools that performs the mapping of the reconstructed jet energy to
the actual particle-level energy. At CMS, a multi level factorized approach to
JEC has been considered where each level correspond to a different correction of
specific type. These corrections are extracted using the data-driven as well as the
simulation methods and are provided as in-situ calibrations in data and MC. Each
correction level is dependent on various jet quantities and provides a scaling to
the jet four momentum®. These corrections are always applied sequentially in a
fixed order. The different JEC levels are represented in Fig. 3.9 and are described

below:

e Calibrated
Jets

Applied to simulation ———-

Figure 3.9: Different jet energy correction levels applied to data and MC.

e L1 Offset: The purpose of the L1 correction is to subtract any energy contri-
bution coming from the pile-up and underlying events [155]. This correction,
in principle, removes the dependence of data sample on the luminosity, so that
the further corrections are applied on a luminosity independent sample. These
corrections are estimated using the events processed with and without consider-
ing pile-up overlay in a simulated sample of QCD dijet and parameterized as
a function of energy density p, jet area, niet and p]f,t The residual differences
between data and simulation are corrected as a function of 7 using a random
cone method implemented using zero-bias events, resulting into different L1

corrections for data and MC.
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e L2 Relative: These corrections are applied to both data and MC to make the

jet response uniform as a function of pseudorapidity, 7.

e L3 Absolute: After correcting the jet response in 7, it is also made uniform in
pr using L3 corrections. The L2 and L3 corrections are now computed together

using QCD dijet samples and are collectively called L2L3 MC-truth corrections.

e L2LL.3 Residual: This correction is determined by the in-situ measurements
of absolute and relative jet energy scales and is meant to correct the small
differences between data and MC, of the order of a few %, in jet response. A
correction factor, equivalent to the residual difference between data and MC, is

applied only to data.

Apart from these, an optional L5 flavor correction derived using Z+jet and y+jet
simulated samples, is also applied in some cases. The analysis in this thesis
considers the essential L1, L2, L3 and L2L3 corrections only. Each correction level
also has the related uncertainties, forming the biggest source of systematic error in

a jet measurement.

3.1.4.3 b-tagging of a jet

The jets arising from the hadronization of b-quarks are known as b-jets. The
b-jets have many distinctive signatures (Fig. 3.10) like, long lifetime (~ 10712s),
large mass (4.2 GeV), high track multiplicity (~ 4-5), relatively large semi-leptonic
branching ratio (~ 20% for each of e~ and p~), hard fragmentation function® etc.,
which leads to their precise measurement. The CMS with its rigorous charged
particle tracking, powerful lepton identification and highly segmented calorimetry,
is well matched for the task of b-jet identification [156,157]. The b-tagging is
a kind of reconstruction procedure that utilizes various b-hadron properties and

based on these, assigns a “likelihood” to each jet, of the presence of b-hadrons.

A number of b-tagging algorithms have been deployed at CMS that mainly
differs in their complexity and input information. All these algorithms provide
a numerical discriminator for a jet in the output whose value determines the
b-tagging status of the jet. The higher is the value of discriminator, the larger is
the probability of the jet being a b-jet. These b-tagging algorithms are constructed

on the basis of the information gathered from either the tracks or secondary vertex

5 A significant fraction of initial b-quark’s momentum is taken away by b-hadrons.
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Figure 3.10: A depiction of a b-jet emerging from the primary vertex.
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Figure 3.11: An illustration of b-tagging algorithms.

or soft lepton or any combination of these, as presented in Fig. 3.11. The main

b-tagging algorithms employed in CMS are:

e Track Counting (TC) algorithm: This approach exploits the long lifetime
of b-hadrons and considers the charged tracks associated with it. It computes
the significance of the signed impact parameter® of all the good tracks, arrange
them in decreasing significance and assign the significance of Nth track to the
discriminator. It leads to an algorithm of high efficiency for N = 2 and high
purity for N = 3.

e Jet Probability (JP) algorithm: This algorithm uses information from all

®Impact Parameter (IP) is defined as the minimum distance between the track and primary
vertex, the sign of IP is determined by the scalar product of IP segment with the jet direction.
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selected tracks in a jet. Using a sample of tracks with negative impact parameters,
it builds a probability distribution function (PDF') that considers the probability
of a track to be originating from the primary vertex. Based on this PDF, a
probability pointer is assigned to each track and a discriminator is built using
full set of tracks. A version of JP algorithm, known as jet B probability is also
used that considers only the four highest displaced tracks matching with the

reconstructed multiplicity of the b-hadron decay vertex.

Soft Lepton (SL) algorithm: This algorithm identifies the b-hadrons on the
basis of their semi-leptonic decays as the leptons from b-decay usually tend to
have high pr relative to the jet axis. The corresponding b-tag discriminator is
the result of the neural network” build up using lepton pr, impact parameters

and some other variables.

Simple Secondary Vertex (SSV) algorithm: This algorithm considers the
reconstruction of secondary vertex from the b-hadron decay using an adaptive
vertex finder technique and uses the variables associated with it to compute the

discriminator value.

Combined Secondary Vertex (CSV) algorithm: This is the most sophis-
ticated and complex approach making use of all the known information like
secondary vertices, lifetime, IP significances, decay lengths etc. This algorithm
has the capability to provide a discrimination even when no secondary vertex is
reconstructed. It uses a list of variables and feeds them as input into a likelihood
ratio which is then used to compute the discriminator value. A “version 2”7 of
this algorithm known as “CSVv2” has also been introduced during LHC Run II

that makes use of the artificial neutral networks instead of likelihood ratio.

These algorithms have a b-tag identification efficiency varying in a range of 40—70%.

These are available in three working points: loose, medium and tight, corresponding

to light flavour mis-tagging rate of 10%, 1% and 0.1%, respectively. At CMS, these
algorithms are determined using the inclusive multijet, muon enriched jets and
dilepton ¢t data samples, the jets are required to be PF jets clustered using anti—kr

algorithm having a pr > 20GeV and lying within the tracker acceptance region,
In| < 2.4.

"A neural network is a hardware/software system designed on the basis of working of neurons

in the human brain.
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3.1.4.4 Jet identification

The reconstructed and calibrated jets contain a significant fraction of fake jets
coming mainly from the electronic noise and other detector artifacts. In order to
identify and locate a good collection of jets to be used in an analysis, a set of

identification variables are defined [158], listed as below:

e Charged hadron fraction: The fraction of energy deposited in HCAL by
charged hadrons.

e Neutral hadron fraction: The fraction of energy deposited in HCAL by

neutral hadrons.

e Charged electromagnetic fraction: The fraction of energy deposited in
ECAL by charged constituents of the jet.

e Neutral electromagnetic fraction: The fraction of energy deposited in ECAL

by neutral constituents of the jet.
e Number of constituents: The number of particles in a jet.

e Charged multiplicity: The number of charged particles in a jet.

3.2 Event Simulation

Event simulation is an integral part of any high energy physics experiment right
from the designing stage to the final analysis. It is almost impossible to perform a
physics analysis without the use of simulated data. It acts as a reference to the
detector output as well as allows us to study the behaviour and consequences of
any new theory without having observed it directly. The various efficiencies and
correction factors used by the analyses are computed by comparing experimental
and simulated data while a number of systematic uncertainties are computed using
simulated data alone. In general, the quality of any physics result is strongly

influenced by the quality of simulation involved.

Event simulation produces events that perfectly mimic the output from an
actual detector. The various steps involved in a simulation chain are presented

schematically in Fig. 3.12.

As the first step of the simulation chain, the “Physics Model” in which the

calculation has to be performed, is selected. The physics model can be the standard
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Figure 3.12: Event simulation and data analysis chain.

model (to simulate background processes) or any model beyond the standard model
(to simulate signal processes of new physics). The simulation process is defined at
the next level by specifying the input/output particles and the order of calculation.
The expressions for matrix element and probability cross-section are prepared
automatically on the basis of the selected physics model. At the “Event Generator”
level, the matrix element is integrated over the entire phase space and the random
samples of all final state particles, along with the information of their energy-
momentum, are generated. The generated events are then made to propagate
through a “Detector Simulation” model that represents the simulation of an actual
detector. The huge amount of information produced in output by the detector
simulation exactly replicate the output from a real detector. At this level, both the
theoretical simulated data and experimental detector data are at equal footing and
can be compared with each other. The simulated data is reconstructed using the
same reconstruction programme as used for real data. Comparison of reconstructed
simulated data with real data provides a test of self-consistency of the underlying
physics model, though any discrepancy between the two may hint towards some

new physics. The final analysis is performed using a data analysis toolkit, known
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as ROOT [134]. The simulated and observed events passing various filters and
cuts are studied and compared by organizing them in the form of histograms. At
CERN, the simulation and analysis of data is performed using a data distribution
grid system known as WLCG (Worldwide LHC Computing Grid) [159]. This
infrastructure is based on the tiers computing centers, distributed all around the

world.

The two main components of event simulation process, viz, event generation

and detector simulation are described in more detail in the sections below.

3.2.1 Event generation

Event generation [136, 137] is the first stage of the simulation process. It is
based on software programs that use Monte Carlo (MC) methods [138,160] to
simulate events. A Monte Carlo technique is basically an integration tool based on
random sampling®. It is mainly used to obtain approximate numerical solutions of

the analytical problems which are otherwise too complicated to solve.

The main objective of event generators is to accurately provide the description
of an actual particle collision. In a high energy pp collision, the formation of a
single event involve several steps as depicted in Fig. 3.13. At the start, the two
partons are selected, in flavor as well as in color, from each of the two colliding
protons. These partons are allowed to radiate gluons, known as initial state
radiation, before interacting. The hard scattering process occurs upon interaction
and results into the production of two or more final state particles, probably
via a resonance state. These final state particles can further decay into other
particles producing several daughters. The remaining quarks and gluons undergo
the emission of parton showers before the final hadronization stage occurs, resulting
into the recombination of partons to form hadrons. In addition to these, the left
over partons (known as beam remnants) of a proton, after the parton underwent
hard scattering is pulled off, can interact with each other, leading to the multiple
parton interactions (MPI). These MPIs result into creation of multiple vertices
as well as addition of extra tracks and energy deposits interfering with the main

collision, referred to as the underlying events (UE).

The event generators also formulate an event in the same sequence through

8 A method of selecting a sample from a large statistical population such that each sample in
the population has some predefined probability of being selected.
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Figure 3.13: Sequential steps involved in the formation of an event.

the use of different theoretical models for different physics aspects, like hard and
soft interactions, initial/final state parton showers, parton distribution functions,
multiple interactions, underlying events, parton hadronization and decay etc.
Simulating these aspects of a process require the calculation of relevant matrix
element involving loop diagrams up to many orders, achieved by the use of dedicated

MC techniques.

The cross-sections for various processes are stored within the event generators
which are solved by the use of MC integration techniques. The cross-section of a

2 — 2 process at tree-level is given by,

11 R 02 (2
O'(&b—>0d) = Z/ / Oab—cd (S,Q’S(M%),—2,—2)fa(xl,M%*)fb(Ig,M%)dxlde

ab 70 40 Hr KR
(3.5)
Here @ is the scale of hard interaction while up and ugr are factorization and
renormalization scale. The quantity, § = x129s, s is the center-of-mass energy of
collision, x; and x4 are the fractions of total proton’s momentum, carried by two

interacting partons. The functions f,(x1,4%) and f,(x9, %) are the probability
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density function for two partons, also known as parton distribution function
(PDF) [161], representing the probability of carrying a momentum fraction z; and
o by parton a and b respectively. The initial partons for a hard interaction are
selected by the use of PDF. These PDF’s are determined experimentally from
deep inelastic scattering processes, Drell-Yan processes, and jet production at high
energies. The ¢ is the parton level cross-section of the sub-process ab - cd. The
expression is integrated using MC techniques over the entire phase space. If the
expression contains loop corrections, then integration over loop propagators is also
performed. The multi-dimensional integration yield the total cross-section of the
process. The event after passing through the various event generation levels is then

passed to the detector simulation stage.

