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Abstract: The Standard Model of particle physics has proven to be an exceptionally effec-
tive framework in explaining a wide array of experimental observations, however, several
fundamental questions remain unresolved. These include the incorporation of gravity
into the Standard Model framework, the stability of the Higgs boson mass against ra-
diative corrections, the origin of matter-antimatter asymmetry, and the identification
of dark-matter candidates. One potential avenue to address these limitations involves
extending the Standard Model by introducing an additional Higgs doublet. This study
investigates the existence of a heavy neutral scalar (H) or pseudo-scalar (A) Higgs bo-
son, as predicted by the two-Higgs-doublet model. The analysis presented in this thesis
focuses on scenarios where such particles are produced in association with a top-quark
pair (tt̄H/A) and subsequently decay into a pair of top quarks (H/A → tt̄). This results
in a four-top-quark (tt̄tt̄) final state. Proton-proton collision data collected during Run
2 (2015-18) at a center-of-mass energy of 13 TeV, recorded by the ATLAS detector at
the Large Hadron Collider, are utilized for this search. Events are selected based on the
presence of exactly one or two oppositely charged leptons (electrons or muons) in the
final state. Data-driven corrections are applied to refine the modelling of the dominant
background process, top-antitop production with additional jets, and a state-of-the-art
graph neural network is employed to enhance signal-to-background discrimination. The
results are combined with a prior ATLAS search in the multilepton channel to set up-
per limits on the tt̄H/A → tt̄tt̄ production cross-section for H/A in the mass range of
400 GeV to 1000 GeV, in the alignment limit. Furthermore, constraints are placed on a
theoretical model that predicts the production of a colour-octet scalar (commonly known
as sgluon) that decays into top-quark pairs (S8 → tt̄).
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Author’s Contribution
During my Ph.D. journey of four years, I investigated proton-proton collisions from the
Large Hadron Collider: (i) the search for a hypothetical process tt̄H/A → tt̄tt̄ in one
lepton or two opposite sign lepton (1L/2LOS) final states, where I actively participated
as one of the primary authors within the ATLAS collaboration, (ii) the qualification task
to become an active author of the ATLAS collaboration and service task.

My main research activity focused on the search for new phenomena in final states
containing four top quarks. Specifically, I investigated the production of a heavy neutral
scalar or pseudo-scalar Higgs boson within the framework of two-Higgs-doublet model,
produced in an association with a pair of top quarks in proton-proton collisions recorded
by the ATLAS detector at the Large Hadron Collider [1]. The research in this thesis
investigates the final states characterised by the presence of either a single lepton (1L)
or two leptons with opposite electric charge (2LOS). The search uses the full Run 2
dataset collected by the ATLAS detector, using an integrated luminosity of 139 fb−1,
from proton-proton collisions at a center-of-mass energy

√
s =13 TeV. I was deeply en-

gaged in conducting a detailed statistical fit analysis. My contributions began with a
thorough assessment of the graph neural network classifier’s performance, as described in
Section 3.5.1, focusing on its ability to separate signal from the background events. I also
studied the distributions of input variables used in graph neural network training, as out-
lined in Section 4.3 and Appendix A. Following this, I analyzed the impact of systematic
uncertainties on the graph neural network output discriminant. To mitigate statisti-
cal fluctuations arising due to limited data in certain analysis regions, I implemented a
smoothing and symmetrisation procedure, as detailed in Section 3.7.4.

I then focused on optimizing the statistical analysis model, as described in Section 3.7,
by incorporating smoothed systematic uncertainties into the fit. The analysis framework
was structured into fit regions, for the main fitting procedure and validation regions,
employed to independently assess model’s performance. To improve the stability and
efficiency of the fit, systematic uncertainties with negligible impact were pruned, as ex-
plained in Section 3.7.4. Additionally, I rebinned template histograms with empty or
low-statistics bins, as discussed in Section 4.7. I also investigated systematics that exhib-
ited large normalisation, poor shape modelling to ensure there were no implementation
issues. I performed a profile likelihood fit and conducted comparative analysis to evaluate
the central values and uncertainties of nuisance parameters across different signal mass-
points, test hypotheses, and decay channels as described in Sections 3.7.8, 3.7.9 and 4.8,
respectively. Following this, I studied the agreement between the data and Monte Carlo
background predictions to assess consistency with the background-only or signal-plus-
background hypotheses, as discussed in Sections 3.7.8, 3.7.9 and Appendix B. The fit
results were validated in the validation regions, as mentioned in Section 3.7.8 and Ap-
pendix D. I also evaluated the impact of systematic uncertainties on the extracted signal
strength using ranking plots under the signal-plus-background hypothesis, discussed in
Section 3.7.9. No significant excess of events was observed, and the background-only hy-
pothesis could not be rejected. Consequently, I derived upper limits on the tt̄H/A → tt̄tt̄
production cross-section at 95% confidence level using the CLs method, as presented in
Section 3.8. I also perfromed a goodness-of-fit test to evaluate the performance of the
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statistical model in representing the observed data, discussed in Section 3.7.10. Finally,
to assess whether the experimental results align with the Standard Model or suggest po-
tential new physics, I extracted the signal strength and observed significance for assumed
masses of the heavy Higgs boson, as presented in Sections 3.7.9 and 3.7.8.

Several additional studies were carried out to test and validate the statistical model.
I was involved in assessing the model’s performance using two reweightings: sequential
kinematic and neural network reweighting, presented in Section 4.1, used to apply data-
driven corrections to the tt̄+jets background. Another study validated the choice of
flavour scheme for modelling the tt̄+jets background, comparing the four-flavour and
five-flavour schemes, discussed in Section 4.2 and Appendix E. I also performed a cross-
check of the results obtained using a graph neural network with those obtained from a
boosted decision trees classifier, comparing their performance and sensitivity, presented
in Section 4.4. An additional study examined three alternative approaches for handling b-
tagging high-pT extrapolation uncertainties, in Section 4.5. To ensure that the fit results
obtained with blinded data are consistent with unblinded data fit results, another study
is conducted, discussed in Section 4.6. I investigated a significant difference between
the pre-fit and post-fit yields for the tt̄+jets background observed in the regions with
≥ 5 b-tagged jets, aimed to understand potential sources of the deviation, discussed in
Section 4.9.

I was also responsible for preparing and organizing the HEPData submission [2] asso-
ciated with the research presented in this thesis to ensure that the relevant results were
made publicly available in accordance with data preservation and open-access standards.
The research was published in a peer-reviewed journal [1] and I contributed as one of the
editors of the internal documentation. I was actively involevd in addressing collaboration
comments received during the paper review process. As a part of the ATLAS approval
procedure, I presented this work at the paper approval meeting held on March 13, 2024.
I also delivered a talk on the research presented in this thesis at the Week of Doctoral
Students 2023. Additionally, I presented a poster summarising this work at the 42nd

International Conference on High Energy Physics (ICHEP 2024), published in the Proc-
cedings of Science [3]. Furthermore, I gave a talk at the Workshop on the Standard Model
and Beyond, CORFU 2024, where I presented research in the thesis, with proceedings
submitted to Proceedings of Science.

During the initial years of my Ph.D., as part of the ATLAS qualification task, I
contributed to the ATLAS Inner Tracker upgrade project. My work focused on devel-
oping software tools to assist ITk users in managing application-specific integrated chips
within the production database. Specifically, I designed a graphical user interface that
enabled users to create application-specific integrated chips, register gelpacks and as-
semble application-specific integrated chips onto the gelpacks. After qualifying for the
task, I expanded my contributions by developing additional graphical user interfaces to
support splitting of gelpacks, transferring application-specific integrated chips between
gelpacks, and managing trashed application-specific integrated chips, empty gelpacks,
and their respective database stages. These developments are discussed in more detail in
Section 2.3.1.
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Introduction
Particle physics is an Alice-in-Wonderland field where nothing is as it seems
and everything is as it isn’t.

-Leon Lederman

With its foundation laid over a century ago through the discovery of electron by J.J.
Thomson, particle physics (also called high energy physics) has emerged as a quintessen-
tial physics in its own respect. The particle physics, as its name implies, is a sub-field of
physics focused on investigating the elementary constituents of matter, known as parti-
cles and their intricate interactions. The journey of particles physics has been marked by
groundbreaking discoveries.

From old time experiments confined on a table setup to today’s large sophisticated
cutting-edge experiments, nothing has changed, only the intricacy of theoretical calcu-
lations has heightened. Built upon the principles of classical, statistical and quantum
mechanics, high energy physics investigates the interactions of fundamental particles by
colliding them at extremely high velocities and the analysis of final products of the colli-
sions help in understanding the subatomic structures and their underlying physics. The
numerous accelerators and detectors are developed for this purpose across the world. The
Large Hadron Collider is the largest particle accelerator in the world, surrounded by six
detectors responsible for different research programme.

Various theories have been proposed so far explaining fundamental particles and forces
in nature and Standard Model of particle physics is one of the most successful theory yet.
It predicted six quarks, six leptons and four gauge bosons. In 2012, ATLAS and CMS
experiments at CERN, observed a new spin-0 particle which seems to have its coupling
with Standard Model particles consistent as Standard Model Higgs by [4, 5]. It is the most
recently discovered particle in Standard Model. Though every particle of the Standard
Model has distinct properties but top quark plays a crucial role. The top quark being the
most heaviest particle in the Standard Model, has a very short lifetime [6]. It primarily
decays into bottom quark and W boson. The interactions of top quark with Higgs field
are greatly influenced because of its significantly large mass and thus making it the most
crucial particle for investigating electroweak symmetry breaking mechanism.

