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Abstract

The Higgs boson discovery in 2012 by the ATLAS and CMS experiments at the Large
Hadron Collider at CERN made the Standard Model (SM) predictions complete. How-
ever, the Standard Model also comes with its own flaws, it does not explain phenomenon
like matter-antimatter asymmetry and existence of dark matter and dark energy in the
universe. Studying the properties of existing Standard Model particles helps us to bet-
ter understand their limitations. Higgs boson is responsible in providing masses to other
fundamental particles via Higgs Mechanism and Yukawa couplings. Studying the various
production and decay modes of Higgs boson will help us understand the interactions of
these fundamental particles precisely.

In this thesis, Higgs boson production in association with a Z boson and its decay via
W W= channel into a fully leptonic final state is discussed. The data collected during Run
3 of the ATLAS detector from 2022 and 2023 is used. Since this signal process is limited
by statistics, advanced machine learning algorithms, in particular, deep neural networks
have been deployed to discriminate between signal and any background processes affecting
this analysis. Results obtained from statistical treatment using the maximum likelihood
estimator show potential discovery when combining the results with the V H analysis in
Run 2+4-3. Prospects are also discussed which will help achieve the discovery potential and
make cross-section measurements in the transverse momentum bins of Z boson.

Keywords: Higgs boson, ATLAS experiment at CERN, Deep Neural Networks,
Statistical Analysis
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Introduction

The quest to understand the fundamental constituents of matter and the forces that
govern their interactions has been a central focus of physics for centuries. The Greek
philosopher Democritus first coined the term “atom” around 400 BC, suggesting that
matter is composed of small, indivisible particles called “atomos”. This laid the foundation
for our modern understanding of the building blocks of matter. In the early 20™ century,
the experiment by J.J. Thomson led to the discovery of the electron [26], followed by
Ernest Rutherford’s discovery of the atomic nucleus [27]|. These experiments showed that
atoms are not indivisible, and something more fundamental than the atom exists.

With the advent of quantum mechanics, our understanding of atomic structure and
behavior evolved significantly. Numerous theories and models were developed to describe
the interactions of subatomic particles, leading to the formulation of the Standard Model of
particle physics in the latter half of the 20™ century. The Standard Model (SM) of particle
physics [28] is the most comprehensive theory to date that describes the fundamental
particles and their interactions. Particle accelerators were built to test the predictions
of the SM, leading to the discovery of various particles, including quarks, leptons, and
gauge bosons. The discovery of the Higgs boson in 2012 at the largest particle accelerator
in the world, the Large Hadron Collider (LHC) [29, 30|, by the ATLAS [31] and CMS
collaborations [32], marked a significant milestone in our understanding of the fundamental
particles and their underlying mechanisms.

The SM, although successful in describing the experimental observations, is not
without its limitations. It doesn’t explain the imbalance of matter and antimatter in the
universe, the nature of dark matter and dark energy, and the integration of gravity with
the other fundamental forces. One of the most important aspects of doing research in high
energy physics experiment involves studying the properties and interactions of the existing
particles predicted by the Standard Model. In particular, the Higgs boson plays a crucial
role as it is responsible for giving mass to other fundamental particles through the Higgs
mechanism [33, 34, 35]. Studying the production and decay of the Higgs boson provides
valuable insights into its properties and help validate the predictions of the Standard
Model or reveal potential deviations that could indicate new physics.

The production of the Higgs boson in association with a vector boson V' (W or Z)
as well as Higgs decaying via H — WW™ channel are observed independently with high
significance. However, the V H production with Higgs decaying via H — WW™ channel
has only reached evidence level in previous measurements by studying the leptonic final



states using the Run 2 data [36]. It was found that the W H production with H — WW*
decay with 3 leptons in the final state and ZH production with H — WW™ decay with 4
leptons in the final state were the most sensitive channels. These two channels were also
found to be statistically limited. Therefore, with the increased luminosity and center-of-
mass energy in Run 3, the W H and ZH channels with H — WW™ decay are studied again
expecting to improve the significance by reducing the statistical uncertainties, especially
by combining the Run 2 and Run 3 data.

This thesis focuses on the measurement of the Higgs boson production cross-section
in association with a Z boson, decaying via the H — WW™ decay channel using the
ATLAS detector [37] at the LHC at a center-of-mass energy of /s = 13.6 TeV. The
analysis uses data collected in 2022 and 2023 during Run 3 of the LHC and corresponds to
an integrated luminosity of 56.1 fb™'. Fully leptonic final state with four charged leptons
(electrons or muons) and missing transverse energy from neutrinos is considered [38].