3.2.1.1 MC event generators

A number of event generators based on MC techniques are used in present day
colliders. These can be divided into general-purpose generators and specific genera-
tors. The specific generators are good for simulating any particular physics aspect
but need to be interfaced with general-purpose generators to simulate a complete
event. Examples of some of the general-purpose generators are: PYTHIA [162],
MADGRAPH [163|, HERWIG++ [164], ALPGEN [165] and SHERPA [166]. The analy-
sis documented in this thesis uses PYTHIA and MADGRAPH as the generators to
simulate various signal and background processes. A brief description of these are

given below.

3.2.1.1.1 PYTHIA

It is one of the oldest general-purpose event generator used for lepton as well as
hadron colliders. Its hadronization model is based on the Lund string model [167],
consisting of around 240 hard scattering processes. It is a leading order (LO) event
generator and considers only two particles in initial and final states. It consists
of models for initial and final state parton showers, hard processes matching and
merging, multi parton interactions, underlying events etc. It also has the facility

to interface with external programs.

3.2.1.1.2 MADGRAPH

PYTHIA is an ideal event generator for simulating 2 — 2 processes, but in actual

collisions, most of the processes contain more than two particles in final state.
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The MADGRAPH [163]| matrix element generator has the capacity to produce the
processes with up to nine particles in the final state. It uses ALOHA package [168|
to automatically generate the amplitudes of relevant sub-processes. The events
simulated using MADGRAPH are put in some standard event format files known
as Les Houches format files (LHE files) [169] which are then passed to PYTHIA to
simulate parton showering and hadronization. The PYTHIA also performs matching
and merging of the matrix elements (ME) with the partons showers (PS) using
CKKW algorithm [170] and MLM scheme [171].

3.2.2 Detector simulation

In order to simulate the behaviour of particles within the detector, a software
based model representing a virtual detector has been used. The event generator
output is made to pass through this detector simulation model to obtain a replica
of actual collision data. With increase in complexity and resolution of the detectors,
the detailed simulation of an experimental setup has become a challenging task. It
requires efficient and sophisticated tools to accurately reproduce the behaviour of

detector in the presence of collision particles.

In CMS, the simulation of the detector is performed using an object oriented
toolkit known as GEANT4 [172]. The GEANT4 consists of a set of C++ libraries
which can be used to simulate any detector system. It simulates the particle
interactions in matter on the basis of Monte Carlo methods. The GEANT4 package
provide accurate description of various detector aspects like, detector geometry,
material of different detector components and the dead material such as bolts,
cables, support etc. It consists of a set of physics models that are able to handle
the various particle’s interactions with the matter over a wide range of energy,
ranging from few hundred eVs to TeV. Starting from the event generator output,
the events are made to propagate through the detector simulation while taking into
account the magnetic field for charged particles as well as the various interactions of
particles with matter like bremsstrahlung, multiple scattering, photon conversions,
scintillation, ionization, cherenkov light etc. Finally, the raw output similar to that

of the actual detector data is obtained.
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CHAPTER

FOUR

SEARCH FOR LIGHT AND HEAVY FLAVOR
EXCITED QUARKS

This chapter documents in great detail the various steps and procedures followed
in the analysis of CMS data to search for any signature of excited light and heavy

quark presence in 7y + jet and 7 + b-jet final states respectively.

4.1 Analysis strategy

In high energy physics, the invariant mass is a very important parameter to
determine the nature of a process. It is a Lorentz invariant quantity and is defined
as the system mass constructed using the Lorentz invariant energy and momentum.
For a single particle, the invariant mass is equivalent to its rest mass, given by
m? = E? — p?, in natural units!. This relation is also true for a system of masses
with F and p representing the total energy and momentum of the system. In a
process that occurs through a resonance, the invariant mass of final state particles is
equivalent to the rest mass of the resonance. The process has a larger cross-section

corresponding to the energy of resonance mass.

If we plot the invariant mass distribution of final state particles for a large
sample of events, the number of events corresponding to the resonance mass will

be relatively larger as compared to the neighbouring masses. The resonance will

'In natural units, h = c =1
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appear as a peak over the continuous distribution, arising due to the standard
model processes referred to as the background processes, with the peak-width
proportional to the resonance’s life time. The background due to various SM
processes is subtracted either by the use of Monte Carlo simulated background
samples or by the use of data driven technique where the background is evaluated
by fitting the invariant mass distribution with a smooth parameterization. Any
significant deviation from the smooth distribution at any point in data is considered
as a signal of new physics. In case of absence of any significant deviation, the
resonance signal model, simulated on the basis of the underlying theory, is used
to evaluate a signal cross-section (mass), above (below) which the presence of the

signal is discarded with some statistical significance.

4.1.1 Excited quark analysis

In this analysis, the resonance signals considered are the excited states of light
q = u,d and heavy b quarks. The underlying processes are pp - q* — v + jet and
pp — b* - v +b-jet. The invariant mass distribution spectra of v+ jet and v+ b-jet
are the most important distributions for this study, which have been analyzed to
investigate the presence or absence of excited quark signals. A detailed overview

of the signals and backgrounds of this study is presented in sections below.

4.1.1.1 Signals

This analysis considers the q* and b* signals decaying into ~ + jet and ~ + b-jet
final states respectively, where the jet can be a light quark, a gluon or a b-quark.
The Feynman diagrams representing the various physics processes contributing to
this channel are presented in Fig. 1.4. Among these, the most dominant quark-
gluon fusion process has been considered for this analysis. This process contributes

through two Feynman diagrams in s- and t-channel as shown in Fig. 4.1.

The resonance will show its presence in the form of a bump in the s-channel
and in the form of an excess of events in t-channel, over the continuum invariant

mass distribution of v + jet.

4.1.1.2 Backgrounds

In pp collisions, the v + jet channel has a rather clean and simple signature

within the detector. Still, many known SM processes can mimic this final state
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(a) s-channel (b) t-channel

Figure 4.1: Feynman diagrams for quark-gluon fusion process in s and t channel.

and form the backgrounds of this study. These potential physics backgrounds are

reported below as per their dominance:

4.1.1.2.1 SM ~ +jet

The SM ~ + jet processes where a photon and a jet are produced in the hard
collision, form the most dominant and irreducible background for this study. A
number of processes including quark-gluon compton scattering (qg — qv), quark-
antiquark annihilation (qq — gv) and gluon-gluon fusion (gg — gv) contribute to
this background. The Feynman diagrams representing these processes are shown
in Fig. 4.2. The qg scattering process dominates the total SM 7 + jet cross-section
over the entire pr range. The contribution from the qq annihilation process is
lesser, though it increases with increasing pr. The gg fusion process, being a NLO

process, contributes negligibly.

q Y ! y
g y
q q q
9 q 9 g
g g
(a) qg compton scattering (b) q7 annihilation (c) gg fusion

Figure 4.2: Standard model background contribution from v + jet processes.

4.1.1.2.2 QCD dijet

The SM dijet processes where two jets are produced in the hard scattering,
can form a background to a 7 + jet process if one of the jets fragments into a
highly energetic 7 which then decays into a pair of overlapping photons and gets

reconstructed as a single photon in the detector. A number of processes like the
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ones shown in Fig. 4.3, contribute to this background. The production cross-section
of these processes is around 10* times larger than the SM v + jet processes. But,
since the probability of a jet faking a photon is about 10~ — 1073, this background
form the second largest background of this study. Also, the cross-section for these
processes falls very swiftly (~ p;*) with increasing pr, so this background has

significantly lower contribution at high pr.

q g g g
I E
9 q 9 9
g q q q
W >mz&gw<
g g g q
Figure 4.3: Standard model background contribution from QCD dijet processes.
This background is also supplemented by the bremsstrahlung process where a
photon is radiated by one of the initial or final state quarks as shown in Fig. 4.4.
This results into one photon and two jets in the final state and can mimic a v + jet
process if one of the jets is lost or mismeasured. However, since these photons do

not emerge from primary interaction vertex and have hadronic activity in close

vicinity, these can be easily removed by the photon isolation requirements.
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Figure 4.4: Bremsstrahlung contribution to SM QCD dijet production.
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4.1.1.2.3 EWK

The SM electroweak processes, like W/Z + jet production, can contribute a
small fraction to the total background when the heavy electroweak boson decays
leptonically and one of the leptons is either lost or go away in the form of missing
transverse energy. The Feynman diagrams corresponding to these processes are

shown in Fig. 4.5

q S0

Figure 4.5: Background contributions from electroweak processes.

4.2 Production of Ntuples

The analysis chain starts with the production of Ntuples? of required data and
MC samples. This step makes use of an analyzer, a code written mostly in C++
and python within the CMSSW environment, that extracts the information, related
to different physics objects, triggers, vertices, pile-up etc., from the reconstructed
or simulated datasets and store them in ROOT files in the form of Ntuples. Since
the analyzer has to run over billions of events contained within a dataset, this step
is almost impossible to perform using interactive computing. A technique known
as grid computing [128], that considers a number of computer resources located
at multiple places all over the world, is used along with CMS Remote Analysis
Builder (CRAB)? [173] to achieve this task. The Ntuples consist of organized
information of all the quantities required for further analysis. This study has used
the Tier-3 center present at Fermilab, USA, referred to as T3 _US FNALLPC,
for the production, storage, and analysis of data and MC Ntuples.

4.2.1 Samples processed

The recorded detector data and simulated MC samples used in this analysis

are detailed below. The MC samples include the signal as well as the background

2 Analysis specific event information extracted from the complete dataset and stored in ROOT
files in the form of tree/branch structure.

3 An official CMS tool that allows an end user to access the data distributed at various sites
as well as automates the task of job submission.
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samples. All the samples are used in mini-AOD format and have been processed

using a CMSSW version 8 0 26 patchl.

4.2.1.1 Data

This analysis used the pp collision data collected by the CMS detector at /s =
13TeV in 2016, with a bunch crossing frequency of 25ns. This data corresponds
to a total integrated luminosity of 35.9 fb™!. The reconstructed data in mini-AOD
format, with only certified runs and luminosity sections selected using an official
JSON* file, have been used. The list of data samples split in different run era
ranging from B to H and the name of JSON file are presented in Table 4.1.

Data Samples Run Range Luminosity (fb™)
/SinglePhoton/Run2016B-03Feb2017 _ver2-v2/MINIAOD 273150 — 275376 5.788
/SinglePhoton/Run2016C-03Feb2017-v1/MINIAOD 275656 — 276283 2.573
/SinglePhoton/Run2016D-03Feb2017-v1/MINIAOD 276315 - 276811 4.248
/SinglePhoton/Run2016E-03Feb2017-v1/MINTAOD 276831 — 277420 4.009
/SinglePhoton/Run2016F-03Feb2017-v1 /MINIAOD 277932 — 278808 3.102
/SinglePhoton/Run2016G-03Feb2017-v1/MINTAOD 278820 — 280385 7.540
/SinglePhoton/Run2016H-03Feb2017 ver2-vl/MINIAOD 281613 — 284035 8.391
/SinglePhoton/Run2016H-03Feb2017 _ver3-vl/MINIAOD 284036 — 284044 0.215
Total 273150 — 284044 35.866
JSON File

Cert_271036-284044 13TeV_23Sep2016ReReco_ Collisions16_ JSON.txt

Table 4.1: List of data samples along with corresponding run ranges and integrated
luminosity. The JSON file used to select certified runs and luminosity sections is
also listed.

4.2.1.2 Signal MC

The signal MC samples for q* — v+ jet and b* - v + b-jet are generated and
simulated at the leading order (LO) using PYTHIA 8.212 event generator [162]
and GEANT4 [172] detector simulator, for three different values of the coupling
multiplier, viz. f = 1.0, 0.5 and 0.1. These resonance signals are generated at
different masses in the range from 0.5 to 9.0 TeV at an interval of 1 TeV for q* and
0.5 to 5.0 TeV at an interval of 0.5 TeV for b*, to explore the entire mass range. The
simulation is performed using the CUETP8M1 underlying event tune [174,175],

with renormalization and factorization scale set to, u = pr of hard-scattered

1A JSON file is a special java format file that lists the good runs and luminosity sections
collected with optimum detector conditions. The JSON files are located at the link:
https://cms-service-dgm.web.cern.ch/cms-service-dqm/CAF/certification/Collisions16/13TeV/ReReco/
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partons, and NNPDF2.3LO parton distribution function (PDF) [176]. The list of
all the samples along with the number of generated events and cross-sections is
presented in Table 4.2 for q* and in Table 4.3 for b*.