Though Standard Model has been a very successful theory in describing a wide rang-
ing phenomenons but still there are many questions like gravity integration as Standard
Model does not incorporate gravity, existence of dark matter, dark energy, supersymme-
try, matter-antimatter asymmetry, unification of forces, neutrino masses mechanism etc.
which are left un-answered by it. The urge to find answers to these open questions, the
researchers seek to go beyond the Standard Model.

The production of four top quarks is one of the rarest process with very high mass
in the final state, provides a good channel for searches beyond the Standard Model. The
rarity of the process means a significant deviation from Standard Model predictions can
point towards new physics. For the production of four top quarks in the final state, a
significant amount of energy is required for collisions thus opening a window to go beyond
energies that were accessible earlier.
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The structure of this thesis is organized across four main chapters. Chapter 1 out-
lines the theoretical framework relevant to the study. Chapter 2 introduces the ATLAS
experiment, with special attention given to the planned inner tracker upgrade. Chapter
3 presents the core analysis and research contributions of this work. Chapter 4 explores
supplementary studies undertaken by the author to cross-check and validate the main
results. Additional insights and supporting material are provided in the appendices.
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1. Theoretical Background

1.1 The Standard Model of Particle Physics
Everything around us from microscopic to macroscopic, is governed by physics laws.
These physics laws are nothing but some interpretations explaining interactions among
all forms of matter and energy. There are four fundamental forces in nature known to
exist namely: gravity, electromagnetic, strong and weak forces. These forces are acting as
shaping hands for the universe. Their force carriers, relative strengths, and the particles
they act on are illustrated in Figure 1.1.

Figure 1.1: Four fundamental forces in nature describing the interactions among particles.

Established in mid-20th century, the most widely accepted theoretical framework in
particle physics that integrates two fundamental theories to comprehensively describe the
interactions of subatomic particles, excluding gravitational interactions is known as the
Standard Model of particle physics (SM) [7]. The particle content of the SM is
shown in Figure 1.2. Its two primary components are electroweak theory, which unifies
the electromagnetic and weak nuclear forces [8], and quantum chromodynamics, which
governs the dynamics of the strong nuclear force [9]. Both these theories are formulated as
gauge field theories [10], describing the interactions between the particles. The particles
can be characterized by their mass, electric charge, spin, isospin, parity, colour charge.
According to this theory, the fundamental particles are categorized into two broad groups
based on their spin: spin-1

2 particles, called fermions, and integral-spin particles, called
bosons.

These fermions can be further divided into two subgroups: quarks and leptons, each
comprising three generations with identical substructure, grouped together based on their
mass. The first-generation quarks consist of the up (u) and down (d) quarks, while the
first-generation leptons comprise the electron (e−) and the electron neutrino (νe). The
second-generation quarks include the charm (c) and strange (s) quarks, and the corre-
sponding leptons are the muon (µ−) and the muon neutrino (νµ). The third generation
features the top (t) and bottom (b) quarks, along with the tau (τ−) and the tau neu-
trino (ντ ). The masses of particles increase with their generation, with higher-generation
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constituents exhibiting greater mass. This mass hierarchy remains an open question for
particle physicists. The quarks are fractional charged and interact under the influence
of strong and electroweak forces whereas leptons, which include both electrically charged
and neutral particles, interact via the weak and electromagnetic forces. The neutral lep-
tons, also known as neutrinos are treated as massless in SM, while in few experiments,
neutrinos have been observed to have non zero and very little mass (order of eV) [11, 12].
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Figure 1.2: The Standard Model of particle physics.

The bosons comprising of four types of gauge bosons1 (spin-1) which are a class of
fundamental particles responsible for mediating the fundamental forces in nature and a
scalar boson (spin-0), also known as Higgs boson responsible for giving mass to other
elementary particles via Higgs mechanism [4, 13] (see Section 1.1.3). The Higgs boson
interact with all massive particles (quarks, charged leptons, W, Z) within the SM. The
gauge boson photon (γ) helps in mediating the electromagnetic force which acts be-
tween the charged particles. The second gauge boson, gluon (g) helps in mediating the
strong force of interaction acting in between the quarks. While remaining gauge bosons
(W+,W−, Z0) are responsible for mediating weak force among all fermions. Since pho-
tons couple to the electric charges, they couple to W bosons also, because of the presence

1A quantum excitation of a gauge field.
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of their charge. The Higgs, W+/−, Z0 are massive bosons while photon and gluon are
massless.

The SM is formulated within the framework of quantum field theory incorporating
both the local gauge symmetries and global symmetries to describe the dynamics of the
particles and fields. The local gauge symmetry is described by:

SU(3)C × SU(2)L × U(1)Y (1.1)

group where each component governs a fundamental interaction [14]. The SU(3)C symme-
try governs the strong interaction acting on quarks, mediated by the exchange of massless
gauge bosons, gluons. The SU(2)L symmetry describes the weak interaction behaving
exclusively on the left-handed fermions, with the interaction mediated by the exchange
of massive gauge bosons (W+,W−, Z0) bosons. Finally, the U(1)Y component represents
hypercharge (Y ) symmetry which is related to electromagnetism and defines photon (γ)
as the gauge boson of the electromagnetic force. The gauge symmetries guarantees that
the interactions are invariant under local transformations. The global symmetry includes
Baryon Number (B), Lepton Number (L), Isospin (I), third component of Isospin (I3),
Charge Conjugation (C), Parity (P ), Time reversal (T ) or a combination of them such
as CP or CPT . The complete Lagrangian of the SM (shown in Figure 1.3) is written as
a sum of few terms:

LSM = Lgauge + Lfermion + LHiggs + LYukawa (1.2)

where each term encapsulates a distinct aspect of particle interactions. The term
Lgauge describes the dynamics of the gauge bosons (gluons, W , Z and the photon).The
term Lfermion accounts for the kinetic energy and interactions of quarks and leptons. The
term LHiggs introduces the Higgs field and its associated potential which is responsible
for spontaneous symmetry breaking and the generation of particle masses. The last term
LYukawa incorporates the interactions that give masses to fermions via interactions with
the Higgs field.

1.1.1 Quantum Chromodynamics: The Theory of Strong
Interactions

Quantum chromodynamics (QCD) is the theory that describes the strong interaction, one
of the four fundamental forces in nature [16]. It governs the behavior of quarks and gluons,
the elementary particles that form hadrons such as protons and neutrons. Developed in
the 1970s as part of the SM, QCD has transformed our understanding of the subatomic
world. The journey of QCD began with the quark model, proposed by Murray Gell-Mann
and George Zweig in 1964 [17]. They introduced quarks as fundamental constituents of
hadrons2, explaining patterns in particle physics through the SU(3)C flavour symmetry.
Before the quark model, physicists struggled with the growing number of discovered
particles, often referred to as the “particle zoo”. The hadrons were categorised into two
broad categories as baryons (made of three quarks) and mesons (made of quark-antiquark
pair). In the original quark model, there were only three quark flavours: up (u), down (d),

2A composite particle made up of quarks.
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Figure 1.3: Expanded expression for the SM Lagrangian [15].
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and strange (s). Today, there are six quark flavours, including charm (c), bottom (b), and
top (t). In the beginning, quarks were treated as only mathematical objects, but the deep
inelastic scattering (DIS) experiments3 in the late 1960s provided empirical evidence for
point-like substructures within protons and neutrons, giving rise to the parton model as
formulated by Richard Feynman [18, 19]. According to this model, a hadron is considered
to be composed of partons including valence quarks, sea quarks and gluons. The partons
within a hadron share its total momentum, with each parton carrying a fraction of the
momentum, denoted by the variable x (the Bjorken scaling variable). The distribution
of momentum among partons is governed by parton distribution function (PDF), which
are experimentally determined. These PDFs describe the probability of finding a parton
(quark or gluon) inside a hadron carrying a fraction x of the hadron’s momentum and
evolve with the energy scales. Nonetheless, the asymptotic behavior and scaling violations
that were noted in DIS experiments suggested that these interactions were supported by
a non-Abelian gauge theory [19, 20].