The structure of this thesis follows a logical progression through the various aspects
of the analysis and is organized as follows:

e Chapter 1 provides a theoretical framework for the Standard Model of particle
physics, including a discussion of the Higgs mechanism and the production and
decay modes of the Higgs boson.

e Chapter 2 describes the ATLAS detector and its various subsystems, highlighting
the key components relevant to this analysis.

e Chapter 3 discusses the reconstruction and identification of physics objects, such
as electrons, muons, and missing transverse energy, which are crucial for the event
selection.

e Chapter 4 outlines the data and Monte Carlo samples used in the analysis, along
with the trigger strategy employed to select events of interest.

e Chapter 5 details the strategy applied for estimating contribution from fake processes
in the signal region.

e Chapter 6 presents a detailed description of the machine learning technique, in par-
ticular neural networks used in this analysis to enhance the signal-to-background
discrimination.

e Chapter 7 gives an overview of the analysis strategy, the background processes con-
sidered, and the event selection criteria used to define the signal region, control
regions, and validation regions. The neural network training and final architecture
implemented are also discussed in this chapter.

e Chapter 8 describes the systematic uncertainties considered in the analysis and their
impact on the final results.

e Chapter 9 presents the statistical analysis performed to extract the signal strength
which helps to either confirm the SM predictions or indicate new physics.



e Chapter 10 discusses the expected results obtained from this analysis, including the
measured signal strength and the corresponding uncertainties.

e Chapter 11 summarizes the key findings of the analysis and discusses potential av-
enues for future research in this area.



1 ‘ The Standard Model of Particle Physics

Fundamental particles are the building blocks of the universe; they cannot be broken
down into smaller components [39]. They interact through fundamental forces, which
govern their behavior and interactions. Numerous theoretical models were developed in the
1960s to explain the interactions of fundamental particles. The “standard model of gauge
interactions” emerged in the 1970s as the most capable model to describe the experimental
data available at the time, eventually becoming the “Standard Model” (SM) of particle
physics [28].

The SM is a quantum field theory in which particles are quantized excitations of
underlying fields. It is based on the principles of special relativity and quantum mechanics,
with particle interactions described by the exchange of force-carrying particles. It explains
three of the four fundamental forces: the electromagnetic force, the weak nuclear force, and
the strong nuclear force. Gravity is very weak compared to the other forces at the particle
level and is not included in the Standard Model. Table 1.1 summarizes the fundamental
forces in nature in decreasing order of their strength.

Force Strength | Mediator Particle(s) Theory
Strong 10 Gluon (g) Chromodynamics
Electromagnetic 1072 Photon (v) Electrodynamics
Weak 1071 W and Z Bosons (Wi, Z% Flavordynamics
Gravitational 107* Graviton (hypothetical) | Geometrodynamics

Table 1.1: Fundamental forces in nature along with their strengths, mediator particles,
and corresponding theories [24]|. Here, the strength depends on the source and the dis-
tance between the interacting particles. The values given are approximate and meant for
comparison purposes.

There are two main types of particles in the Standard Model: fermions and bosons.
Fermions are half-integer spin particles that make up matter, while bosons are integer spin
particles that mediate forces. Fermions consist of quarks and leptons, which are organized
into three generations based on their masses [40]. There are six flavors of quarks: up (u),
down (d), charm (c), strange (s), top (¢), and bottom (b). Independent quarks have not
been observed due to a phenomenon known as color confinement [41]. Quarks combine
to form hadrons, which are composite particles such as baryons (made of three quarks)
and mesons (made of one quark and one antiquark). Protons and neutrons are examples
of baryons that make up atomic nuclei. Leptons include the electron (e), muon (i), tau
(7), and their corresponding neutrinos (v, v,, v,;). Each fermion has a corresponding
antiparticle with the same mass but opposite charge.