Sample Name Events Cross section (in pb) Coupling
QstarToGJ _M-500 f-1p0_ TuneCUETP8M1 13TeV-pythia8 299,760 3.033E+2 1.0
QstarToGJ _M-1000 f-1p0_ TuneCUETP8M1 _13TeV-pythia8 296,364 1.632E+1 1.0
QstarToGJ M-2000 f-1p0_ TuneCUETP8M1 13TeV-pythia8 99,499 5.213E-1 1.0
QstarToGJ_M-3000_f-1p0_ TuneCUETP8M1_13TeV-pythia8 74,879 4.272E-2 1.0
QstarToGJ  M-4000 f-1p0  TuneCUETP8M1 13TeV-pythia8 73,482 4.8E-3 1.0
QstarToGJ _M-5000 f-1p0_ TuneCUETP8M1 13TeV-pythia8 74,918 5.835E-4 1.0
QstarToGJ _M-6000 f-1p0_TuneCUETP8M1 13TeV-pythia8 75,000 7.076E-5 1.0
QstarToGJ _M-7000 f-1p0_ TuneCUETP8M1 13TeV-pythia8 50,000 8.66E—-6 1.0
QstarToGJ_M-8000_f-1p0_ TuneCUETP8M1_13TeV-pythia8 49,814 1.283E-6 1.0
QstarToGJ  M-9000 f-1p0  TuneCUETP8M1 13TeV-pythia8 50,000 2.985E-7 1.0
QstarToGJ_M-500_f-0p5_TuneCUETP8M1_13TeV-pythia8 300,000 7.378E+1 0.5
QstarToGJ  M-1000 f-Op5 TuneCUETP8M1 13TeV-pythia8 99,723 4.129 0.5
QstarToGJ _M-2000_f-Op5_TuneCUETP8M1_13TeV-pythia8 100,000 1.328E-1 0.5
QstarToGJ _M-3000 f-0p5 TuneCUETP8M1 13TeV-pythia8 75,000 1.095E-2 0.5
QstarToGJ  M-4000 f-0p5 TuneCUETP8M1 13TeV-pythia8 72,816 1.212E-3 0.5
QstarToGJ_M-5000_f-0p5_TuneCUETP8M1_13TeV-pythia8 75,000 1.437E-4 0.5
QstarToGJ  M-6000 f-0p5 TuneCUETP8M1 13TeV-pythia8 74,776 1.62E-5 0.5
QstarToGJ _M-7000_f-Op5_TuneCUETP8M1_13TeV-pythia8 49,520 1.672E-6 0.5
QstarToGJ _M-8000 f-Op5 TuneCUETP8M1 13TeV-pythia8 49,427 1.647E-7 0.5
QstarToGJ  M-9000 f-Op5 TuneCUETP8M1 13TeV-pythia8 50,000 2.329E-8 0.5
QstarToGJ _M-500 f-Opl TuneCUETP8M1 _13TeV-pythia8 99,681 2.955 0.1
QstarToGJ_M-1000_{-Opl_TuneCUETP8M1_13TeV-pythia8 99,254 1.655E-1 0.1
QstarToGJ_M-2000_f-Opl_TuneCUETP8M1_13TeV-pythia8 75,000 5.315E-3 0.1
QstarToGJ_M-3000_£f-Opl _TuneCUETP8M1_13TeV-pythia8 75,000 4.356E-4 0.1
QstarToGJ _M-4000 f-0pl TuneCUETP8M1 13TeV-pythia8 72,312 4.861E-5 0.1
QstarToGJ _M-5000 f-Opl TuneCUETP8M1 13TeV-pythia8 75,000 5.715E-6 0.1
QstarToGJ_M-6000_f-Opl_TuneCUETP8M1_13TeV-pythia8 49,942 6.241E-7 0.1
QstarToGJ_M-7000_f-Opl _TuneCUETP8M1_13TeV-pythia8 49,910 5.973E-8 0.1
QstarToGJ _M-8000_f-Opl _TuneCUETP8M1_13TeV-pythia8 49,650 4.515E-9 0.1
QstarToGJ _M-9000 f-Opl TuneCUETP8M1 13TeV-pythia8 49,814 2.655E-10 0.1

Table 4.2: MC samples for q* signal, simulated and reconstructed at /s = 13 TeV.
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Sample Name Events Cross section (in pb) Coupling

BstarToGJ_M-500_ f-1p0_TuneCUETP8M1_13TeV-pythia8 100,000 6.236 1.0
BstarToGJ _M-1000_f-1p0_TuneCUETP8M1 13TeV-pythia8 99,736 2.148E-1 1.0
BstarToGJ_M-1500_f-1p0_ TuneCUETP8M1_ 13TeV-pythia8 73,990 2.204E-2 1.0
BstarToGJ_M-2000_f-1p0_ TuneCUETP8M1_ 13TeV-pythia8 75,000 3.585E-3 1.0
BstarToGJ M-2500 f-1p0_ TuneCUETP8M1 13TeV-pythia8 75,000 7.488E-4 1.0
BstarToGJ _M-3000 f-1p0_TuneCUETP8M1 13TeV-pythia8 73,170 1.766E-4 1.0
BstarToGJ _M-3500_f-1p0_ TuneCUETP8M1_ 13TeV-pythia8 50,000 4.517E-5 1.0
BstarToGJ M-4000 f-1p0  TuneCUETP8M1 13TeV-pythia8 48,100 1.202E-5 1.0
BstarToGJ M-4500 f-1p0_ TuneCUETPSMI 13TeV-pythia8 50,000 3.289E-6 1.0
BstarToGJ M-5000 f-1p0 TuneCUETP8M1 13TeV-pythia8 49,608 9.216E-7 1.0
BstarToGJ _M-500 f-Op5 TuneCUETP8M1 13TeV-pythia8 99,544 1.574 0.5
BstarToGJ_M-1000_{-Op5_TuneCUETP8M1_13TeV-pythia8 100,000 5.438E-2 0.5
BstarToGJ_M-1500_f-Op5_TuneCUETP8MI1_ 13TeV-pythia8 75,000 5.666E-3 0.5
BstarToGJ M-2000 f{-Op5 TuneCUETP8M1 13TeV-pythia8 74,404 9.162E-4 0.5
BstarToGJ M-2500 f-0p5 TuneCUETP8M1 13TeV-pythia8 74,409 1.884E-4 0.5
BstarToGJ_M-3000_f-Op5_TuneCUETP8MI1_13TeV-pythia8 72,730 4.393E-5 0.5
BstarToGJ _M-3500_£-0p5_TuneCUETP8M1_13TeV-pythia8 49,150 1.112E-5 0.5
BstarToGJ _M-4000 {-Op5_ TuneCUETP8M1 13TeV-pythia8 50,000 2.909E-6 0.5
BstarToGJ_M-4500_f-Op5_TuneCUETP8M1_ 13TeV-pythia8 50,000 7.706E-7 0.5
BstarToGJ _M-5000_f-0p5_TuneCUETP8M1_ 13TeV-pythia8 50,000 2.027E-7 0.5
BstarToGJ _M-500_f-Opl_TuneCUETP8M1_13TeV-pythia8 99,033 6.357E-2 0.1
BstarToGJ M-1000 f-Opl TuneCUETP8M1 13TeV-pythia8 99,040 2.175E-3 0.1
BstarToGJ M-1500 f-0pl TuneCUETPSMI 13TeV-pythia8 75,000 2.278E-4 0.1
BstarToGJ M-2000 f-Opl TuneCUETP8M1 13TeV-pythia8 73,936 3.674E-5 0.1
BstarToGJ_M-2500_f-Opl_TuneCUETP8MI1_13TeV-pythia8 75,000 7.595E-6 0.1
BstarToGJ _M-3000_£-Opl_TuneCUETP8M1_13TeV-pythia8 74,911 1.768E-6 0.1
BstarToGJ _M-3500 f-Opl TuneCUETP8M1 13TeV-pythia8 50,000 4.454E-7 0.1
BstarToGJ M-4000 f-Opl TuneCUETP8M1 13TeV-pythia8 50,000 1.155E-7 0.1
BstarToGJ M-4500 f-Opl TuneCUETP8M1 13TeV-pythia8 46,590 3.031E-8 0.1
BstarToGJ_M-5000_f-Opl_TuneCUETP8MI1_13TeV-pythia8 49,388 7.703E-9 0.1

Table 4.3: MC samples for b* signal, simulated and reconstructed at /s = 13 TeV.
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The signal shapes of q* and b* signals for different masses and different coupling
multipliers, obtained by taking the probability distribution of the invariant mass

of v+ jet and v + b-jet respectively, are shown in Fig. 4.6.
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Figure 4.6: Signal shapes for q* (left) and b* (right) for different masses and
couplings.

4.2.1.3 Background MC

The list of MC samples, along with the number of generated events and process

cross-section, corresponding to the three backgrounds for this study are presented
in Table 4.4 below.
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Sample Name Events Cross section (in pb)

Glets HT-40To100 TuneCUETP8M1 13TeV-madgraphMLM-pythia8 4,467,985 20820
GJets HT-100T0200 TuneCUETP8M1 13TeV-madgraphMLM-pythia8 5,131,873 9201
Glets HT-200To400 TuneCUETP8M1 13TeV-madgraphMLM-pythia8 10,036,487 2308
GlJets HT-400To600 TuneCUETP8M1 13TeV-madgraphMLM-pythia8 2,529,729 275.2
GlJets HT-600Tolnf TuneCUETP8M1 13TeV-madgraphMLM-pythia8 2,463,946 93.3
QCD_Pt_120to170 _TuneCUETP8M1 13TeV _pythia8 6,708,572 471100
QCD_Pt_170t0300_TuneCUETP8M1_13TeV _pythia8 6,958,708 117276
QCD_Pt_300to470 TuneCUETP8M1 13TeV pythia8 4,150,588 7823
QCD_Pt_470to600 _TuneCUETP8M1_13TeV _pythia8 3,959,986 648.2
QCD_Pt_ 600to800 TuneCUETP8M1 13TeV pythia8 3,896,412 186.9
QCD_ Pt 800to1000 TuneCUETP8M1 13TeV pythia8 3,992,112 32.29
QCD_Pt_1000to1400 _TuneCUETP8M1 13TeV _pythia8 2,999,069 9.418
QCD_Pt_1400t01800 TuneCUETP8M1 13TeV pythia8 396,409 8.426E-1
QCD_ Pt 1800t02400 TuneCUETP8M1 13TeV pythia8 397,660 1.149E-1
QCD_Pt_2400t03200_TuneCUETP8M1_13TeV _pythia8 399,226 6.830E-3
QCD_Pt_3200toInf TuneCUETP8M1_13TeV _pythia8 391,735 1.654E-4
DYJetsToLL Pt-100To250 TuneCUETP8M1 13TeV-amcatnloFXFX-pythia8 2,040,596 83.12
DYJetsToLL _Pt-250T0o400_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8 423,976 3.047
DYJetsToLL Pt-400To650 TuneCUETP8M1 13TeV-amcatnloFXFX-pythia8 432,056 3.921E-1
DYJetsToLL Pt-650Tolnf TuneCUETP8M1 13TeV-amcatnloFXFX-pythia8 430,691 3.636E-2
WletsToLNu _ TuneCUETP8M1 _13TeV-madgraphMLM-pythia8 29,705,748 61526.7

Table 4.4: The background MC samples used in this analysis, simulated and
reconstructed at /s = 13 TeV.

The SM ~ + jet background has been generated using the MAD-
GRAPHS _aMC@NLO 2.2.2 [163] event generator in different Ht® bins, in the
range of 40 — 100, 100 — 200, 200 — 400, 400 — 600 and 600 — co GeV with showering
and hadronization carried out by the PYTHIA program. The MLM [177| matching
scheme has been used to remove the double counting of the partons generated with

MADGRAPH and PYTHIA.

The SM QCD dijet background has been generated using PYTHIA, with the
same conditions as signal MC, in different pr bins, in the range of 120 — 170,
170 - 300, 300 — 470, 470 — 600, 600 — 800, 800 — 1000, 1000 — 1400, 1400 — 1800,
1800 - 2400, 2400 — 3200 and 3200 — co GeV.