QCD was formulated in the 1970s as a non-Abelian gauge theory with an SU(3)C

colour symmetry, characterized by non-commuting generators. It provides the theoretical
foundation for describing strong interactions among quarks and gluons. The interchange
of integral particles known as gluons mediates the strong force, which holds quarks to-
gether. Chromo signifies colour, as the term “chromodynamics” implies. Colour charge,
which is analogous to electric charge in quantum electrodynamics (QED), is carried by
both quarks and gluons [21]. Unlike electric charge, which is either positive or negative,
there are three different kinds of colour charge: blue (B), green (G), and red (R). Colour,
however, is only a metaphor and has nothing to do with real hues. A hadron must be
colour-neutral in order to remain stable. The QCD Lagrangian is given by,

LQCD = −1
4G

α
µνG

αµν +
∑︂

q

ψ̄q (iγµDµ −mq)ψq, (1.3)

with the covariant derivative defined as

Dµ = ∂µ − igCG
α
µt

α, (1.4)

and the gluon field strength tensor as

Gα
µν = ∂µG

α
ν − ∂νG

α
µ + gCf

αβγGβ
µG

γ
ν . (1.5)

where,
Gα

µ : four potential of the gluon fields (α = 1, 2, ..8)
tα : 3x3 Gellman matrices; generators of the SU(3)C colour group
fαβγ : structure constants of the SU(3)C colour group
ψq, ψq̄ : Dirac spinor of the quark field (q represents flavour)
gC =

√
4παs where (ℏ = c = 1) : QCD coupling constant

mq : quark masses
Gluons as the mediators of the strong force carrying colour charges and unlike photons

in electromagnetism, gluons interact with themselves. This self-interaction among gluons
3Involve firing high-energy leptons at nucleons to probe their internal structure by breaking them

apart.
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makes QCD vastly different from QED [22] leading to phenomena like asymptotic freedom
and colour confinement as two key properties of QCD. Asymptotic freedom [23] discov-
ered in 1973, demonstrated that at high energies (or equivalently short distances), the
strong coupling constant (αs) becomes small, and quarks interact weakly. It explains the
scaling violations observed in DIS experiments, where quarks appeared almost free within
hadrons. This behavior contrasts with QED, where the coupling constant increases with
energy. Mathematically, the running of αs is described by the QCD beta function [20]:

β(αs) = −β0
α2

s

2π (1.6)

with
αs(Q2) = 12π

(11Nc − 2Nf ) ln
(︃

Q2

Λ2
QCD

)︃ (1.7)

at first order of perturbative QCD calculation where,
β0 = 11Nc − 2Nf

3 ,
Nc is the number of colours (3 in QCD),
Nf = 6 is the number of active quark flavours.
ΛQCD ∼ 0.22 GeV is a paramter in QCD, an infrared cutoff

The beta function describes how αs changes with the energy scale (Q) in a quantum
field theory. A negative value of β(αs) indicates that it decreases as the energy scale
increases. Figure 1.4 shows variation of the αs as a function of the energy scale exper-
imentally determined from different processes. The measured points closely follow the
predicted curve from QCD.

Conversely, QCD exhibits confinement, where the strong coupling becomes so large
that quarks and gluons cannot exist as free particles [25]. Instead, they are bound into
colour-neutral hadrons. Confinement is not fully understood analytically but is supported
by lattice QCD simulations and experimental observations [26]. In the low-energy regime,
where the strong coupling constant is large, perturbative methods fail. Lattice QCD pro-
vides a numerical solution to the QCD equations by discretizing spacetime into a grid. It
allows for the calculation of hadron masses, decay constants, and other non-perturbative
phenomena with remarkable accuracy. Lattice QCD has been instrumental in verifying
the quark mass hierarchy and understanding phenomena like chiral symmetry breaking
and the quark-gluon plasma [27]. Confinement explains why attempts to separate quarks
lead to the creation of new quark-antiquark pairs rather than isolated quarks. This
property underpins the stability of matter and the rich spectrum of observed hadrons,
from mesons to baryons. QCD at high energies exhibits approximate chiral symmetry.
However, at low energies, this symmetry is spontaneously broken, resulting in the gen-
eration of most of the mass of hadrons. Today, QCD stands as a cornerstone of the
SM, explaining the binding of nucleons, the dynamics of quark-gluon plasma, and much
more, with ongoing research focused on exploring exotic states of matter and fundamental
symmetries.
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Figure 1.4: Summary of the determination of the αs(Q2). The black curve represents
QCD predicted running of αs(Q2) computed upto five-loop order while coloured data
points along with uncertainty bars correspond to an independent experimental determi-
nation [24].

1.1.2 The Birth of the Electroweak Theory
The quest for understanding the fundamental forces of nature has been one of the most
profound pursuits in modern physics. While the SM provides a unified framework de-
scribing three of the four known forces of nature – electromagnetic, weak, and strong
interactions – the journey to reconcile electromagnetic and weak forces into a single the-
oretical framework, known as electroweak (EW) theory [28], stands as a cornerstone in
the history of particle physics.

The processes mediated by particles involved in weak interactions are governed by
massive particles, which gives rise to a force with a very short range. This stands in
stark contrast to the electromagnetic force, which is mediated by massless photons. Due
to the lack of mass, photons enable the electromagnetic force to have an infinite range,
allowing it to act over vast distances. In contrast, the massive particles (W+,W−, Z0)
that mediate the weak force are confined to a much smaller range, as their mass limits
the distance over which they can effectively interact. This difference in range and the
presence of mass in the mediating particles suggested a fundamental difference in their
underlying mechanisms. A deeper exploration of quantum mechanics and gauge theory
began to uncover a range of intriguing possibilities that had previously been hidden.
This gave rise to a question among physicists if electromagnetic and weak forces emerge
from a common origin at high energy scales. Hence leading to the birth of the EW
theory in the 1960s, formulated primarily by Sheldon Glashow, Abdus Salam, and Steven
Weinberg. The theory postulated that electromagnetic and weak interactions arise from
a single unified symmetry. At low energies, this symmetry is spontaneously broken by
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the Higgs mechanism (will be explained in the next section), leading to the observed
disparity between these forces. They introduced the concept of gauge symmetry under
the SU(2)L ×U(1)Y group. This solution not only unified two seemingly disparate forces
but also offered an explanation for the origin of particle masses within the SM.
The general structure of the EW Lagrangian involves several components and can be
written as:

LEW = −1
4W

a
µνW

aµν − 1
4BµνB

µν + ψ̄Liγ
µDµψL (1.8)

where each term involves separate interactions.

• The first term and second terms are kinetic term for the gauge bosons involves the
field strength tensors, which describe how the gauge bosons interact. For SU(2)L

gauge fields, the field strength tensor is:

W a
µν = ∂µW

a
ν − ∂νW

a
µ + gLϵ

abcW b
µW

c
ν (1.9)

where W a
µ (with a=1,2,3) are the components of the SU(2)L gauge fields, ϵabc is the

structure constant of the SU(2)L and gL is the coupling constant of the SU(2)L

interactions.
For the U(1)Y gauge fields, the field strength tensor is:

Bµν = ∂µBν − ∂νBµ (1.10)

where W a
µν and Bµν are the field strength tensors for the SU(2)L and U(1)Y gauge

fields respectively.

• The third term DµψL represents Fermions propagation and interaction with the
gauge bosons of the EW symmetry group via covariant derivative Dµ.

DµψL =
(︃
∂µ − i

gL

2 τ
aW a

µ − igY Y Bµ

)︃
ψL (1.11)

where τa are the Pauli matrices for the SU(2)L gauge fields, Y is the weak hyper-
charge, gY is the coupling constant of the U(1)Y and ψL represents the left-handed
fermionic field.

1.1.3 Higgs Physics: Bridging Symmetry and Mass in the
Quantum Realm

The Higgs mechanism [13, 28], proposed in the 1960s by Peter Higgs, François Englert,
and Robert Brout addresses one of the most fundamental questions in particle physics:
How do particles acquire mass? The Higgs mechanism plays a key role in the EW
theory, which unifies interactions via the weak force and the electromagnetic force. It
elucidates why the mediators of the weak nuclear force, the W and Z bosons, possess
significant mass, whereas the mediator of the electromagnetic force, the photon, remains
massless. The universe is theorized to be permeated by a scalar field known as the
Higgs field, introduced within the framework of the Higgs mechanism. The quantum
excitation of this field manifests as a particle, termed the Higgs Boson. The experimental
observation of the Higgs boson provides direct evidence supporting the existence of the
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Im(Φ)

Re(Φ)

V (Φ)

Figure 1.5: An illustration of the Higgs potential for −µ2 < 0. In this scenario, the ground
state of the Lagrangian with spontaneously broken symmetry is degenerate, resulting in
the breaking of the symmetry. Image produced from LATEX code available at [29].

Higgs scalar field. The theoretically predicted Higgs boson, with a mass of mH = 125 GeV
was experimentally observed and confirmed for the first time in 2012 at CERN [4]. In
the context of the SM, particles acquire mass through their interactions with the Higgs
field, with the magnitude of the mass being proportional to the strength of their coupling
to the scalar field.

The Higgs mechanism originates from a Lagrangian formulation that includes the
Higgs field, represented as a single doublet of complex scalar fields Φ(x) with four degrees
of freedom (ϕ1, ϕ2, ϕ3, ϕ4). These four components carry different quantum numbers and
electric charge.

Φ =
(︄
ϕ+

ϕ0

)︄
= 1√

2

(︄
ϕ1 + ιϕ2
ϕ3 + ιϕ4

)︄
(1.12)

where, ϕ0 is neutral scalar field and ϕ+ is charged scalar field. The Lagrangian LHiggs of
the field becomes:

LHiggs = (∂µΦ)†(∂µΦ) − V (Φ) (1.13)
where first term is kinetic term for Higgs field and second term is Higgs potential. This
configuration leads to the spontaneous breaking of the SU(2)L ×U(1)Y gauge symmetry.
Through this process, the gauge bosons, SM fermions acquire non-zero masses, in agree-
ment with experimental observations. The Higgs effective potential (Mexican hat shaped
potential) can be written as:

V (Φ) = −µ2Φ†Φ + λ(Φ†Φ)2 (1.14)

Consider possible cases of the coefficients signs of the two terms in V :

• If −µ2 < 0, λ < 0, the potential V becomes unbounded from below, indicating the
absence of a stable vacuum state.