The bosons in the Standard Model include the photon (7), the W and Z bosons,
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the gluons (g), and the Higgs boson (H). Photons are carriers of the electromagnetic
force, while the W and Z bosons mediate the weak nuclear force, which is responsible
for processes like beta decay. Quark interactions happen through the exchange of gluons,
which are the mediators of the strong force. The Higgs boson, discovered in 2012 at the
Large Hadron Collider (LHC) [31, 32|, is associated with the Higgs field, which gives mass
to other fundamental particles through the Higgs mechanism [42|. Figure 1.1 shows the
particles and their properties in the Standard Model.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
I II III
mass  =2.16 MeV/c? =1.273 GeV/c? =172.57 GeV/c? 0 =125.2 GeV/c?
charge | % % ke 0 0
spin | % U Ya C ¥ t 1 9 0 H
up charm top gluon higgs

—

=4.7 MeV/c ~93.5 MeV/c? =4.183 GeV/c? 0

-% =1 ] 0

¢ % » O ")

down strange bottom photon

—

~0.511 MeV/c? =~105.66 MeV/c? =~1,77693 GeV/c ~91.188 GeV/c*

-1 -1 -1 0

Y e 3 l.l Y2 T 1 ;

electron muon tau Z boson

—

<0.8 eV/c? <0,17 MeV/c? <18.2 MeV/c? ~80.3692 GeV/c?

0 0 0 +1

% Ve % V|,1 ¥ V'[ 1 W

electron muon tau
neutrino neutrino neutrino W boson

Figure 1.1: Tabular representation of particles of the Standard Model along with their
properties such as mass, charge, and spin [1].

Although the Standard model has been extremely successful in explaining a wide
range of experimental results, it has limitations. For starters, it does not incorporate
gravity, which is described by general relativity. It cannot explain the matter-antimatter
imbalance in the universe, nor does it account for dark matter and dark energy, which are
believed to make up a significant portion of the universe’s mass-energy content [43]. These
are some of the puzzle pieces that are missing from the Standard Model, and suggest the
existence of physics beyond the Standard Model. In this chapter, the theoretical framework
of the Standard Model is discussed, with definition of groups and gauge theories in Section



1.1, followed by detailed discussions on Quantum Electrodynamics (QED) in Section 1.2,
Quantum Chromodynamics (QCD) in Section 1.3, weak interaction and electroweak theory
in Section 1.4. This follows with a discussion on spontaneous symmetry breaking in Section
1.5 and Higgs mechanism in Section 1.6. Various production and decay modes of the Higgs
boson are discussed in Section 1.7.

1.1. Groups and Gauge Theories

Group is a mathematical concept of abstract algebra to describe a set of elements. The
elements of the set satisfies the group axioms under the operation such as closure, asso-
ciativity, identity, and invertibility. These groups can be abelian which satisfies the com-
mutative property or non-abelian which does not. Noether’s theorem relates symmetries
to conservation laws in physics, stating that for every symmetry there is a conservation
law and vice versa [24]. For example, the momentum of a system is conserved under spa-
tial translation symmetry or invariance, while rotational symmetry leads to conservation
of angular momentum. The Standard Model (SM) of particle physics is built upon the
principles of symmetry and group theory, which provide the mathematical framework for
understanding the fundamental forces and particle interactions.

Hermann Weyl first introduced the concept of gauge invariance in 1918 while at-
tempting to unify electromagnetism and gravity [44]. Gauge theory refers to the invari-
ance of the Lagrangian under local transformations of certain symmetry groups. The La-
grangian density (L) for a field ¢ describes the dynamics of the field. The Euler-Lagrange
equation for the field ¢ is derived from the principle of least action and is given by:

%~ (59,9) = .

where 0, represents the four-gradient operator corresponding to spacetime coordinates.
Gauge invariance of this Lagrangian density leads to the introduction of gauge bosons
and conservation laws associated with the symmetries. In gauge theories, the symmetry
groups are typically Lie groups, which are continuous groups characterized by smooth
transformations. The SM is a gauge theory based on the SU(3) x SU(2) x U(1) symmetry
group where each Lie group is associated with a specific gauge interaction described below:

e U(1) Gauge Group: This group is associated with the electromagnetic interaction
and is the basis of Quantum Electrodynamics (QED). The U(1) gauge symmetry
leads to the existence of the photon as the gauge boson mediating the electromagnetic
force. The invariance under U(1) transformations ensures that the electric charge is
conserved.

e SU(2) Gauge Group: The SU(2) group is related to the weak interaction and
forms part of the electroweak theory, which unifies the electromagnetic and weak
forces. The SU(2) gauge symmetry gives rise to three gauge bosons: the Wt W,
and Z bosons, which mediate weak interactions. The invariance under SU(2) trans-



formations leads to the conservation of weak isospin.

e SU(3) Gauge Group: This group describes the strong interaction and is the foun-
dation of Quantum Chromodynamics (QCD). The SU(3) gauge symmetry leads to
the existence of eight gluons as the gauge bosons that mediate the strong force be-
tween quarks. The invariance under SU(3) transformations ensures the conservation
of color charge.