The EWK Z+jet background has been generated in different pt bins in the
range of 100 — 250, 250 — 400, 400 — 650 and 650 — co GeV using the AMCATNLO
event generator with FXFX [177] matching scheme and PYTHIA for showering
and hadronization. The corresponding W+jet background is generated using
the MADGRAPH event generator with MLM matching scheme and PYTHIA for
showering and hadronization. All the samples use CUETP8M1 as the underlying

event tune.

SHr = Y pr of all the jets in an event
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4.3 Re-weighting of MC events

The detector data is compared with the MC samples to validate it w.r.t. the
theoretical description. In order to have a fair comparison, both data and MC are

kept at equal footing, by weighting the MC events corresponding to the data.

4.3.1 Luminosity re-weighting

The MC events are re-weighted to reflect the data luminosity. The relevant

luminosity weight per event applied to MC is:

0 X Ldat
process ata
Wi = = (4.1)

Nprocess

where 0process and Nprocess are the theoretical cross-section and the number of gen-
erated events for the simulated process and Lgat, is the total integrated luminosity
of data.

4.3.2 Pile-up re-weighting

In high-luminosity colliders, each bunch crossing may result into many inelastic
interactions, with the number of interactions being proportional to the instanta-
neous luminosity of the collision. These additional interactions are attributed to as
the pile-up (PU) interactions. These pile-up events can affect the reconstruction
efficiency and can appear in the pr distribution of the reconstructed objects. The
presence of pile-up can affect the current analysis in two ways: additional energy
from PU can be added to the reconstructed jet energy, thereby, worsening the
jet energy measurement and tracks and calorimeter energy deposits from PU
interactions can get added to the isolation energy sum of photons, thereby, making
the isolation cuts less efficient. However, a number of techniques are developed and
centrally validated in CMS to alleviate the deterioration of object reconstruction
due to PU effects. To minimize the impact of PU interactions, various cuts applied
for object selection and energy corrections are optimized so that in the end, the

effect is almost negligible.

The simulated samples are also generated with additional pile-up to match with
the actual data taking conditions. The samples used in this analysis are generated
with 2015 25ns_ Startup_ PoissonOOTPU [178] pile-up scenario. Still, the residual

differences in the pile-up distributions of data and MC are corrected by means of
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pile-up re-weighting. In this process, the pileup distribution for data is taken from
the instantaneous luminosity per bunch crossing for each luminosity section, and
the total pp inelastic cross-section of 69.2mb, using the officially recommended
procedure [178]. A Poissonian smearing is used to model the statistical fluctuations
in the actual pileup events present in the data. For MC, the true number of
interactions per event are considered as the pileup distribution. These pile-up
distributions in data and MC are compared corresponding to the number of primary
vertices and a weight factor is calculated on the event by event basis. This weight
factor is then multiplied to the luminosity weight factor to get the total event
weight applied to the Monte Carlo events. To give an account of the effect, a
data-MC comparison of the number of vertices in an event has been shown in

Fig. 4.7, before and after applying the pile-up re-weighting.

35.9 b (13 TeV) 35.9 fb™ (13 TeV)

CMS

Preliminary

Preliminary

CMS

o0 "

e S R
5 10 15 20 25 30 35 40
nPV nPV
(a) Without PU weight (b) With PU weight

Figure 4.7: Data-MC comparison of the number of vertices in an event, showing
the effect of pile-up re-weighting.

4.4 Event selection

In this analysis, we are searching for the possible signatures of excited quarks
decaying into a photon and a jet final state. So the experimental technique of
event selection starts with the measurement of the inclusive process, pp = v+ jet
+ X where we require at least one hard photon and one hard jet in the event, X

refers to the additional photons or jets or anything else that can be present in
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the event. The events containing these additional particles are not vetoed as it
would unnecessarily restrict our signal to a narrow topology. The event statistics
for the search of excited b-quark is formed by requiring the selected jet to be a

b-jet. Based on the type of the jet, three different event categories are made:

e Inclusive category: Events containing photons and jets where jets can be the

light jets or the b-jets. This forms the event statistics for q* search.

¢ Exclusive 1 b-tag category: Events containing photons and b-jets, forming

the event statistics for b* search.

e Exclusive 0 b-tag category: Events containing photons and non b-jets. This
category is also used in b* search in order to overcome any loss of statistical

power due to migration of events from one category to another.

The selection criteria used in this analysis is described in detail in the sections

below:

4.4.1 Trigger selection

The trigger system of the CMS experiment is designed to select interesting
physics events of good quality. As mentioned in Section 2.2.2; it consists of two
levels: the L1 trigger and the HLT trigger. The data sample used in this analysis
is required to pass the L1 SingleEG40 trigger, which selects the events that have
at least one e/v candidate with Er > 40 GeV and HLT Photon165 HEI10 trigger,
which is a single photon trigger requiring the events to have at least one photon
candidate with pp > 165 GeV and H/E fraction < 10%. The HLT path is required
to be un-prescaled for the entire data taking period, so that all events passing the

trigger are stored for further analysis.

The offline trigger efficiency of HLT trigger, also referred to as the trigger
turn-on, has been studied as a function of the leading photon pr in order to observe
any inefficiencies. The trigger turn-on measured w.r.t. the same object dataset
is referred to as the relative trigger efficiency while the trigger turn-on measured
w.r.t. an orthogonal dataset is referred to as the absolute trigger efficiency, as the
relative trigger efficiency can not reveal the presence of any systematic detector
effect. The idea is to identify unbiased photon candidates in data and measure the
frequency of photons activating the trigger decision. The trigger efficiency in this

analysis has been evaluated w.r.t. the lower pr prescaled photon, jet and muon
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reference triggers, as listed in Table 4.5. This efficiency is measured by selecting
the events passing the lower pr threshold triggers and computing the rate at which
these events also pass the main analysis trigger. The trigger turn-on curve for all

the three reference triggers is presented in Fig. 4.8.

Analysis trigger Photon ref. triggers Jet ref. triggers Muon ref. triggers

HLT Photonl65 HE10 HLT Photon75 HLT PFJet60 HLT Mu50
HLT Photon90 HLT PFJet80
HLT Photon120 HLT PFJet140

Table 4.5: Different triggers used in the trigger efficiency study.
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Figure 4.8: Relative and absolute trigger efficiencies for the single photon trigger,
HLT Photonl165 HE10.

It can be seen that the trigger become fully efficient and reaches the plateau
region at around 200 GeV, for photon and jet reference triggers. However, the
turn-on w.r.t. the muon reference trigger is found to be around 95% efficient with

a sizable uncertainty which is taken into account as a systematic uncertainty:.

4.4.2 MET filters

While monitoring the quality of detector data during offline processing, a
number of noisy events were reported, which are removed by applying a set of

officially recommended noise cleaning filters, listed below:

e CSC tight beam halo filter: rejects muons from beam halo.

e HBHE noise filter with isolated noise rejection: rejects noisy events in

HCAL.
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e HCAL laser filter: removes events that contains HCAL calibration laser firing

within the collision bunch-crossing.

e ECAL dead cell trigger primitive filter: rejects events containing large

missing energy coming from masked crystals.

e Bad EE supercrystal filter: removes events that contains two EE crystals

with anomalously high energies.

4.4.3 Primary vertex selection

A typical pp collision event may contain more than one reconstructed primary
vertex coming from in-time and out-of-time bunch crossings, pile-up events etc.
But, the events that have at least one primary vertex coming from in-time collision
are kept for further study. These events are selected by requiring the vertex to be
within 24 cm of the nominal collision point along the z—direction and within 2 cm
in the radial direction. The vertex should have at least 4 associated tracks, along
with the largest value of )] p2. of all the tracks and have a proper 3d vertex fit with
the tracks.

4.4.4 Analysis object selection: Photon

In each event passing the primary vertex selection, we search for a well identified
and isolated photon candidate by using the criteria explained in Section 3.1.3.2.

The cut-off value used for each variable is listed below:

Oinin < 0.01022.

Single tower H/E < 0.0396.

e Conversion safe electron veto = true.

PF charged hadron isolation < 0.441.

PF neutral hadron isolation < 2.725 + 0.0148 x pJ + 0.000017 x (pL.)*.

PF photon isolation < 2.571 + 0.0047 x p.

The photon isolation cone is susceptible to a diffuse background of soft particles

coming from the underlying events or pile-up events. So the isolation variables

101



are corrected for the presence of these additional interactions using the following

relation:
Iso™"***d = max. (Iso” 8™ ~ pevent X Aegr , 0.0) (42)

where, pevent 1S known as the energy density computed using the FastJet pack-
age [179] and is defined as the median energy density per unit area corresponding
to the particles associated with the pile-up vertices. This quantity gives a measure
of the pile-up activity in the event. The variable, A is the ratio of the slopes
obtained from linear fitting of p — N, and Isolation—N,,. The values of A.g for

three isolations, in different 7 regions covering barrel and endcaps, are shown in
Table 4.6.

n-bin EA charged hadrons EA neutral hadrons EA photons
In| < 1.0 0.0360 0.0597 0.1210
1.0 < |n| < 1.479 0.0377 0.0807 0.1107
1.479 < |n| < 2.0 0.0306 0.0629 0.0699
2.0<n <22 0.0283 0.0197 0.1056
22<n <23 0.0254 0.0184 0.1457
23<|n| <24 0.0217 0.0284 0.1719
In| > 2.4 0.0167 0.0591 0.1998

Table 4.6: Effective area for different photon isolations.

In order to avoid non-collision backgrounds coming from the anomalous calorime-
teric signals resulting due to the direct ionization of Avalanche Photo-diodes (APDs)
by a highly ionizing particle such as a proton and depositing all the energy within a
single ECAL crystal (known as “spikes”), a minimal requirement on the rectangular

ratios and shower shape profiles, as mentioned below, are also placed:

° Rg < 1.0.
® Tinin > 0.001.

® Tipip > 0.001.

This selection results into a collection of photons in each event, out of which,
the highest pr photon (known as leading photon) is selected and is required to be
greater than 200 GeV, the pr value at which the trigger turn-on curve becomes
100% efficient. The selected photon is also required to be in the central barrel
region of the detector, that is, |n| < 1.4442. This requirement is placed since the q*
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or b* resonances (if exists), produced via hard scattering, would decay mostly into
back-to-back v and jet and are expected to be detected in the central region of the
detector. A comparison of Data vs. MC for different photon variables, after the

final selection, is presented in Fig. 4.9.

4.4.4.1 Overlap removal between v + jet and QCD dijet background

The QCD sample used in this analysis has been generated using PYTHIA with
the process: HardQCD::all = ON, that is, at the generator level, all the processes
like gg — gg, g — qq, ¢ —~ qg, qq —~> qq, 99 ~ g¢, qq — qq are allowed and
are associated with initial and final state parton showers. Since quarks tend to
hadronize as soon as they are produced, the particles in parton showers appear to
come from the primary vertex. Thus, the photons present in these parton showers
form the source of prompt photons in the QCD sample and can mimic a v + jet

event.

However, in QCD, since the prompt photons come from the parton showers,
they have a small AR separation from other gen particles. The same is visible in
Fig. 4.10a which shows the AR distribution between genPhotons and genPartons
in the QCD sample. On the other hand, in « + jet sample, the prompt photons
come from the hard process and hence are largely separated from other particles

as can be seen in Fig. 4.100.

The events containing these prompt photons in QCD sample are removed in
order to avoid double counting of events between v + jet and QCD dijet samples.

The procedure followed to remove the overlap is summarized as follows:

e In a QCD event, a gen photon corresponding to the selected reco photon is
searched by requiring, gen particle ID = 22, AR(Gen, Reco) < 0.1 and %(Gen,
Reco) < 0.1. Once the gen photon is found, its prompt status is checked using
its gen level properties. If it is prompt, the event is removed from the event

collection, otherwise not.

e Since v + jet MC sample has a gen level cut of AR(~, Parton) > 0.05, so the
events with only AR(~, Parton) > 0.05 are removed from the QCD sample.

e The events with AR(vy, Parton) < 0.05 (if any) are, then, removed from the
v+ jet MC sample.
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after final selection.



The Fig. 4.10c shows the stitching of the two samples in AR after overlap

removal. It can be seen that the stitching behaves nicely at the AR cut.
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Figure 4.10: AR distribution between prompt gen photon matched to selected reco
photon and other gen particles: (a) QCD before overlap removal, (b) v + jet before
overlap removal, (¢) Stitching of QCD and ~ + jet after overlap removal.