• If −µ2 > 0, λ > 0, the potential energy function reaches its minimum at |Φ| = 0.
Under these conditions, the EW symmetry remains unbroken in the vacuum, as
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a gauge transformation applied to the vacuum state does not change the vacuum
state [30].

• If −µ2 < 0, λ > 0, the potential energy function has its minimum at non-zero finite
value of |Φ|. In this case the vacuum is not invariant under SU(2)L ×U(1)Y gauge
symmetry and spontaneously broken in the vacuum. Figure 1.5 shows the potential
in this scenario. In this case, minimizing the potential in Equation 1.14 gives

Φ†Φ = µ2

2λ = v2

2 > 0 (1.15)

At low energies, Higgs field acquires a non-zero value in the vacuum, known as vacuum
expectation value (VEV)4. This choice of physical vacuum state breaks the EW local
gauge symmetry SU(2)L ⊗ U(1)Y to electromagnetic gauge symmetry U(1)EM . The
symmetry breaking is “spontaneous” because the underlying laws of physics, as described
by the Lagrangian, retain the symmetry, but the vacuum state does not. According to
Goldstone theorem, whenever a continuous global symmetry is spontaneously broken,
there must exist a massless scalar particle called a Goldstone boson [31]. However, the
broken symmetry is not global but local gauge, then the massless Goldstone bosons are
absorbed by the corresponding gauge fields. This process provides the gauge bosons with
a third, longitudinal polarization state, thereby making them massive – a mechanism
known as Englert– Brout–Higgs mechanism [28]. In order to ensure that electromagnetic
gauge symmetry remains unbroken (so the photon stays massless), the Higgs field must
acquire a VEV in a direction that preserves electric charge conservation. That means the
component of the Higgs field that acquires the VEV (v) must have zero electric charge.

⟨0|Φ|0⟩ = 1√
2

(︄
0
v

)︄
(1.16)

The fields can be expanded around the reference minimum as:

Φ(x) = e
i
v

πa(x)τa 1√
2

(︄
0

v +H(x)

)︄
(1.17)

where πa represent angular fields with a=1, 2, 3 for Goldstone bosons, τa are Pauli
matrices and H(x) is massive Higgs field. The Lagrangian of the Higgs field, from Equa-
tion 1.13, becomes:

LHiggs = (∂µH)†(∂µH) − 1
2(−2µ2)H2 − λvH3 − 1

4λH
4 (1.18)

This scalar Lagrangian introduced a new scalar particle into the model i.e. Higgs boson.
The second term in Equation 1.18 is tree-level mass for the Higgs field which can be
written as:

mH =
√︂

−2µ2 =
√

2λv (1.19)
using relation between µ and λ from Equation 1.15. Since λ is not predicted by theory,
it needs to be determined from the experiments only. The mass terms for other particles

4Absolute value of the field at the potential minimum, applicable only at leading order.
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can be derived by expressing the Lagrangian in Equation 1.13 in a form that respects the
local SU(2)L ⊗ U(1)Y gauge symmetry of the EW model. These terms emerge naturally
when the Higgs field acquires a non-zero VEV, and are expressed in terms of that VEV
as:

• Before symmetry breaking, the gauge bosons associated with the EW symmetry
W±, Z0 are massless. However, after spontaneous symmetry breaking, the Higgs
field interacts with these gauge bosons, giving them mass. The mass term for
W±, Z0 is given as:

mW = gLv

2 , (1.20)

mZ = gY v

2 cos θW

= v

2
√︂
gL

2 + gY
2 (1.21)

where gL ang gY are the coupling constants for the gauge fields SU(2)L and U(1)Y ,
respectively, and θW is Weinberg’s angle. Also mass of Z boson and W bosons are
related to each other as mW

mZ
= cos θW . The VEV of the Higgs field can be determined

using measured value of mW = 80.3692±0.0013 GeV [32], coupling constant gL can
be written in terms of Fermi constant GF = (1.16637 ± 0.00001) · 10−5 GeV using
relation from intermediate vector boson model [28]:

GF√
2

= g2
L

8m2
W

(1.22)

resulting in v = 246 GeV.

• Fermions, like quarks and leptons, interact with the Higgs field through Yukawa
couplings. These couplings are responsible for giving mass to the fermions after the
Higgs field acquires its VEV. The interaction can be written in terms of a Yukawa
coupling yf , where f represents a fermion (quark or lepton). When the Higgs field
acquires its VEV, the Yukawa term generates a mass term for the fermion:

mf = yf
v√
2

(1.23)

• The photon γ which mediates electromagnetic interactions, remains massless be-
cause it is associated with the unbroken U(1) gauge symmetry. This symmetry is
the remnant of the EW symmetry after spontaneous symmetry breaking, leaving
the photon unaffected by the Higgs mechanism.

mγ = 0 (1.24)

The Higgs boson was publically announced on 4th july 2012 for the first time by ATLAS
and CMS collaborations at CERN through its decay to ZZ and γγ channels . The latest
measured value of the mass of the Higgs boson from experiments is 125.17 ± 0.11(stat.)
±0.09(syst.) GeV [33]. The Higgs boson has a short lifetime (of the order of 10−22 s)
and hence only indirectly observed from its decay products. Table 1.6 illustrates the
branching ratio and relative uncertainty for a SM Higgs boson. H → bb̄ process has
the highest branching ratio which is approximately 58%, followed by H → WW which
accounts for approximately 21%.
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Figure 1.6: Branching ratio and relative uncertainy for SM Higgs boson with mH =
125 GeV [34].

1.1.4 Top Quark: The Heaviest Puzzle Piece of the Standard
Model

As discussed in the previous section, the Higgs boson plays a fundamental role in im-
parting mass to the elementary particles, with the strength of its interaction with a given
particle being directly proportional to that particle’s mass. Among all elementary parti-
cles, the top quark stands out as the heaviest, a property attributed to its exceptionally
strong coupling to the Higgs boson. In 1995, DØ and CDF collaborations [35, 36] simul-
taneously observed the top quark at Fermilab for the first time. The top quark has an
electric charge of +2

3 and a spin of 1
2 . The top quark has a very short liftetime (∼ 10−25

sec) as predicted by theory and preventing it from hadronizing to form bound states like
hadrons [37]. This unique characteristic offers physicists a rare opportunity to study the
properties of a bare quark, free from the confounding effects of hadronization. The top
quark predominantly decays to W boson and a bottom quark via weak interaction. The
branching ratio for this particular process accounts for approximately to 1 [38]. While
top quark decays to W boson and s(d)-quark account for approximayely 0.2(0.01)%. The
Higgs boson interacts with the top quark through Yukawa coupling (yt), shown in Equa-
tion 1.23. The VEV of the Higgs field is 246 GeV for maximal-coupling strength yt ≈ 1,
and mt is the mass of the top quark 172.52 ± 0.14(stat.)±0.30(syst.) GeV obtained from
the combined measurements from semileptonic and hadronic decays of top quarks plus
single-top-quark production via EW channel [39]. Because of its high mass, production of
top quark requires very high-energy collisions at Large Hadron Collider thus allowing to
search for new physics. The production of top quarks can occur via a number of processes
mainly categorised as:

1. Single-top-quark production: In this mode, a single-top-quark is produced in-
dependently, without its antiquark partner [40, 41]. This process arises through the
EW interaction and is less common than top pair production. Single top produc-
tion plays a vital role in directly investigating the EW properties of the top quark
and offers sensitivity to potential anomalous couplings or interactions beyond the
Standard Model (BSM). This mode encompasses several distinct production mech-
anisms, shown as Feynman diagrams in Figure 1.7.
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Figure 1.7: Example Feynman diagrams showing the production of single-top-quark in
the t-channel (left), s-channel (middle) and associated production with W boson (right).

• t-channel (qb → q′t): This is the dominant mode of production for single top
events accounting approximately 70% of the total single top events. In this
production mode, a bottom quark from the proton interacts with a light quark
through a virtual W boson exchange, producing a top quark. At center of mass
energy

√
s = 13 TeV in proton-proton (pp) collisions, the cross section for this

mode accounts 136+4
−3 pb at next-to-leading order (NLO) in QCD and next-to-

next-to-leading logarithmic (NNLL) resummation of logarithmic terms [41].
• s-channel (qq̄′ → tb): It is much rarer mode of production than t-channel. In

this mode, a quark and antiquark annihilate to produce a virtual W boson,
which then decays into a top quark and a bottom quark. At

√
s = 13 TeV in

pp collisions, the cross section for this mode accounts 7.1 ± 0.2 pb at NLO in
QCD and NNLL resummation of logarithmic terms [41].

• Associated production (pp → tW ): A top quark is produced along with a W
boson. This process becomes more significant at high energies due to the large
phase space for tW production. At

√
s = 13 TeV, the cross section for this

mode accounts roughly 76.2±2.5 pb at NLO in QCD and NNLL resummation
of logarithmic terms [41].

2. Top pair production: This is the primary production mechanism for top and
anti-top quarks (tt̄) at the Large Hadron Collider [42]. At

√
s = 13 TeV in

pp collisions, the inclusive cross section for this mode accounts roughly 830 ±
0.4(stat.)±36(syst.)±14(lumi.) pb with a relative uncertainty of 4.6% in next-to-
next-to-leading order (NNLO) in QCD [43]. It enables precise studies of the top
quark’s properties, including its mass, spin correlations, and kinematic distribu-
tions. Furthermore, this production mode serves as a sensitive probe for potential
BSM physics. This mode encompasses several distinct production mechanisms, as
outlined below:

• Gluon-Gluon Fusion (gg → tt̄): In this mode of production, gluons from the
colliding protons interact through the strong force, creating a top-antitop pair.
This process accounts for approximately 90% of the total tt̄ events produced at√
s = 13 TeV. Figure 1.8 shows Feynman diagrams for this particular mode.