1.2. Quantum Electrodynamics

As discussed earlier, in QFT the Lagrangian of particles is described using their corre-
sponding fields and particles are interpreted as excitations of these fields. The Lagrangian
of a spinor (spin-1/2) field (Dirac field) ¢ with mass m is given by:

L = i(he)yy"o, 0 — (mc®) P (1.2)

where ¢ = 1’7" is the Dirac adjoint, ~* are the gamma matrices. This Lagrangian is
invariant under a global phase transformation of the field (¢ — ¢ = e a0/ hcgﬁ), where
6 is a constant. This invariance leads to the conservation of electric charge according to
Noether’s theorem. However, under a local gauge transformation i.e.,

1/} . d}/ _ e—iqe(x)/hcl/} (13)

where 0(x) is a function of spacetime coordinates, the Lagrangian is not invariant. Here,
q is the charge of the particle. To ensure invariance, the extra term needs to be canceled
out by introducing a new vector field A, that transforms as A, — A, = A, + 9,\(z),
where A\(z) = —(he/q) 6(z). Thus, the new Lagrangian becomes:

L = i(he)py" 9, — (mc* )y — q(py" ) A, (1.4)

The extra term in the end corresponds to the interaction between the Dirac field and the
vector field. The Lagrangian of a free vector field A,, also known as Proca Lagrangian, is
given by: . .
_ pv mac
L= 16wt 525
where F" = 9" A” — 9" A" is the field strength tensor. This Lagrangian is gauge invariant
only if the mass of the vector field m,4 = 0.

V2AMA (1.5)

i

The transformation of Dirac field ¢ — ¢ = €4} is of the form ¢ — ¢/ = U1, where
U = ¢” is a unitary matrix. Thus, invoking local gauge invariance of a Dirac field under
U(1) symmetry group necessitates the introduction of a massless vector field that interacts
with the Dirac field. The combined Lagrangian for the Dirac field and the vector field is
given by:
1

£ = (03700 — ()] - | (=P F| ~ o)A, (10



This represents the Lagrangian of Quantum Electrodynamics (QED) [24], where the vector
field A, is identified as the electromagnetic field (photon) that mediates the electromag-
netic interaction between charged particles i.e. fermions.

The strength of these interactions is characterized by the fine-structure constant «,
which is defined as: )
ee 1
“The T 137
where e is the charge of the electron. As the value of « is small, @ < 1, QED is treated
as a perturbative theory. This helps in estimating physical observable using approximate
methods when an exact solution is not possible in interaction theories.

(1.7)

1.3. Quantum Chromodynamics

In 1964, Murray Gell-Mann and George Zweig independently proposed the quark model
[45, 46], which introduced three flavors of quarks (u, d, s) as spin-1/2 particles. Combining
the spin and flavor, a SU(6) symmetry group was formulated to explain their dynamics [47].
However, this posed the problem of symmetric wavefunction for baryons made of three
identical quarks, a clear violation of Fermi statistics. This was resolved by introducing
a new quantum number called color charge [48, 49, 50|. Three more flavours of quarks
(¢, b, t) were later discovered bringing the total to six flavours. Each quark flavor has
three color states: red, green, and blue. For a given flavor, all the three colors have the
same mass. Building on the success of Weyl’s gauge theory for QED, Yang and Mills
extended the concept of gauge invariance to non-Abelian symmetry groups in 1954 [51].
This development laid the foundation for Quantum Chromodynamics (QCD) which is
invariant under the non-Abelian SU(3) gauge group.