4.4.5 Analysis object selection: Jet

Events containing a good photon candidate are further inspected for the presence
of an AK4 jet using the identification criteria mentioned in Section3.1.4.4. The
cut-off values used for different variables is listed below. The jets qualifying this
selection are required to be away from the selected photon by AR > 0.5, to ensure

that they are different objects and not the fragments of the same particle.
e Charged hadron fraction > 0.

Neutral hadron fraction < 0.90.

Charged EM fraction < 0.99.

Neutral EM fraction < 0.90.

Number of constituents > 1.

Charged multiplicity > 0.

Out of the selected jet collection, the jet with highest pr is considered and is
required to have a pr > 170 GeV and |n| < 2.4. A nearly symmetric cut on the pr
of photon and jet is considered since the photons and jets in the signal samples

are distributed symmetrically in pt as can be seen for q* samples in Fig. 4.11.
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In order to overcome the non-linear response of the detector, L1, L2, .3 and
L2L3 corrections as mentioned in Section3.1.4.2 are applied. A comparison of

Data and MC for different jet variables after final selection is shown in Fig. 4.12.
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Figure 4.11: pJ vs. .{ft in 2-dimensional representation for q* signals.

4.4.6 Analysis object selection: b-Jet

The selected jet in each event is examined for its b-tagging status using the
“CSVv2” (explained in Section3.1.4.3) discriminator. A cut-off value of 0.5426,
corresponding to the loose working point, has been used and all the jets with b-tag

discriminator value greater than the cut-off value are considered as b-jets.

In general, the b-jet identification efficiency and c/light-jet misidentification
probability of a tagger is not the same in data and MC. These observed differences
are taken into account by means of the b-tag scale factors (SF) defined as, SF
= 2\4&;, where €4.t2 and ey¢ are the b-tagging efficiencies of CSVv2 discriminator
in data and MC simulation, respectively. These SFs, in CMS, are determined
using the dedicated techniques, described in [156,157]. The SFs are dependent
on jet flavor, jet pr and jet . The official recommendations for computing these
scale factors and errors on them are provided in [180]. The SFs are available for
the pr range of 20-1000 GeV and |n| < 2.4. For values above the pr limit, the
recommendations are to use the SF values at the limits with double the uncertainty

while for values above the n limits, the SF values are taken equal to zero.

Errors on b-tag scale factors arise from various systematic uncertainties, like
the jet energy scale uncertainty, the sample purity which is the contamination of
jets with a flavor complementary to the one for which the scale factor is being

measured, the uncertainty on the scale factor for c-jets and the uncertainty due to
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finite number of events in the simulation which results into statistical fluctuations
etc. These errors are evaluated as the differences in the scale factors for central
and up/down systematic type as mentioned in [180] and are used as a source of

systematic uncertainty due to the b-tagging.

In principle, the SF value provides the fraction of actual b-jets among the jets
passing the discriminator cut. Based on this terminology, two b-tag categories are

formed:
e 1 b-tag category = Jets passing the discriminator x SF.

e 0 b-tag category = Jets passing the discriminator x (1 — SF) + Jets failing the

discriminator.

So the 1 b-tag category essentially gives the fraction of b-jets and the 0 b-tag
category gives the fraction of non b-jets, called as the 1 and 0 b-tag efficiencies of
discriminator. A Data-MC comparison of the CSVv2 discriminator before and after
applying the b-tagging is shown in Fig. 4.13. The 0 b-tag category may contain
the jets passing the discriminator, with a weight (1 — SF), as is seen in Fig. 4.13b.
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Figure 4.13: Data-MC comparison of CSVv2 discriminator distribution before and
after applying the b-tagging.

4.4.7 Kinematical restrictions between ~ and jet/b-jet

The v + jet final state from excited quark decays would be produced through
a s-channel process and has an isotropic distribution of final state particles. On
the other hand, the v + jet final state from background processes would take

place through a t-channel process and result into high density of particles in
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forward and backward directions. Hence, to reduce these background contributions
while maintaining high acceptance for the signal, |An(~,jet/b-jet)| < 1.5 has been
applied. Also, in order to avoid the turn-on region due to various kinematical
selections, as shown in Fig. 4.14, a cut on the invariant mass of v +jet/b-jet, Mjet
= \/ (E7 + E'")2 — (§7 + p'®")2, has been applied and is required to be greater than
700 GeV.
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Figure 4.14: Turn-on due to various kinematical selections, plotted for different jet
pr cuts.

The theoretical predictions for v + jet and dijet backgrounds are generated
at the LO level using PYTHIA and MADGRAPH, so in order to include the NLO
effects, the MC events are scaled with a K-factor of 1.3 [181,182], along with the
luminosity and pile-up scale factors. The cut flow table for signal, backgrounds
and data, after application of all selection cuts and scale factors, is presented in
Table 4.7. The SM ~ + jet contributes about 95% of the total background while
the contribution from QCD dijet background is around 4% and from electroweak

background is around 1%.

The signal efficiencies for q* and b* signals at different mass points for f = 1.0
are presented in Table 4.8 and Table 4.9 respectively. The variation of q* and b*

selection efficiencies as a function of mass is presented in Fig. 4.15.
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Cuts q* 2TeV SM ~+jet Bkg QCD dijet Bkg

EWK Bkg

Total Bkg Data

Total 18389.6 1.50357E+09 2.66074E+10  2.87352E+09 3.09845E+10 1.1584E+08
HLT 18389.6 1.50357E+09 2.66074E+10  2.87352E+09 3.09845E+10 3.93895E+07
MET filters 18389.6 1.50357E+09 2.66074E+10  2.87352E+09 3.09845E+10 3.74467E+07
Photon ID 12868.4 6.38738E+08 6.70708E+07  7.31732E+07 7.78982E+08 4.20307E+06
Pl >200GeV & 11552.4 1.06063E+06 481691 9231.4 1.55155E+06  1.26456E+06
7] < 1.4442
QCD overlap removal ~ 11552.4 1.06007E+06 91298.3 9231.4 1.1606E+06  1.26456E+06
Jet ID 11548.1 1.05854E+06 91244.5 8953.46  1.15874E+06 1.26033E+06
S 170 GeV 11496.6 814187 74359.6 6393.9 894940 930191
et < 2.4 11193 782291 62086.8 6179.82 850558 905346
|An| < 1.5 8270.48 652420 37343.4 5201.72 694965 748663
M, et > 700 GeV 8237.03 122831 4950.45 1379.37 129160 126770
Table 4.7: Selection cut flow table for signal, different backgrounds and data.
Cuts 1TeV 2TeV 3TeV 4TeV 5TeV 6TeV T7TTeV
Total 100 100 100 100 100 100 100
Photon ID 69.4811 69.3168 69.696 70.0057 70.2649 69.0685 67.0689
p}’ >200GeV &  54.6384 62.2149 63.6378 64.1612 64.5831 63.3158 61.0851
7| < 1.4442
Jgt ID 54.5833 62.1878 63.6138 64.149 64.5657 63.3051 61.0571
{ft > 170 GeV 53.1439 61.9043 63.5149 64.0551 64.4989 63.2264 60.977
|nj'3t| <24 50.0591 60.2276 62.7361 63.6412 64.2839 63.061 60.7929
|A77| <15 39.2106 44.5 45.5168 45.5196 45.7801 44.6649 43.2637
M'erjct > 700GeV 374718 44.317 45.4661 45.472 45.7347 44.6102 43.2077

Table 4.8: Selection efficiency (%) table for the q* signal samples in the mass range
1.0-7.0 TeV with SM Coupling f = 1.0.

Cuts 1TeV 1.5TeV 2TeV 2.5TeV 3TeV 3.5TeV 4TeV
Total 100 100 100 100 100 100 100
Photon ID 69.8006 69.6057 69.8508 70.3567 70.4957 71.1226 70.9883
pr>200GeV &  54.6467 58.3353  60.0603 61.3592 62.1837 62.5457  63.0047
|| < 1.4442
Jet ID 54.6361 58.3307 60.0561 61.3549 62.1784 62.5411 62.9972
;t > 170 GeV 53.1637 57.8604 59.8709 61.2866 62.1325 62.4845 62.9699
[niet| < 2.4 52.5537 57.3699 59.4802 61.0701 61.952  62.4065 62.9059
CSVv2 35.5183 35.6018 34.2311 30.9516 28.901 28.1197 27.3777
|An| < 1.5 28.4642 26.5476  25.3583 22.5024 20.4847 19.8818 19.5085
M, ijet > 7T00GeV  27.3834  26.4028 25.3119  22.4633 20.4636 19.8627 19.4598

Table 4.9: Selection efficiency (%) table for the b* signal samples in the mass range
1.0-4.0 TeV with SM Coupling f = 1.0.
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Figure 4.15: The product of acceptance and efficiency as a function of q* and b*
mass for SM coupling, f = 1.0, obtained using MC simulation.

A comparison between Data and MC for different kinematical variables for
photons and jets, after final selection, corresponding to the three categories viz.
no b-tag, 1 b-tag and 0 b-tag, are presented in Fig. 4.16, Fig. 4.17 and Fig. 4.18
respectively. These distributions are found to be in reasonable agreement with
the theoretical predictions. The pr distribution for data falls steeply with the
increasing pr and agrees well with MC within the uncertainties. Likewise, the n

distribution is in good agreement with the shape anticipated by MC.

The distributions of photons and jets in An, A¢ and AR are also presented in
Fig. 4.19. The number of photons, jets and b-jets per event are shown in Fig. 4.20.
The Data-MC comparison of the invariant mass distributions of v+ jet and ~ + b-jet

in three categories is displayed in Fig. 4.21.

The various kinematical distributions depicted here confirm that the kinematics
of analysis objects in detector data comply with the theoretical expectations.
However, the theoretical MC simulations, in this analysis, are used just to check
the behaviour of the data. The actual backgrounds for the processes under study,
have been computed using a data driven technique by fitting the invariant mass

distribution spectra with a smooth parameterization.

111



35.9 b (13 TeV) 35.9 b (13 Tev)

CMS
Preliminary

Preliminary
—e— Data - Data
mmy + Jet (MG) mmy + Jet (MG)
mm QCD mm QCD
mm WJetsToLNu mm WJetsToLNu
DYJetsTolLL DYJetsTolLL
q*=2.0TeV e Q= 2.0 TRV
e B* = 1.0 TeV s 0% = 1.0 TeV

Even‘;

: t
R .'b‘ﬁ?t "¢ ++ '% ‘ w*.¥"¢"#*‘+#++*+++
500 1000 1500 2000 2500 _20 500 1000 1500 2000 2500 3000
p¥ Pie(
Y jet
(a) P (b) ’1(3
35.9 fb™ (13 TeV) 35.9 fo (13 TeV)

=
[S)
)

Preliminary Preliminary
—.— Dati MG) —.— Datg MG)
mmy + Jet mmy + Jet
mm OCD mm QCD
JetsToLNu JetsToLNu
DYJetsTolLL DYJetsTolLL
q*=2.0TeV q*=2.0TeV
b*=1.0 TeV -b*=1.0TeVv

f

v " 40 oy

o
gl

m'o..-;o‘c “‘ :##f { ++¥q l‘

500 1000 1500 2000 2500 _20 500 1000 1500 2000 2500 3000
P!(1-tag) PX*(1-tag)
Y jet
(c) pp(1 b-tag) (d) p& (1 b-tag)
35.9 fb™ (13 TeV) . 35.9 fb™ (13 TeV)

10

CMS CMS
Preliminary Preliminary

- Dat% MG)
mmy + Jet
CD
mm WJetsToLNu
mm DYJetsTolLL
*=2.0TeV
-b*=1.0 TeV

- Dat% MG)
mmy + Jet
CD
mm WJetsToLNu
mm DYJetsTolLL
*=2.0TeV
b*=1.0 Tev

eve®evey tyte ¢#+JT‘+ e #,#‘# +++¥H
: WA X
_20 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 _20 500 1000 1500 2000 2500
PY(0-tag) Py(0-tag)
(e) pp(0 b-tag) (f) P (0 b-tag)
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4.4.8 Optimization of event selection

The event selection considered in this analysis has been optimized for best
expected mass limits on q* and b* resonances (the procedure to obtain expected
limits is explained in the upcoming Section4.10). The expected background
obtained from the Poisson fluctuation of total background MC has been used in

evaluating limits. The standard selection used for optimization study is “loose’
photon ID, “tight” jet ID, An < 1.8, A¢ > 1.5 and “medium” CSVv2 cut.