• Quark-Antiquark Annihilation (qq̄ → tt̄): This mechanism is more significant
at lower-energy colliders, as the proton’s gluon content dominates at high
energies like the Large Hadron Collider. It accounts for the remaining tt̄
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Figure 1.8: Example Feynman diagrams showing the production of tt̄ from gluon-gluon
fusion at leading order (LO).
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Figure 1.9: Example Feynman diagram showing the production of tt̄ from quark-antiquark
annihilation.

events produced by this mode. Figure 1.9 shows Feynman diagrams for this
particular mode.

3. Top-associated production: In addition to single-top-quark and tt̄ production
modes, a wide range of top-associated processes play a crucial role in testing the SM
and probing new physics. The associated production of top pairs with electroweak
bosons, such as tt̄W , tt̄Z [44], and tt̄γ [45], provides direct sensitivity to the top
quark’s couplings to gauge bosons and enables constraints on anomalous interac-
tions and effective field theory operators. The tt̄W events can be produced via
quark-antiquark annihilation at LO accuracy with W boson radiated from initial
state quarks. At NLO, additional contributions arise from the quark–gluon chan-
nel, enhancing the production rate and modifying kinematic distributions. The tt̄Z
events can be produced when a Z boson comes from initial state quark or from final
state top-quarks. This process is directly sensitive to the coupling between the top
quark and the Z boson, making it an excellent probe for testing the EW interac-
tions of the top quark. The tt̄H process [46] is especially important for probing the
top-Higgs Yukawa coupling, a key parameter in electroweak symmetry breaking.
More complex processes, like tt̄V V (where V stands for W , Z, or γ) [47], are rare
but sensitive to quartic gauge-top interactions and new physics contributions. The
general tt̄X category includes top-pair production in association with any other
particle such as tt̄γ, or including heavy resonances, dark matter candidates, or
exotic scalars. Additionally, rare multitop processes such as three-top-production
(tt̄t) [48] and four-top-quark production (tt̄tt̄, will be discuss in the next Section)
have very low cross-sections in the SM but can be significantly enhanced in various
beyond the SM scenarios, making them valuable probes of top-rich final states and
high-scale dynamics.
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1.1.5 Four Top Quark Production in the Standard Model
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Figure 1.10: Example Feynman diagrams showing the production of tt̄tt̄ involving pure
QCD contributions from gluon-gluon fusion at LO.

The simultaneous production of four top quarks is one of the rarest process with a
frequency of 4000 times lower than the production of Higgs boson [49]. The production of
tt̄tt̄ is approximately 69,000 less frequent than the production of the tt̄ at

√
s = 13 TeV.

It is also one of the heaviest processes with four top quarks in its final state providing
a great opportunity to search for new physics and test the present-day SM. The tt̄tt̄
process can occur via a number of mechanisms within SM, mainly two of them are as
follows:
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Figure 1.11: Example Feynman diagrams showing the production of SM tt̄tt̄ involving
EW contributions from gluon-gluon fusion at LO.

1. Gluon-gluon fusion: It is the dominant mode of production of four top quarks
because of high density of gluons in protons at high energies and strong coupling
constant. It contributes approximately 90−95% to the total SM production of tt̄tt̄.
The production of tt̄tt̄ process can also be contributed from EW processes but these
are less frequent as compared to pure QCD contributions. These processes involve
contribution from W±, Z0 and scalar H. The Feynman diagram involving exchange
of a virtual Higgs boson also allows to measure top quark Yukawa coupling as the
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cross-section for this process is directly proportional to the fourth power of the top
quark Yukawa coupling. Figures 1.10 and 1.11 show Feynman diagrams for gluon-
gluon fusion production modes involving QCD and EW contributions respectively.

2. Quark-antiquark annihilation: This mode of production contributes approxi-
mately 5−10% of the total contributions to the SM tt̄tt̄. Figure 1.12 shows Feynman
diagram for quark-antiquark annihilation production mode.

q

q̄

t

t̄

t̄

t

Figure 1.12: Example Feynman diagram showing the production of SM tt̄tt̄ originating
from quark anti-quark annihilation at LO.

The final states are more complex due to the presence of four top quarks, leading
to higher jet multiplicities and additional b-jets. The four top quarks on decay produce
four W boson and four bottom quarks. The bottom quark (b/b̄) produced on decay of
top quark, can not exist in free form at low energies due to the phenomenon of colour
confinement in QCD. Before hadronization, the b-quark undergoes QCD radiation, emit-
ting gluons that can further split into quark-antiquark pairs or additional gluons. This
process results in a parton shower – a cascade of coloured partons. As the energy scale
drops, these partons hadronize by combining into colour-neutral hadrons, typically form-
ing a B-meson or B-hadron. Once hadronized, the b-quark becomes a constituent of the
resulting hadron, which may eventually decay via the weak interaction. The hadrons
produced in the parton shower and hadronization stages are collimated in the direction
of the initial b-quark direction, forming what is called a jet. Hence, in the final state, we
observe only jets or leptons, depending on the decay mode. The tt̄tt̄ events have higher
transverse energy and more complex jet dynamics due to the additional top quarks. The
experimental search for tt̄tt̄ process mainly relies on the decay of W boson if it decays
leptonically or hadronically leading to multiple possible final states. We can consider
multiple final states by classifying broadly if a top quark has:

• Leptonic decay: If W boson decays into leptons (l : [e±, νe], [µ±, νµ], [τ±, ντ ])

• Hadronic decay: If W boson decays into hadrons (q : u, d, c, b, s and their anti-
partners)

Branching fraction for W boson decay is shown in Figure 1.13. The process involves
four top quarks which will have different permutations of leptonic or hadronic decays.
Figure 1.14 shows different decay channels for tt̄tt̄ process where out of the four top
quarks (consequently to four W bosons and four b-quarks) :
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Figure 1.13: Branching ratio for W boson decay.

• Single lepton (1L): only one of the four W bosons decays leptonically and other
three decay hadronically

• only two of the four W boson decay leptonically and other two decays hadronically

– Dilepton same sign (2LSS): both leptons have same sign
– Dilepton opposite sign (2LOS): both leptons have opposite sign

• Multilepton: three or all four W boson decay leptonically

• All-hadronic: None of the four W bosons decays leptonically, instead decay into
pairs of quarks/antiquarks.

42.2%

14.3%

7.2%
5.3%

31.3%

Single lepton (1L)
Dilepton opposite sign (2LOS)
Dilepton same sign (2LSS)
Multilepton
All-hadronic

Figure 1.14: Pie chart showing the contribution from each decay channel to the tt̄tt̄
process. Leptons here refers to e, µ which can come from leptonic decays of τ also.

It can be seen from the Figure 1.14 that 1L channel has the highest branching ratio
followed by all-hadronic decay channel. However, multilepton and 2LSS channels are
critical for new physics searches because they have low SM backgrounds and unique
signatures.

In leptonic decays of W bosons, the inclusion of τ -decays (W → τντ ) introduces ad-
ditional complexity. τ -leptons can decay either leptonically (τ → lνlντ ) with a branching
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ratio of 35.29% or hadronically (τ → hadrons + ντ ) with a branching ratio of 64.71%.
The final state in leptonic decays of τ resembles W → lνl decay but involves two addi-
tional neutrinos, making the reconstruction of the event more challenging due to increased
Emiss

T . While hadronic decays of τ involves hadronic jets in final state, which are often
distinguishable by their low multiplicity and specific substructure. Identifying τ -leptons
require advanced techniques like τ -tagging algorithms.
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Figure 1.15: Summary of the tt̄tt̄ production cross-section measurements made by A
Toroidal LHC ApparatuS (ATLAS) and CMS in several decay channels at

√
s = 13 TeV.

The combined results by ATLAS and CMS are represented by “comb.” include measure-
ments from 1L/2LOS, all-hadronic and 2LSS/3L . The cross section measurements are
compared with the calculation performed at NLO QCD+EW including NLL corrections.
The theoretical uncertainties due to renormalisation and factorisation scales are shown
by bands [50].

First evidence for tt̄tt̄ process was reported by ATLAS in 2020 and CMS in 2022.
ATLAS first measured the tt̄tt̄ cross section in the multilepton final state at

√
s = 13 TeV,

which was found to be 26+7
−6 fb, with an observed (expected) significance of 4.3(2.4)σ

over the background-only expectation [49]. A subsequent measurement in the 1L/2LOS
channel yielded a cross section of 26+17

−15 fb, with an observed (expected) significance
of 1.9(1.0)σ over the background-only expectation [51]. The combined cross-section was
found to be 24±4(stat.)+5

−4(syst.) fb at
√
s = 13 TeV [49], as shown in Figure 1.15. For the

CMS measurements, the combined cross-section was found to be 17 ± 4(stat.)±3(syst.)fb
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at
√
s = 13 TeV [52]. The observed (expected) significance was 4.7(2.6)σ for ATLAS,

and 4.0 (3.2),σ for CMS, both above the SM background prediction. The predicted cross
section for the tt̄tt̄ process at NLO in QCD and EW corrections including next-to-leading
logarithmic (NLL) resummation of logarithmic terms, is 13.37+1.04

−1.78 fb at
√
s = 13 TeV [53].