For different photon ID working points (WP), the expected limits at 95% CL
are presented in Fig. 4.22 and Table 4.10. The optimization study tells that the
“loose” WP is the most efficient one. However, it has been found that the trigger
efficiency w.r.t muon reference trigger improves on going from loose to medium

WP, therefore, “medium” WP for photon ID has been chosen.
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Figure 4.22: Expected 95% CL upper limits
on o x BR x A x e versus q* mass for different
photon ID cuts corresponding to SM coupling
f=1.0.

The optimization studies for different An cuts is presented in Fig. 4.23 and
Table 4.11 and a An(~, jet) cut of 1.5 is found to be the most efficient. One more
advantage of a An(~, jet) cut is that it helps in achieving mass turn-on at a lower

mass point (as shown in Fig. 4.14) compared to no An cut.

The corresponding optimization results for various A¢ cuts are presented in
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Fig. 4.24 and Table 4.12 while for various CSVv2 cuts, it is presented in Fig. 4.25
and Table 4.13. A selection without any A¢ cut and a “loose” CSVv2 cut is found

optimum.
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Figure 4.23: Expected 95% CL upper limits Coriesdp?nqing to different mass ex-
on o x BR x A x € versus q* mass for different PECV¢¢ IS

An cuts corresponding to SM coupling f =

1.0.

4.5 Highest invariant mass events in data

The event with highest invariant mass is observed in data at M, e =
4616.69 GeV. The event display for this event has been made using the
cmsShow [183] package in different detector orientations and is presented in Fig. 4.26.
The photon candidate in this event is found to have a pr = 1253 GeV and n =
—-0.857733 while the jet candidate has a pr = 3022.47 GeV and n = 0.395303. The
jet candidate is tagged as a b-jet, therefore, this event form the highest q* as
well as the highest b* invariant mass event. This event was recorded by the CMS
detector on 29t August, 2016 in the run number 279716.

The event with 27¢ highest invariant mass is observed at M. et = 4595.43 GeV
with the photon candidate having pr = 1872.51 GeV, n = 0.927873 and the jet
candidate having pr = 1945.66 GeV, n = —0.299033. Since the jet is not tagged as
a b-jet, so this event form the part of q* statistics only. The event display for this
event is presented in Fig. 4.27.

118



0 x Bx A x [J[pb]

Figure 4.24: Expected 95% CL upper limits
on o x BR x A x e versus q* mass for different
A¢ cuts corresponding to SM coupling f =

1.0.
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Figure 4.25: Expected 95% CL upper limits
on o x BR x A x e versus q* mass for different
CSVv2 cuts corresponding to SM coupling f
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No A¢p 5.24

Table 4.12: A¢ cut optimization
corresponding to different mass ex-
pected limits.

CSVv2

Exp. mass
limit (TeV)

loose 1.73
medium 1.70
tight 1.50
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Table 4.13: CSVv2 cut optimization
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pected limits.
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(b) 3-dimensional plane

Figure 4.26: Event display for the highest invariant mass event at M, e =
4616.69 GeV. This event has the jet tagged as a b-jet, thereby, forming a highest

q* as well as highest b* event.

C‘M.S CMS Experiment at LHC, CERN
Data recorded: Thu Jul 14 08:18:40 2016 CDT
~ < \ | Run/Event: 276811 / 275256142
b\ Lumi section: 166
- Orbit/Crossing: 43263184 / 1544

(a) p-¢ plane

H
:

CMS,

CMS Experiment at LHC, CERN

Data recorded: Thu Jul 14 08:19:40 2016 CDT
" | RurvEvent: 276811 / 275256142

Y| Lumi section: 166

Orbit/Crossing: 43263184 / 1544
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Figure 4.27: Event display for the 2" highest invariant mass event at M. e =

4595.43 GeV.
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4.6 Signal spectrum

The 7+ jet/b-jet invariant mass distribution spectrum falls steeply with increas-
ing mass. The q* and b* signals, if exist, will appear as narrow resonances over the
continuous spectrum. In order to observe these narrow resonances, the bin widths
of invariant mass distributions should match with the mass resolutions of the q*
and b* resonances. Since the resonance width and hence the mass resolution is
directly proportional to the resonance mass, it increases with increase of resonance
mass. So the invariant mass spectra are required to have a variable binning with

increasing bin widths.

To obtain variable binning, the signal shape at different masses are fitted with
three different functions, viz. Gaussian, Breit-Wigner and Crystal-Ball (CB), as
shown in Fig. 4.28 for some of q* mass points. This is required to retrieve the mass
resolutions. The Crystal-Ball function is found to best describe the shapes and its

functional form is given by,

CB(x; )= Nogd 0P -5, for 5> e
s Norl (G D (0 ) e
(4.3)

where N¢p is the normalization factor, o is the width, p is the mean and a,n
are the parameters determining the functional fitting. The resonance widths and

means obtained from CB fitting are then used in a functional form,

B
7 A+ (4.4)
Mean MRes
where 17— is known as the mass resolution with o, the resonance width and

Mean, the resonance mean obtained upon fitting and Mg is the resonance mass.

g

Mean
fitted to obtain the values of parameters A and B as shown in Fig. 4.29. These

This functional form is plotted between and Mg for different masses and

parameters are then used to obtain variable mass binning for q* and b* invariant

mass distributions and is presented below:

nMassBin[120] = { 1, 3, 6, 10, 16, 23, 31, 40, 50, 61, 73, 86, 100, 115, 132, 150, 169,
189, 210, 232, 252, 273, 295, 318, 341, 365, 390, 416, 443, 471, 500,
530, 561, 593, 626, 660, 700, 731, 768, 806, 846, 887, 929, 972, 1017,
1063, 1110, 1159, 1209, 1261, 1315, 1370, 1427, 1486, 1547, 1609, 1673,
1739, 1807, 1877, 1950, 2025, 2102, 2182, 2264, 2349, 2436, 2526, 2619,
2714, 2812, 2913, 3018, 3126, 3237, 3352, 3470, 3592, 3718, 3847, 3980,
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4117, 4259, 4405, 4556, 4711, 4871, 5036, 5206, 5381, 5562, 5748, 5940,
6138, 6342, 6552, 6769, 6993, 7223, 7461, 7706, 7959, 8219, 8487, 8764,
9049, 9343, 9646, 9958, 10280, 10612, 10954, 11307, 11671, 12046, 12432,
12830, 13241, 13664, 14000} ;
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Figure 4.28: Fitting the core of invariant mass of q* signal at different masses
for f = 1.0, using Breit-Wigner (Blue), Crystal-Ball (Red), and Gaussian (Green)
functions to obtain the resonance width of the signal.
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Figure 4.29: Polynomial fitting of mass resolution vs. resonance mass to obtain
variable binning parameters.

4.7 Signal interpolation

While searching for new particles, with unknown masses, it is essential to scan
the entire possible mass range. Due to limitation of resources, only a limited
number of signal masses over a large range are generated. For q* (b*) resonances,
only 10 mass points per coupling multiplier are generated in the mass range from
0.5-9.0TeV (0.5-5.0TeV). The signal shapes at intermediate masses are obtained
by using an interpolation technique [184] which utilizes the information from

neighbouring generated masses.
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In order to interpolate a signal shape at an intermediate mass M between two
generated masses M, and Mp using this technique, a probability distribution in a
~y+jet

parameter X is constructed which is defined as Prob.(X) = hlf/IT

Y
es

where Mpggs i
the resonance mass and M, e is the invariant mass distribution at the resonance
mass. This distribution for masses My and Mg are obtained and used to get the
Prob.(X) distribution for mass M using the relation,

M - Ma

PI‘ObM(X) = PI‘ObMA(X) + [PI‘ObMB (X) - PI‘ObMA (X)] . W
B — MA

(4.5)

The X—distribution is then converted back to v+ jet mass distribution using the
ROOT::Math::Interpolator [134] class to get the resonance shape at the interpolated
resonance mass. The generated and interpolated signal shapes for different q* mass

points are plotted alternatively for comparison in the Fig. 4.30.

N g* Shapes: Gen. & Int.(alternate)
- gq*=1.0 TeV
0.005 — g*=15TeV
B — g*=2.0TeV
= e q*=2.5TeV
I~ — g*=3.0TeV
0.004 — gq*=3.5TeV
L ——— g*=4.0TeV
2 S B U O q*=4.5TeV
20.003— G =50Tev
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a ~ q*=6.0 TeV
0.002 —
0.001—
L it O il ::_AE»‘.':'.!;, o T L ", .
0O 1000 2000 300'8 4000 5000 6000

y+Jet

Figure 4.30: Alternate generated (solid line) and interpolated (dotted line) shapes
for different q* mass points.

The interpolation procedure has been authenticated by performing a closure
test in which already generated shapes from PYTHIA are interpolated again using
the immediate neighbours and a comparison is made as shown in Fig. 4.31 for
three different q* mass points. The interpolated shapes are found to be in good
agreement with the generated ones. Only a small difference is observed on going

towards higher masses, which is considered as a systematic uncertainty.
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Figure 4.31: Comparison of generated and interpolated shapes at different q* mass
points.

4.8 Parametric background

The invariant mass distributions of v+jet and v +b-jet are well described by MC
simulation. The binning of invariant mass distribution is chosen to have a bin width
almost equal to the expected q* and b* mass resolutions, that varies from about
4.5% at 1 TeV to 3.3% at 6 TeV. However, in order to model the background of this
study, a data driven method using a smooth parameterization has been considered.
The usage of a fit function is advantageous over MC simulation in background
modelling as MC simulation has many theoretical (like PDFs; renormalization scale
etc.) and experimental (like jet energy scale, energy resolutions etc.) uncertainties
associated with it. The methodology of smooth parameterization is considered
because the background due to 7 + jet processes is smooth and monotonically
falling and can be extracted by fitting the distribution with a smooth polynomial

function.

Several functional forms inspired from previous similar searches [185-190] have

been considered, which are listed below:

Py(1-z)"1
1. Fy = PP

2. Fy = Lo(lsa)h

= SPPhT
_ P

3. F3 - (P1+P2-:1(3)+12)P3
_ PR

4. F4 — (P1+23)P2

5. F5 = Py-exp(l+ Py -x + Pyx? + Paa®)
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where z = m/\/s, m being the 7 + jet invariant mass and /s being the center of

mass energy, Py, P;, P, and P3 are the fit parameters.

4.8.1 Fisher test

The order of the various functions for q* and b* scenarios has been chosen on
the basis of the Fisher-test. This test is used to determine whether for two fit
models, 1 and 2, where model 1 with p; parameters is “nested” within model 2
with py parameters (ps > p1), the model 1 provide significantly better fit to data

compared to model 2.

A F-test is any statistical test which has the test statistic distributed according
to the F-distribution under the null hypothesis. We use the saturated model
goodness-of-fit test statistics [191,192]:

Mbins

-2log A =2 Z = (b; —z; +xjlog(x;/b;)) (4.6)

where x; is the number of data events in the j' bin and b; is the prediction in the
j bin. This test statistic asymptotically follows a y2-distribution with (npi.s — ;)
degrees of freedom, p; being the number of parameters for model i. This statistic
forms an appropriate metric for the goodness-of-fit of maximum likelihood fits

using a Poissonian likelihood. Based on this, a F-statistics has been constructed as

) —2log(A1/A2)/(p2 = p1)
—-21og Ao/ (Nins — p2)

(4.7)

where ny,s is the number of bins and —2log \; is the “saturated model” goodness-

of-fit test statistic for model 3.

The null hypothesis states that the model 2 does not provide a significantly
better fit compared to model 1 and under this hypothesis, F' will have a F-
distribution with (ps — p1,ps — n) degrees of freedom. The null hypothesis will
be rejected if the F' computed from data is greater than the critical value of

F-distribution for the false rejection probability of @ = 0.05.

To perform this test, the pseudo invariant mass distribution from background
MC has been considered and fitted using the same function with p; and p, pa-
rameters, where py > py, to obtain the best-fit parameters. Based on the fitting,

the x? test statistics (eq. 4.6) for each set of parameters is constructed and a
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F-value is determined using the definition above. Now assuming that the null
hypothesis is true, that is function with py; parameters does not provide a better
fit compared to function with p; parameters, toys are generated using fit results
corresponding to the function with p; parameters. A F-value is computed for each
toy and a F-distribution is constructed. If the F-value obtained from initial best
fit parameters is found to be greater than the F-value corresponding to a p-value

of 0.05, null hypothesis is rejected, otherwise accepted.

We have sequentially tested each order of different functions (F'1 - F'5) and
obtained the best orders (as listed above) for which a F-value corresponding to a
p-value > 0.05 is obtained. The F-distributions for function F'1 corresponding to 3
and 4 parameters has been presented in Fig. 4.32 for ¢* and in Fig. 4.33 for b*. A

p-value > 0.05 is obtained for F'1 with 4 parameters in each case.
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Figure 4.32: The F-test distributions for fitting of function F'1 with q* invariant
mass, for 3 and 4 parameters, showing that F'1 with 4 parameters provide a better
fit compared to 3 parameters.
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Figure 4.33: The F-test distributions for fitting of function F'1 with b* invariant
mass, for 3 and 4 parameters, showing that F'1 with 4 parameters provide a better
fit compared to 3 parameters.
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4.8.2 Goodness-of-fit

In order to test the goodness-of-fit (GOF) of different functional forms F'1 - F5

with data, we have used the modified y? test statistics,

xz(—b) , (45

i=1 Oz;

where the “uncertainty” o,, is the 68% CL region of a Poisson distribution and is
defined as follows, setting o = 1 - 0.687,

D1 2 i 1, ) bl i
0—{ N (49)

D_l(Oé/Q,l’i), Zf bi<xi

where D~1(a/2, ;) is the quantile function of gamma distribution, which is
also the inverse of the cumulative distribution function of the lower tail of the

gamma distribution,

af2
D(af2,x;) = —[Oo ﬁzxi_le_zdz, (4.10)

and, D;!(a/2,x; + 1) is the inverse of the cumulative distribution function of the

upper tail of the gamma distribution,
Duaf2,a+1) = [ —1 _meg 4.11
()2, + )——/Oz/2 F(xl-+1)z e *dz. (4.11)

We generated around 1000 pseudo datasets using the best-fit model parameters on
data, refit each pseudo dataset with the maximum likelihood fit and save the test
statistic value. The distribution of the test statistics from these pseudo datasets as
well as the value observed in data for different functions F'1 — F'5 is presented in
Fig. 4.34 for q* and in Fig. 4.35 for b*. The x?/ndf values for different functions is

also reported.

Since almost all the functions provide reasonable fit to data, one of the functions,

F'1 has been chosen as the background parameterization for this study, written as

do __ R(1-m/V5)"
dm (m/\/g)P2+szn(m/\/§)'

(4.12)

This parameterization is motivated by the LO QCD. The term 2 (or m!?) in

the denominator refers to the mass dependence of the QCD matrix element while
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the term (1 —2)™ in the numerator refers to the mass dependence of the parton

distributions, the term P3; models the data at higher invariant masses.

We have performed an extended, background-only, binned, maximum-likelihood
fit to the data by using the following likelihood,

ny 1. zi p—bi (0)
M (4.13)

np
L(datalg) = [ | Poisson(z;|b;(0)) = | '
i=1 i=1 Ti:
where ny corresponds to the number of bins, 6 is the vector of nuisance parame-
ters (Py, P1, Py, P3) (or, equivalently (Ny, Pp, P2, Ps)), x; is the data yield in the 7*®
bin, and b; is the integral of the fit function in i*" bin multiplied by the expected
events Np. The result of the background only fit to the data for q* and b* in three

categories is presented in Fig. 4.36.

4.8.3 Bias due to the choice of background fit function

The background fit function defined in Eq. 4.12 has been considered to model
the v + jet and v + b-jet invariant mass distributions. However, the uncertainties
associated with the choice of a particular fit function can impact the final result.
Therefore, a bias study has been performed to quantify the amount of potential
bias that can be present given a certain choice of functional form. In this study,
the function F'1 is taken as the default function while the functions F2 - F'5 are
taken as the alternate functions. The procedure implemented to study the bias is
described as follows:

e An underlying distribution h(m.4je¢) in the v +jet (and v+ b-jet) invariant mass

distribution is obtained using the total MC background.

o S+B fit to h(my.jet) with an input signal of mass m and signal strength p = 1
is performed using the test functions F'2 — F'5 to get the best fit parameters.

e These best fit parameters are then used to generate N number of toys corre-

sponding to each function.

e The toys associated with each test function are then fitted with the default
background function F'1 and strength of the signal is predicted for each toy
using maximum likelihood approach, resulting into a distribution fi(m%jet), 1=
2,3,4,5, of p;

e The signal strength fi; predicted by fi(m%jet) is compared with input signal

129



35.9 fo™ (13 TeV)

10°e
;‘M //\ g* (1.0 TeV, f = 1.0) Preliminary
100 e \
% %‘}m’.‘
10°e e, O (2,:c\> TeV, f=0.5)
c = % LA
s F e
51 g - yq 2
> =
m =
10" —+Data q* (5.0 TeV, f= 1.0)
o Fit to data
1; Pl Fit £ 10 ! ‘
g Fit + 20 b
= 2 ;
s
g 8o J+-'_-rll—-—4r-—-T—-‘—
alo -
ol 2

7x10" 1 2

3

Resonance Mass [TeV]

(a) M'y+jet

35.9 fb™ (13 TeV)

10
s CMS
C %""'1.‘ Preliminary
10°E e
F ~ \ b* - yb
r 4 1-Tag category
g 102? \
z F \
= - .
< - b* (1.0 TeV, = 1.0)
ST
F —¢— Data
F Fit to data
1= Pl Fit £ 1o
F Fit £ 20
L b*2.0 TeV, f3 1.0
ELE 43
30
|
al
7x107™ 1 2 3 4 5

Resonance Mass [TeV]

(b) Myjer(1 b-tag)

Events/bin

Data-Fit

IN
3
o

35.9 b (13 TeV)

10°g
:"“m Preliminary
10" %‘m
E o1, b* - yb
3| L
10°e g 0-Tag category
= LY
F o
| -
102 e F\\b* (1.0 TeV, f=1.0)
: \
10 —4— Data
E - Fit to data
1; Bl Fit + 10 y
E Fit + 20 b (20Tev, f=1 }H
2 E
S0k
-2
7x10" 1 2 3 2 5

Resonance Mass [TeV]

(€) Myaer (0 betirg)

Figure 4.36: Invariant mass distribution spectrum of v+ jet fitted with 4-parameter
polynomial fit function for three categories: (a) no b-tag (b) 1 b-tag and (c) 0

b-tag.
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strength ;o = 1 in several mass windows m; and a pull test statistics is constructed

as:

e This pull distribution obtained for functions F'2 — F'5 for different masses are

fitted with Gaussian to obtain the predicted value of .

e For the ideal case, the pull distribution should be a normal distribution with
mean close to zero and rms close to 1. The deviation from zero is the measure
of the bias introduced on choosing default function to describe the data when

the true distributions are described by F'2 to F'5.

A background parameterization is considered to be acceptable if for different

mass regions m;, the following relation holds:
b = |median(p’)| < 0.5, (4.15)

where pf is the Gaussian mean for ** toy and j*" mass point. The bias is considered
as negligible if for each mass point, the median of all the toys is found to be within
0.5. Fig. 4.37 shows that the above relation holds for all the four test functions
corresponding to q* and b* scenarios. The observed maximum bias is found to be

less than or close to 50%.
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Figure 4.37: Pulls distribution as a function of q* (left) and b* (right) mass
corresponding to the four test functions.
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The pull distributions for q* and b* modelling are thus found to be consistent
with a normal distribution with medians deviating by no more than 0.5 from
zero and widths consistent with unity. If added in quadrature with the statistical
uncertainty, the contribution of bias uncertainty is found to be only 10% of the total.
Therefore, it has been concluded that the systematic uncertainty associated with
the choice of background fit function is negligible and the statistical uncertainty of

the fit is the only uncertainty that need to be considered.

4.9 Systematic Uncertainties

A number of systematic uncertainties due to the various sources, like, object
identification, energy scales, luminosity measurements etc., are associated with this

analysis. This section summarizes the most significant of these, as listed below:
e Luminosity

e Pile-up uncertainty

e HLT trigger inefficiency

e Photon and jet energy scale

e Photon and jet energy resolution

e Photon Id inefficiency

e b-tag scale factor

e Signal shape interpolation

e Background shape

The background shape uncertainty is considered for the background, the rest are

considered for signal shapes only.

4.9.1 Luminosity

The uncertainty on the total integrated luminosity is provided centrally by
CMS and is taken to be 2.5%.

4.9.2 Pile-up Uncertainty

The uncertainty associated with the modelling of pile-up is estimated by

performing a variation of +5% in the number of interactions while using a central
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value of total inelastic cross-section to be 69mb. Effect of pileup uncertainty on A

x € of signal samples is found to ~ 1 - 2%.

4.9.3 HLT trigger inefficiency

The trigger turn-on w.r.t the muon reference trigger is found to be around 95%

efficient and hence an uncertainty of 5% has been assigned to this effect.

4.9.4 Photon and jet energy scale

The measured energy of the particle differs from its true energy due to the
non-uniformity and non-linear response of the calorimeters. This difference is
corrected in the photon and jet energy scale (PES & JES) at the reconstruction
level. The uncertainties associated with these corrections form the source of
systematic uncertainty for this analysis. The photon [117] and jet [193] energy
scale uncertainties are extracted on an event by event basis and their effects are
transmitted to the invariant mass distribution of the signal, to compute the amount
of systematic effect. The effect of JES and PES uncertainties on the signal mass
can be seen in Fig. 4.38. The effect of JES uncertainty comes out to be around 1%
while that of PES is around 0.6%.
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Figure 4.38: Effect of jet and photon energy correction uncertainties on the invariant
mass of q* signal.

4.9.5 Photon and jet energy resolution

The photon and jet energy measurements have some associated resolution which

is different in data and MC and hence, can impact the energy/mass resolution
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of the expected signal in data, resulting into the shrinking or stretching of the
signal shape which can further impact the search. So, the resolution effect need
to be taken into account in the form of a systematic uncertainty. This effect
as photon [117] and jet [193] energy resolution (JER & PER) is computed and
propagated to the signal invariant mass. The effect of JER and PER on signal
shape is shown in Fig. 4.39 and the magnitude of both these effects is found to be
around 0.2-0.4%.
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Figure 4.39: Effect of jet and photon energy resolution on the invariant mass of q*
signal.

4.9.6 Photon ID inefficiency

A systematic of 2% due to photon id inefficiency has been considered in this

analysis.

4.9.7 b-Tag scale factor

The efficiency of b-tag discriminator is not the same in data and MC and to
overcome this difference, b-tag scale factors are provided centrally in CMS. These
scale factors have some associated errors which are propagated as a systematic
uncertainty on the signal shape and normalization. The effect of these errors on
the invariant mass spectrum of b* signal can be seen in Fig. 4.40. The b-tag scale
factors are varied up and down by the scale factor errors and the invariant mass
with up and down variation are constructed, to get an estimate of the systematic
effect. This effect is found to be around 2% on signal normalization and around

1% on signal shape.
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Figure 4.40: Effect of b-tag scale factor errors on the invariant mass of b* signal.

4.9.8 Signal shape interpolation

The uncertainty due to the interpolation of signal shapes for intermediate

masses is accounted to be around 0.5 - 1.0%.

4.9.9 Background Shape Uncertainty

The background shape uncertainty arises due to the difference in the shapes
of data and background fit function and is evaluated in the form of uncertainty
on the parameters of the analytical fit function. These parameters are considered
as the nuisance parameters with uniform priors. A frequentist approach has
been considered in which the systematic uncertainties related to these nuisance
parameters are taken into account by maximizing the likelihood. A signal-plus-
background fit to the data is initially performed to identify a reasonable starting
point for the parameter values and to get an estimate of errors associated with

them.

The Table 4.14 summarizes the effect of various systematic uncertainties on the

signal yield.