Though the measured cross-section for tt̄tt̄ is in agreement with the SM prediction within
uncertainties, but there still exists a mild excess of 1.8σ. While this deviation is not
statistically significant on its own (5σ threshold for a discovery) but it is intriguing
because of the sensitivity of the four-top process to new physics. This slight excess could
be a statistical fluctuation, but it also motivates for searches beyond the SM phenomena
that could enhance the production rate of four top quarks. In the next section, we will
discuss about potential BSM searches.

1.2 Probing New Physics Beyond the Standard
Model

The SM, while remarkably successful in describing fundamental particles and their inter-
actions, has notable limitations in accounting for several experimental observations. For
instance,

• SM predicts neutrinos to be massless, however, extensive experimental evidence
confirms that neutrinos possess nonzero mass. One of them is neutrino oscillation,
where a neutrino of one flavour (electron, muon, or tau) changes into another flavour
as it travels. This behavior is only possible if neutrinos have mass and the mass
eigenstates are different from the flavour eigenstates.

• Cosmological measurements particularly from observations of the galaxy rotation
curves [54], gravitational lensing [55] indicate that dark matter constitutes approx-
imately 27% of the universe’s total energy. However, the SM does not provide a
viable dark matter candidate. Dark matter is known to have mass because it in-
teracts gravitationally, but it neither emits, absorbs, nor reflects light – meaning it
does not interact electromagnetically – and is stable over cosmic timescales. Within
the SM, neutrinos are the only neutral, stable, weakly interacting particles. How-
ever, their masses are too small and they are too relativistic to explain the observed
cold dark matter. Therefore, the SM does not contain any particle that satisfies
all the necessary properties of dark matter. Additionally, the accelerated expan-
sion of the universe, attributed to dark energy, remains unexplained within the SM
framework. Many BSM theories such as extended Higgs sector, Supersymmetry
(SUSY) [56] can propose suitable candidate for dark matter.

• Another significant challenge is the hierarchy problem [57], which concerns the
large disparity between the Higgs boson mass and the Planck scale, much larger
than the EW scale. In quantum field theory, mass of the Higgs boson receives large
quantum corrections from loops involving other particles (like top quarks, W/Z
bosons). These corrections tend to drive the Higgs mass toward the highest energy
scale involved in the theory – namely the Planck scale. However, experimentally,
the Higgs mass is very close to the EW scale. To keep the Higgs mass at its
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observed value, the theory requires an extremely fine-tuned cancellation between
the “bare” Higgs mass and the quantum corrections. This issue may be addressed
by BSM theories such as SUSY, which predicts a superpartner to the Higgs boson,
the Higgsino, capable of stabilizing the Higgs mass.

• Furthermore, the SM’s prediction of equal quantities of matter and antimatter
conflicts with observations of a universe dominated by matter. Observations show
that our universe is dominated by matter, with very little antimatter around. If
matter and antimatter were in equal amount, then they would have annihilated
each other completely, leaving behind only radiation [58]. The fact that matter
dominates means that, there must have been a process that created an imbalance
of baryons over antibaryons.

Other unresolved issues, including the unification of fundamental forces and the anoma-
lous magnetic moment of the muon (g–2 anomaly) [59], underscore the SM’s inadequacies.
These discrepancies necessitate extensions or modifications to the SM to encompass these
phenomena and achieve a more comprehensive understanding of the universe.

A specific focus of BSM physics is the investigation of processes involving four top
quarks, as these offer critical insights into physics beyond the SM. The production of four
top quarks has a small cross section which could be sensitive to new physics. Additionally,
such processes are sensitive to the coupling strengths of the top quark, which plays
a central role in EW symmetry breaking. Exploring four-top-quark production can also
illuminate potential solutions to the hierarchy problem, as it directly tests the top quark’s
interactions with the Higgs sector. During the last few years, there has been a number
of attempts to search for physics beyond the SM. Some potential BSM contributions to
the tt̄tt̄ process can arise from new heavy particles such as additional heavy resonances
as predicted by few BSM theories which include the extension of the Higgs sector, by
introducing additional Higgs doublets such as in two-Higgs-doublet model (2HDM) [60],
hMSSM [61, 62, 63] and models with Higgs triplets [64, 65, 66, 67] or heavy gluons which
can decay to a pair of top quarks, other contributions include top quark compositeness,
SUSY particles. In this thesis, we are mainly concerned with the 2HDM and sgluon
model [68]. As 2HDM model can directly address baryogenesis by introducing additional
sources of CP violation.

1.2.1 Two-Higgs-Doublet Model
Particles interact via fundamental forces in nature. These interactions are described by
Lagrangians where simplest interaction between particles is calculated as tree level (first)
and then other corrections are added via higher-order processes (loop diagrams) using
perturbative expansion. These corrections are known as radiative corrections. Higgs
boson also receive contribution to its mass from radiative corrections because of its in-
teraction with other particles such as quarks, leptons, gauge bosons (W,Z) and itself.
While calculating radiative corrections, integrals over all possible momenta of the vir-
tual particles involved in loop are considered which often leads to divergences (integral
becomes infinte). In the calculation of corrections to the Higgs boson mass, quadratic
divergences (“quadratic” comes from the fact that the divergence grows as the square of
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the momentum cutoff, leading to a problem in the theory at high energies) arise.

m2
H = m2

H0 + δm2
H (1.25)

where mH is , mH0 is bare mass and third term in above equation is a correction term.
At high energies, δm2

H grows as square of the momentum cutoff (Λ). In order to maintain
the observed mass of Higgs boson i.e. 125 GeV, the bare mass mH0 and mH should cancel
each other with extreme precision.

The presence of quadratic divergences in Higgs boson mass is a major motivation
for BSM physics such as SUSY introducing additional particles for every particle in SM
which can cancel quadratic divergences. The 2HDM is the minimalistic extension of the
SM by introducing an extra scalar Higgs doublet [60]. The model contains two complex
doublets of scalar fields instead of one,

Φ1 = 1√
2

(︄
ϕ1 + ιϕ2

v1 + ϕ5 + ιϕ7

)︄
(1.26)

Φ2 = 1√
2

(︄
ϕ3 + ιϕ4

v2 + ϕ6 + ιϕ8

)︄
(1.27)

where ϕi are scalar fields and vi are EW VEV of both the doublets. Each complex scalar
doublet has four degrees of freedom, this means we have total eight degrees of freedom
for both the doublets. In some cases, when the EW symmetry is spontaneously broken
down, three of these eight degrees of freedom are absorbed by the gauge bosons to give
them mass (W±, Z0). This results in five physical states: two charged scalars (H±) and
three neutral scalars, consisting of two CP-even scalars – the light Higgs h and the heavy
Higgs H ( with mass of h < mass of H) and one CP-odd scalar Higgs (pseudo-scalar A).
The Lagrangian for 2HDM can be written as:

L2HDM = (DµΦ1)†(DµΦ1) + (DµΦ2)†(DµΦ2) − V(Φ1Φ2) (1.28)

where, Dµ is covariant derivative as defined as in Equation 1.11. General scalar potential
of 2HDM is given by:

V(Φ1Φ2) = m2
11Φ+

1 Φ1 +m2
22Φ+

2 Φ2 − [m2
12Φ+

1 Φ2 + h.c.] + 1
2λ1(Φ+

1 Φ1)2

+1
2λ2(Φ+

2 Φ2)2 + λ3(Φ+
1 Φ1)(Φ+

2 Φ2) + λ4(Φ+
1 Φ2)(Φ+

2 Φ1)

+[12λ5(Φ+
1 Φ1)2 + λ6(Φ+

1 Φ1)(Φ+
1 Φ2) + λ7(Φ+

2 Φ2)(Φ+
1 Φ2) + h.c.]

(1.29)

This general equation gives rise to 14 independent real parameters, where m2
12, λ5, λ6, λ7

are complex and m2
11,m

2
22, λ1, λ2, λ3, λ4 are real parameters. In contrast with the SM, this

potential is not unique as different set of parameters will lead to different interactions,
mass eigenstates etc. For example, let us consider the case where potential V has Z2
symmetry under some transformations:

Φ1 → −Φ1,Φ2 → Φ2

resulting in m2
12 = λ6,= λ7 = 0. All these parameters are responsible for complex

phases that could induce CP violation in the Higgs sector, setting them to zero means all
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remaining parameters in the potential can be chosen to be real. As a result, the poten-
tial becomes CP-conserving, and no CP violation occurs within the Higgs interactions.
This CP-conserving 2HDM includes five free parameters: masses of three Higgs Boson
(mH ,mA,mH±), mixing angle between H and h as α and the ratio of the VEVs of the
two Higgs doublet as tan β = v2/v1. But 2HDM can introduce flavour-changing neutral
currents. In order to avoid its prediction in 2HDM, the Glashow-Weinberg condition is
sufficient which states that each type of fermions couples to exactly one of the two dou-
blets (neutrinos not taken into account). Based on this, 2HDM can be categorised as
shown in Table 1.1. Similarly another interesting case is when we have minimal super-

Model up-type quarks down-type quarks charged leptons
Type I Φ2 Φ2 Φ2
Type II Φ2 Φ1 Φ1

Lepton-specific Φ2 Φ2 Φ1
Flipped Φ2 Φ1 Φ2

Table 1.1: Classification of 2HDM depending on which group of fermions couple to which
of the two doublets.

symmetric model with additional supersymmetric partners and applying the following
constraints

λ1 = λ2 = −2λ3, λ5 = λ6 = λ7 = 0
One more specific scenario where one of the physical states i.e. h behaves exactly like
the SM Higgs boson particularly in terms of its couplings to fermions and gauge bosons,
known as alignment limit. This situation occurs when the mixing between the two dou-
blets is such that h aligns with the direction of the VEV in field space, decoupling the
second doublet’s contributions from the light Higgs couplings. In other words, when the
mixing angle between two CP-even Higgs boson state is suppressed. The physical CP-
even Higgs are related to the real parts of the neutral components by mixing angle as the
following: (︄

h
H

)︄
=
(︄

cosα − sinα
sinα cosα

)︄(︄
ϕ5
ϕ6

)︄
(1.30)

The alignment limit is achieved when:

α− β = π

2
If the alignment limit is exact or nearly exact, then h will behave exactly as SM Higgs
boson. Any deviations from the SM Higgs boson prediction such as differences in de-
cay rates or production cross sections in experimental measurements could indicate new
physics. This scenario is theoretically appealing as it explains why the observed Higgs
boson behaves likes SM Higgs boson, while still alllowing the possibility of additional
Higgs states which can be probed at higher energies or in specific decay channels.

In summary, the introduction of additional Higgs bosons in the 2HDM framework
profoundly impacts both the theoretical and phenomenological aspects of Higgs physics.
These extra scalar states contribute to the radiative corrections of the Higgs boson masses,
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with neutral scalars H/A affecting the self-energy of the h, while H± participate in loop
corrections that modify the mass spectrum of the neutral Higgs sector.

Furthermore, 2HDM enriches the Higgs sector by introducing new sources of CP
violation, offering potential explanations for fundamental questions such as the matter–
antimatter asymmetry in the universe. The parameter tan β, representing the ratio of
the VEVs of the two Higgs doublets, plays a crucial role in determining the couplings
of the Higgs bosons to fermions and gauge bosons. In particular, the alignment limit
scenario ensures that the h mimics the SM Higgs boson, while the heavier scalars H/A
exhibit enhanced couplings to down-type fermions at large tan β. This behavior leads to
distinctive signatures in Higgs production and decay channels, making 2HDM predictions
testable at collider experiments.

In this thesis, a search for heavy Higgs boson, H/A, in the context of type-II 2HDM in
the alignment limit, is presented in tt̄tt̄ final state. The study focuses on the production
of H/A together with a top quark pair (tt̄) where the heavy Higgs boson then decays
into another top quark pair, resulting in four top quarks in the final state. The study
targets 1L and 2LOS channels. The signal process is tt̄H/A → tt̄tt̄ shown by a Feynman
diagram in Figure 1.16. The results of the analysis put limits on the 2HDM parameters
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Figure 1.16: Example Feynman diagram showing the production of a neutral heavy scalar
or pseudo-scalar Higgs boson (H/A) in the four-top-quark final state [1].

i.e. tan β and production cross section for tt̄H/A → tt̄tt̄. Certain ranges of tan β and
mass of heavy Higgs boson are excluded based on the data. More details regarding the
use of 2HDM in analysis will be discussed in Chapter 3.

1.2.2 Sgluon Model
In this thesis, we employed the same strategy used for the 2HDM to set limits on the
simplified model, which predicts the pair production of a colour-octet scalar (S8) or
sgluon, with each sgluon decaying into a pair of top quarks [1]. The study targets 1L
and 2LOS channels. The signal process targetted is S8S8 → tt̄tt̄, as shown by a Feynman
diagram in Figure 1.17. More details regarding the analysis strategy used in analysis for
sgluon model will be discussed in Chapter 3.

Sgluons (with spin-0, neutral under the electroweak gauge group) are colour-octet
states in the adjoint representation of the QCD group [68, 69, 70]. In simple words,
sgluons are scalar partners of supersymmetric gluinos (supersymmetric partner of gluons
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Figure 1.17: Example Feynman diagram showing the production of a pair of sgluons in
the four-top-quark final state [69].

in the SM with half-integral spin). At Large Hadron Collider, sgluons can be produced
predominantly through strong interactions such as pair production5, single production.
The decay modes of sgluons are influenced by their mass and the specifics of the under-
lying model. For sgluon masses below twice the top quark mass, the dominant decay
mode is into two gluons, which result in multijet events. When the sgluon mass exceeds
twice the top quark mass, sgluons can decay into top-antitop pairs, provided the decay is
kinematically allowed. Sgluons can also decay into a top quark and a light quark. These
decays typically result in events with high jet multiplicity and may include leptons from
the top quark decays. When sgluons are pair-produced, they are most likely to decay to
a pair of top quarks, resulting in final states containing four top quarks. These decays
are loop-induced and can lead to distinct signatures at colliders.

These states are predicted in the extensions of the SM like supersymmetric frame-
works [71, 72], non-minimal supersymmetric model [73, 74, 75, 76], vector-like confining
theories [77] and extra-dimensional models [78]. Among various supersymmetric mod-
els, certain scenarios predict the existence of complex colour-octet scalar fields – such as
scalar gluons – which, after supersymmetry breaking split into two real non-degenerate
mass eigenstates [69, 79]. When CP couplings are preserved, these components give rise
to a real scalar and a real pseudo-scalar. The scalar state is generally heavier one due to
heavy gluino field and generally decays to quarks and gluons. While pseudo-scalar state
is lighter and predominantly decays to a pair of top-antitop quarks. The branching ratio
of the scalar gluon decay to a pair of top quarks, is taken as 100% in this thesis. As these
pseudo-scalar sgluons are not related to gluino, hence they lie in the sub- TeV range. The
studies of top quark suggests promising targets for potential searches for new physics.

In the simplified model of sgluons, the SM is extended by the addition of a colour-octet
scalar with mass mS8 which is a singlet under electroweak gauge group. The Lagrangian
for simplified model, after symmtery breaking, is written as:

LS8 = 1
2DµS

A
8 D

µSA
8 − 1

2m
2
S8S

A
8 S

A
8 + t̄[y8S + iy8Pγ

5]TASA
8 t (1.31)

where Dµ is covariant derivative, y8S and y8P are scalar and pseudo-scalar Yukawa cou-
plings, representing interactions of the S8 with the top quarks (t/t̄). The quantities γ5 is

5via quark-antiquark annihilation and gluon-gluon fusion
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a gamma matrix, TA corresponds to the SU(3)C generators in the fundamental represen-
tation. No higher-order couplings of the S8 to the gluons are considered. The first term
in Equation 1.31, is kinetic term, the second term is mass term for S8 and the third term
represents interaction of sgluons with the top quarks. For this thesis, we have considered
only the purely scalar S8 field, which is obtained by setting y8P = 0. The parameter y8S

is set to 0.1. It is observed from the studies that the kinematics of interest is independent
of the value of y8S.
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2. Experimental Setup
In this chapter, we will discuss about the experiments conducted using high-energy parti-
cle accelerators, detectors, and sophisticated computational tools. There are a large num-
ber of accelerators, detectors dedicated for different purpose of searches located across
the world. But, we will mainly focus on ATLAS experiment at Large Hadron Collider,
CERN (the European Organization for Nuclear Research) [80].

2.1 The Large Hadron Collider
The Large Hadron Collider (LHC) [81, 82] is located at the CERN laboratory near
Geneva, on the border between Switzerland and France. It is the world’s largest and
powerful accelerator in the world. The data obtained from collisions help the scientists
to analyse and draws conclusion from it about the universe, nature of matter and laws
of physics. The construction of the LHC began in 1998 and was completed in 2008.
The LHC reuses the tunnel which was previously built at a depth ranging from approx-
imately 50-175 m under the ground and spanning the circumference of nearly 26.7 km
for the Large Electron-Positron collider [83]. It is used for colliding protons primarily
during longer running periods, or heavy ions like lead-lead or lead-proton (typically for
one month) at high energies, hence, it has ‘Hadron’ in its name. The first particle beams
were successfully circulated in the collider on September 10, 2008. The maximum energy
attainable for the collisions depends on the bending radius of curvature for the dipoles of
the LHC, magnetic fields applied, using magnetic rigidity as:

0.3 · 8 [T] · 2.9 [km] ≈ 7 [TeV] (2.1)

and thus for two colliding beams, center-of-mass energy (
√
s) becomes 14 TeV. The

LHC accelerator consists of eight arches, four straight sections and four interaction areas
as shown in Figure 2.1. At these four interactions points (P1, P2, P5, P8), four major
experiments are positioned around the accelerator ring to detect and analyze the particles
produced in the collisions.

• ATLAS(A Toroidal LHC ApparatuS): It is a general-purpose particle physics de-
tector at LHC designed to explore a wide range of physics varying from studying
Higgs boson, properties of top quark to searching for new physics beyond the stan-
dard model. It uses a large toroidal shaped magnets in order to curve the paths
of charged particles. ATLAS played a vital role in the discovery of Higgs boson in
2012. This experiment will be discussed in detail in the next Section 2.2.