4.10 Limit computation

A widely used and recommended procedure to establish discovery or exclusion
in the particle physics is based on a frequentist significance test which uses a
likelihood ratio as the test statistic. In CMS, this test is performed using a widely
recommended and centrally adopted approach, referred to as “Higgs COMBINE
Tool” [194]. In this approach, along with the parameters of interest such as the
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Source Effect on signal yield(%)

Integrated luminosity 2.5
Jet energy scale ~ 1
Jet energy resolution 0.2-0.4
Photon energy scale ~ 0.6
Photon energy resolution 0.2-0.4
Pileup 1-2
Photon ID efficiency ~ 2
Trigger efficiency ~H
Signal interpolation 0.5-1
PDF choice 1.5-3
b tag SF (only b*) ~ 1
b tag SF normalization (only b*) ~ 2

Table 4.14: Summary of the dominant sources of systematic uncertainties and their
effect on the signal yield.

cross-section of the signal process, the models for signal and backgrounds also
contain the nuisance parameters whose values are not considered as known a priori
but either determined by fitting the data or computed by some other means. In the
absence of any significant deviations in the data compared to the standard model
backgrounds, the upper limit on the cross-section or lower limit on the signal mass

are set.

In order to set limits, a multi-bin counting experiment likelihood which is a

product of Poisson distributions corresponding to different bins, have been used:

L(datalu, 0) = [ | Poisson(z;|s;(s, 0) + b;(#)) - Constraint (6|6, 69), (4.16)

i=1
where p is the resonance signal strength (also known as the parameter of interest),
0 is the vector of nuisance parameters, x; is the data yield in the ¢*" bin, s;(j, ) is
the corresponding signal yield, b;(0) is the corresponding background yield and
the product runs over n,, the number of bins. Different constraint terms are used

for different type of nuisance parameters as summarized in the Table 4.15.

Using this likelihood, a test statistic as the profile likelihood ratio following the
LHC Confidence Levels (CLs) procedure [195], is defined as follows:

£(datalu,6,)
O —_—

1o0< i<, 417
L(datalf, 0) oty (4.17)

w=

where éu is the conditional maximum likelihood estimator of 8, assuming that the
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Systematic uncertainty Constraint

Jet energy scale Gaussian
Photon energy scale Gaussian
Jet energy resolution Gaussian
Photon energy resolution  Gaussian
b-Tag scale factors Gaussian
Luminosity LogNormal
Trigger LogNormal
Py Uniform
Py Uniform
Py Uniform
Py Uniform

Table 4.15: Constraint terms associated with different systematic uncertainty
nuisance parameters.

signal strength parameter ;o and the data yield x;’s refer to the actual experimental
observation or pseudo-data. The pair of parameter estimators i and 0 correspond
to the global maximum of the likelihood. The lower constraint 0 < /i requires the
signal rate to be positive while the upper constraint ji < p is imposed by hand to

guarantee a one-sided confidence interval.

In the frequentist paradigm, the systematic uncertainties associated with the
nuisance parameters # are taken into account through likelihood maximization,
also known as profiling. In order to derive the observed 95% confidence level
upper limit on the signal strength parameter using the modified frequentist CLs
method [196,197] in the asymptotic approximation [198], we consider a value of

which satisfies

CLs+b _ 1- é(\/q_/i) —a
CLy gb(\/ Qp.A — \/q_u) 7

where o = 0.05 and ¢, 4 is the test statistic evaluated on the Asimov dataset [199]

CL,

(4.18)

which corresponds exactly to the expected background and the nominal nuisance
parameters obtained by setting all fluctuations to zero. The function @(x) is the

cumulative distribution function of the standard normal distribution.

A similar expression is used to derive the median expected 95% CL upper limit,

®(\/Gua) =1-0.50, (4.19)
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and the No uncertainty band around the expected limit is obtained as,
D(\/qua)=1-ad(N)+N. (4.20)

On the contrary, in case of discovery, one tests 1 = 0 and measures the “local

significance” by the use of a modified test statistic,

£(datal0, )

—, [>0. 4.21
L(datali, 0) : (4.21)

qdo = —

In this case, the observed significance is simply given by Z = | /qo.

4.11 Results

The results are computed using the “Higgs COMBINE frequentist approach”
with systematic uncertainties treated as nuisance parameters. The input signal
is used in the form of shapes taken from MC simulation while the background is
taken from the parametric fit using a fit function. The results are not computed
for masses below 1TeV since in this range, the uncertainties are associated with

signal efficiency owing to the invariant mass selection, M, .je; > 700 GeV.

4.11.1 Significance of local excesses in data

The significance of local excesses have been measured in data using the following

significance estimator:

Ly

s+b

Sig. =4 /-2In (=), (4.22)

where £, and L, respectively are the maximum likelihoods corresponding to the

best background-only and signal+background fits to the data.

The significance values are determined only for the upward fluctuations consid-
ering positive signal strengths. The systematic uncertainties are included while
evaluating the significance. The result of the significance scan for q* signal for
three coupling multipliers, f = 1.0, 0.5 and 0.1 as a function of the resonance mass
for v + jet resonance hypothesis is presented in Fig. 4.41 while the corresponding

results for b* signal for all the three couplings are presented in Fig. 4.42.

The largest fluctuation observed in data has a significance of 2.60 for b* signal
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hypothesis for f = 0.5, very small compared to the 5o requirement of discovery.
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Figure 4.41: The observed significance in data for q* signal corresponding to the
coupling multipliers (a) f = 1.0, (b) f = 0.5, and (c) f = 0.1 as a function of the
resonance mass for 7y + jet resonance.
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Figure 4.42: The observed significance in data for b* signal corresponding to the
coupling multipliers (a) f = 1.0, (b) f = 0.5, and (c¢) f = 0.1 as a function of the
resonance mass for v + b-jet resonance.

4.11.2 Exclusion limits

Since no significant excess has been observed in the mass region studied, a 95%
CL upper limit on the production cross-sections and lower limit on the masses of q*
and b* decaying to qvy and b7y respectively, has been set. The limits are calculated
by evaluating the likelihood independently at successive values of resonance mass
in the range from 1-6 TeV for q* and 1-5TeV for b*, in steps of 50 GeV. The limits
for b* are evaluated by combining the likelihoods for 1 b-tag and 0 b-tag categories
together.
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The observed and expected 95% CL upper limits on the product of o x Bx A x e
and o x B for ¢* and b* resonances has been presented in Fig. 4.43 and Fig. 4.44,
respectively, for all the three coupling multipliers. Here, o corresponds to the
production cross-section and B corresponds to the branching fraction of q* - qvy
and b* - by processes. The product A x e refers to the acceptance times efficiency
of the q* and b* signals as presented in Fig. 4.15 and it varies in the range from
38% to 45% for q* and 28% to 22% for b* in the full mass range explored. The
limits on o x B x A x € take into account the detector effects in the form of A x e
and thus, are referred to as detector dependent limits. On the other hand, the
limits on o x B refers to the detector independent limits. Since the variation of
A x e over the explored mass range is not very large, the detector dependent and
independent limits come out to be almost the same. The observed limits for both
q* and b* resonances are found to be consistent with the expected limits in the

absence of signal.

The observed cross-section upper limits are compared to the LO theoretical
predictions, for the three coupling multipliers, in order to estimate the lower mass
limits on the q* and b* resonances. The observed lower bounds obtained are 5.5
and 1.8 TeV for q* and b* respectively, for f = 1.0. The corresponding expected
mass limits are 5.4 and 1.8 TeV. The observed (expected) limits for f = 0.5 and
f = 0.1 for the q* resonances have been evaluated to be 4.4TeV (4.3TeV) and
2.0TeV (1.9TeV) respectively, while the observed (expected) limit for f = 0.5 for
b* resonances comes out to be 1.4 TeV (1.3 TeV). No exclusion has been observed
for b* for f = 0.1.

It has been observed that o x B (or 0 x B x A x €) has very little dependence on
f, of the order of 10-20%, so the comparison of ¢ x B limits corresponding to f
= 1.0 with the theoretical predictions of lower couplings, yield approximately the
same mass limit as can be seen in Fig. 4.45 for q* and in Fig. 4.46 for b*. The
variation of the excluded mass as a function of the coupling strength, as presented
in Fig. 4.47, can be obtained by evaluating the mass exclusions for intermediate
couplings through the interpolation of signal efficiencies of the three signal MC
samples corresponding to f = 1.0, 0.5 and 0.1. This result can also be interpreted
in terms of Mges/A, that is, if we left the assumption A = Mg, the production

cross-section of excited quarks is proportional to f as well as Mges/A.
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Figure 4.43: The observed and expected 95% CL upper limits on 0 x Bx A x €
(left column) and o x B (right column) as a function of the mass of q* resonance,
for the coupling multipliers f = 1.0 (upper row), f = 0.5 (middle row), and f =
0.1 (lower row). The limits are also compared with the theoretical predictions for
excited quark production. The inner (green) and outer (yellow) bands indicate the
regions containing the 68% and 95% of the expected limits.
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Figure 4.44: The observed and expected 95% CL upper limits on 0 x Bx A x €
(left column) and o x B (right column) as a function of the mass of b* resonance,
for the coupling multipliers f = 1.0 (upper row), f = 0.5 (middle row), and f =
0.1 (lower row). The limits are also compared with the theoretical predictions for
excited b-quark production. The inner (green) and outer (yellow) bands indicate
the regions containing the 68% and 95% of the expected limits.
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CHAPTER

FIVE

SUMMARY AND CONCLUSION

This thesis presents a search for the excited states of light u,d and heavy b flavor
quarks in the v + jet and v + b-jet final states respectively, using the pp collision
data at \/s = 13 TeV, collected by the CMS detector in 2016. This data correspond
to a total integrated luminosity of 35.9 fb™'.

The underlying processes which have been studied are pp - q* - 7 + jet and
pp = b* = v+ b-jet. The resonance signals for q* and b*, if exist, will show their
presence in the form of a bump over the continuous invariant mass distribution
spectrum of v + jet and v + b-jet respectively. Therefore, the invariant mass
distributions are the most important distribution for this study. The signal regions
in the mass range from 1TeV to 9TeV for q* and from 1TeV to 5TeV for b*
with a small gap of 50 GeV, have been scanned for the presence of any expected
signature of excited quarks. Variable mass binning with bin width comparable to
the signal mass resolution has been considered for the invariant mass spectra. The
event statistics for q* search has been formed by requiring a high quality photon
and a high quality jet. The kinematical restrictions on the selected photons and
jets are put in order to optimize the signal selection while reducing the background.
In order to form event statistics for b* search, the b-flavor of selected jets has been
checked using a b-tag discriminator. The fraction of jets passing the discriminator
form the 1 b-tag category while the rest failing the discriminator form the 0 b-tag

category. The likelihoods of two categories have been combined together in b*
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search to avoid any statistical power loss due to the event migration between the
two categories. The data events are corrected for pile-up effects and various object
energy corrections are applied. The event selection has been optimized for different
analysis cuts in order to obtain the best signal discrimination. The highest mass

event in data is observed at M. .t = 4.6 TeV.

This analysis has two main backgrounds coming from SM ~ +jet and QCD dijet
process. The MC samples corresponding to these backgrounds are used to validate
the data as per the SM expectations. At every stage of this analysis, the data are
found to be in good agreement with the SM background predictions. However,
the actual background for this search has been obtained by fitting the data with
a smooth parameterization. A significance test has been performed in order to
look for any significant deviation in the data compared to the SM background
expectations. The most significant deviation observed is at 2.60, which can be

safely considered as a statistical fluctuation.

In the absence of any expected signal, upper limits on the cross-sections or
lower limits on the masses of q* and b* have been set at the 95% confidence level
using the “Higgs COMBINE Tool” with the frequentist approach in the asymptotic
approximation. The cross-section upper limits are compared with the theoretical
predictions in order to set the lower mass limits on the excited states of quarks.
The excited light quarks within the mass range 1.0 < Mg < 5.5TeV and excited
b-quarks within the mass range 1.0 < My~ < 1.8 TeV are excluded at the 95%

confidence level, corresponding to standard model like coupling strengths (f = 1.0).

The limits presented in this thesis are the most sensitive limits for
q* and b* searches in the y+jet and ~v+b-jet final states. The search for
the excited b-quarks has been presented for the first time in any final
state at \/s = 13 TeV.

The results of this study have been accepted for publication in Physics Letters
B (Ref. No. PLB-D-17-01732R1).
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