• CMS (Compact Muon Solenoid): It is also a general-purpose detector like ATLAS
but with different design. It also aims to explore a broad range of physics including
Higgs boson, dark matter, precision measurements of known particles. It uses a
solenoid magnet to bend the trajectories of the charged particles, which helps in
precise momentum measurements [85].

• ALICE (A Large Ion Collider Experiment): This detector at LHC is dedicated to
studying heavy ion collisions, centrally focusing on the quark-gluon plasma which
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Figure 2.1: Schematics of LHC with the eight interaction points, experiments labelled [84].

is believed to be the state of matter existed just after the Big Bang. This detector
is designed to handle high multiplicity of particles produced during the collisions
and aims to explore the quark-gluon plasma properties and fundamental forces in
nature [86].

• LHCb (Large Hadron Collider beauty): This experiment is specialised in investi-
gating the properties of matter and antimatter by studying decays of B-mesons. It
also aims to explain matter-antimatter asymmetry and helps in testing the limits
of SM and search for physics beyond the standard model [87].

2.1.1 Working principle
In order to achieve such high energies for collisions, hydrogen atoms from the gas cylinder
are introduced at a controlled rate into the initial chamber of the linear accelerator where
an electric field is applied, Linac2, as shown in Figure 2.1. In this stage, their electrons
are removed, leaving only protons, effectively ionising the hydrogen atoms. Subsequently,
the electric field accelerates the resulting protons through Linac2 to ultra-high speeds,
reaching approximately one-third of the speed of light (50 MeV). The protons in Linac2
are collected in the form of bunches with each bunch containing nearly 1.15×1011 protons
spaced 7.5 m from each other. Protons moving at this fraction of the speed of light exit
Linac2 and enter the Proton Synchroton Booster (PSB) [88] shown in Figure 2.1.

The PSB consists of four rings, as shown in Figure 2.2, designed to increase the
intensity of the packets of protons through the repeated application of a pulsating electric
field. The quadrupoles and dipoles are used for beam steering. The beam in PSB is
divided into four packets. The protons are promoted to 0.96 of the speed of light in
PSB due to the accelerating gradient applied during each revolution in the circular orbit.
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Figure 2.2: Schematic layout of PSB. The kicker magnet helps in extracting the particle
beam from the PSB [88].

The four packets of protons in PSB, are then recombined and directed to the next stage,
known as the Proton Synchrotron (PS) shown in Figure 2.1, which has a circumference
of approximately 628 m. The squeezed packets of protons circulate there for few seconds
and attain a speed of 0.99 of the speed of light. Now, protons have acquired the maximum
attainable speed. Beyond this, energy given to the protons by application of pulsating
electric field will not increase its speed but will contribute to its mass, thus making
protons heavier only. At this stage, the energy of protons becomes 25 GeV.

Now the protons are directed to next stage, which is known as Super Proton Syn-
chrotron (SPS). It is a circular ring where the energy of protons is further increased to
450 GeV, which takes approximately 20 minutes to accelerate all bunches of protons.
From the SPS, the protons gain sufficient energy to be directed into the orbit of the
LHC. The SPS injects these protons into the LHC over a period of half an hour. The
LHC contains two beam pipes (at ultrahigh vacuum) where protons travel in opposite
directions. Beam pipes are typically made from stainless steel which do not interfere
with the magnetic fields used for beam steering. The collision energy is double that of
each individual proton. The LHC boosts the protons’ energy, accelerating them to speeds
nearly equal to the speed of light, allowing them to traverse the 27 km ring 11,000 times
per second. The protons are then ready to be collided to and particle tracks from these
collisions are analyzed by the computers attached to the detectors. Collisions occur ev-
ery 25 ns once the beams are declared stable, and continue until the beam luminosity
(discussed in Section 2.1.3) is reduced by half. These beams intersect each other at four
detectors (discussed above) where the protons collide.

In order to make protons moving in circular orbit, superconducting magnets are re-
quired. The magnetic field that keeps protons in a circular orbit is generated by 1232
dipole magnets, each having a length of 15 m and producing a magnetic field of 8.5 T.
Quadrupole magnets focus the beam to counteract natural divergence due to beam dy-
namics and space-charge effects. Additionally, sextupole, octupole magnets help in cor-
recting energy-dependent beam spreading and stabilizing the beam against instabilities,
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respectively. A complex and largest cryogenic system in the world is used for cooling
the superconducting magnets to very low temperatures (1.9 K, close to absolute zero),
required for their efficient operation. The superfluid helium is used primarily as a cool-
ing agent used having excellent thermal conductivity and is able to transfer heat away
efficiently even at temperatures which are very close to absolute zero.

2.1.2 LHC Operation
The LHC operates in distinct periods called “Runs”, each representing a multi-year cy-
cle of data taking, followed by long shutdowns for upgrades, and maintenance. Run 1
took place from 2010 to 2013, operating at collision energies of 7-8 TeV and led to the
groundbreaking discovery of the Higgs boson in 2012. This was followed by long shut-
down 1 from 2013 to 2015, during which the LHC was upgraded to allow higher-energy
collisions. Run 2 ran from 2015 to 2018 at 13 TeV, producing large amounts of data for
precision measurements and searches for new physics. Long shutdown 2 occurred from
2019 to mid-2022, focusing on major upgrades to both the accelerator and detectors. Run
3 began in 2022, operating at a record energy of 13.6 TeV and is expected to continue
through 2025, with improved luminosity and detector performance. The upcoming long
shutdown 3, planned for 2026–2028, will prepare the LHC for Run 4 and the transition
to the High-Luminosity LHC (HL-LHC) era, significantly increasing the collision rate to
enhance the potential for new discoveries.

2.1.3 Luminosity and Pile-up
The performance of a particle accelerator is quantified in terms of its colliding beam
energy and the luminosity. The luminosity L measures the collision rate of particles
within the accelerator. The instantaneous luminosity is defined as the expected number
of events generated (N) per second for a process with production cross-section (σp).

L · σp = dN

dt
(2.2)

The unit of measurement for luminosity is cm−2s−1.
The instantaneous luminosity can be expressed in terms of few parameters such as

number of particles per bunch n1 and n2, total number of bunches Nb, a revolution
frequency fr, σx and σy represent horizontal and vertical Gaussian widths of the colliding
beam:

L = n1n2frNb

4πσxσy

(2.3)

There are some additional effects (beam crossing angle, collision offset, hour glass effect,
non-Gaussian beam profiles) when calculating instantaneous luminosity which needs to
be taken into account for practical computations [89]. The current LHC luminosity is of
the order of 1034 cm−2s−1. As the number of collisions per second increases, the number of
simultaneous interactions in a bunch crossing – in addition to the primary interaction of
interest, known as pile-up, also increases. This means that if the instantaneous luminosity
increases, the pile-up interactions increase as well. Pile-up can be catgorised as in-time
pile-up (when multiple interactions occurring in the same bunch crossing) or out-time
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Figure 2.3: Luminosity-weighted distribution of the average number of interactions per
crossing is presented for the 2015–2018 pp collision data at

√
s = 13 TeV [90].

pile-up (interactions from previous or subsequent bunch crossings). Higher the number
of particles in a bunch (n1 or n2) results in higher luminosity. This ultimately results
in an increased number of in-time pile-up interactions. However, if the total number of
bunches (Nb) injected into the LHC is increased, it can cause interactions among protons
from different bunches, resulting in out-of-time pile-up. The average number of pile-up
interactions ⟨µ⟩ in LHC depend on the instantaneous luminosity, and for Run 2, it is 33.7
as shown in Figure 2.3.

The integral of instantaneous luminosity over time is known as integrated luminosity.
It is usually expressed in fb−1.

Lint =
∫︂ T

0
L(t) dt (2.4)

2.2 ATLAS Experiment
The ATLAS experiment is one of the world’s largest particle physics experiment, located
at interaction point P1 on the LHC ring at CERN. ATLAS has played a crucial role in
many groundbreaking discoveries, most notably the Higgs boson discovered in 2012, which
is responsible for giving mass to elementary particles. It is a general-purpose detector
designed to search for a broad spectrum of signals ranging from discovery of Higgs boson,
studies of top quark, matter-antimatter asymmetry to physics beyond the SM. In this
experiment, the byproducts of collisions between protons in LHC are studied. It is the
largest volume detector which is approximately 44 m in length and 25 m in diameter.
The ATLAS detector weighs about 7,000 tons with 3000 km cables.
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Figure 2.4: ATLAS detector with labelled sub-detectors, calorimeters and magnetic sys-
tem [91].

The ATLAS detector can be divided into four major parts: inner detector, calorime-
ters, muon spectrometer and magnetic system, all arranged in cylindrical symmetry
around the collision point or parallel to the colliding beam pipes. The interior layout
of the ATLAS detector is shown in Figure 2.4. Each sub-detector is divided into cylin-
drical concentric barrel sections that cover the central region, and disk-shaped end-cap
modules that extend coverage into the forward regions. This is done to ensure the full
coverage around the collision point and capture all the produced particles.

x

y

z

−→p pt

N

LHCATLAS

CMS

ALICE

LHCb

ϕη

Figure 2.5: ATLAS coordinate system. Image produced from LATEX code available at [92].

ATLAS uses right-hand coordinate system as shown in Figure 2.5. The origin of
the coordinate system is defined at the interaction point with z-axis along the beam
pipe and x-y plane is transverse to the beam direction. The positive x-axis points from
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