The Lagrangian for any quark flavor with three color states, each of mass m, is given
by:

L = iheypy"0,4 — mc (1.8)
where 1) is a three-component vector in color space such that
Yr -
w = wg ) 1/} = (1/}7"7 wngb) (19)
Uy

and ,., ¥, ¥, represent the red, green, and blue color states respectively. This is similar
to the Dirac Lagrangian discussed in Section 1.2, thus it is invariant under global U(3)
transformation where 1 — ¢/ = Ut). Here, U can be expressed as U = e'¥, where H
is a Hermitian 3 x 3 matrix. Here, H can be further decomposed as H = 6,1 + 6,T,,
where 6, and 6, are real parameters, [ is the identity matrix and 7|, represent the Gell-
Mann matrices which are the generators of the SU(3) group [24]. Under a local gauge
transformation, an additional term appears in the Lagrangian which can be canceled out



by introducing eight new vector fields G}, (where a = 1,2, ...,8) that transform as

a a a a abc \ b c
G, — G, =G+ 0, () + g, /N ()G, (1.10)
where \*(z) are functions of spacetime coordinates, g, is the strong coupling constant, and
[ are the structure constants of the SU(3) group. Thus, the new Lagrangian becomes:

£ = ihedy" B, — mc*i — g,(S7P T, Ge (1.11)

The extra term in the end corresponds to the interaction between the quark field and the
vector fields.

Combining the Lagrangian of the quark field with that of the vector fields, the QCD
Lagrangian is given by:

£ = [ihoiy 0,0~ me*iv] - [{6™G| - 0By TadG; (12

where G, = 0,G% — 0,G% + g,f*G,G5, is the field strength tensor for the gluon fields.
Here, the vector fields G}, are identified as the gluon fields that mediate the strong inter-
action between quarks.

The vector fields of gluons interact with each other, as seen from the expression of
the field strength tensor G,,. This is a key difference between QCD and QED, where
the photon fields do not self-interact. These self-interactions arise from the non-Abelian
nature of the SU(3) gauge symmetry. Thus, any effort to pull the quarks apart results in
the generation of new quark-antiquark pairs from the vacuum, leading to the formation of
new hadrons. This is why free quarks are not observed in nature and this phenomenon is
known as color confinement. On the other hand, at very high energies or short distances,
the strong coupling constant g, becomes small, allowing quarks to behave as nearly free
particles. This property is known as asymptotic freedom. This allows perturbative calcu-
lations to be performed in high-energy regimes, similar to QED.

1.4. Weak Interactions and Electroweak Theory

The existence of the nuclear weak force is well established through various phenomena such
as beta decay, where a neutron decays into a proton, an electron, and an antineutrino.
However, the weak interaction is not described by Quantum Electrodynamics (QED) alone.
It is rather part of a larger framework known as the electroweak theory. The electroweak
theory unifies the weak interactions and the electromagnetic interactions as one. Developed
by Sheldon Glashow, Abdus Salam, and Steven Weinberg in the 1960s, the electroweak
theory is gauge invariant under the SU(2) x U(1) symmetry group [52, 53, 54|. The SU(2)
group corresponds to the weak isospin symmetry, while the U(1) group corresponds to the
weak hypercharge symmetry. The gauge invariance of the electroweak theory leads to the
prediction of four gauge bosons that mediate the electromagnetic and weak interactions.



These bosons are the photon (7), which mediates the electromagnetic interaction, and the
W™, W™, and Z bosons, which mediate the weak interaction.

The weak interaction is unique in that it can change the flavor of quarks at the in-
teraction vertex, hence the weak interaction theory is also referred to as “flavordynamics”.
Unlike other forces, the weak interactions apply to all fermions, including leptons and
quarks. Another distinctive feature of the weak interaction is its violation of parity sym-
metry [55] observed in Wu’s experiment [56] in 1957. Parity refers to the particle behavior
under spatial inversion (i.e., mirror reflection) and related to it’s intrinsic handedness or
chirality. The two handedness states are left-handed and right-handed as shown in Fig-
ure 1.2. In weak interactions, only left-handed fermions and right-handed antifermions
participate.

ireot
Right-handed: Left-handed: % é %
OT’ OT’ left-handed right-handed left-handed right-han,
_> <_

neutrino antineutrino neutrino neutrino

5 5
(a) (b) ()
Figure 1.2: Schematic representation of parity and handedness: (a) Handedness [2] (b)
Parity is conserved (c) Parity is violated [3].

The Lagrangian for the electroweak theory is given by:

1
~ -B,,B", (1.13)

I Ta 1 a apy
L= le/yuDul/JL + wRZ’yuD;ﬂ/}R - ZLWMVW : 4 nv

where 9, and 9y are the left-handed and right-handed fermion fields respectively, W, is

Wi, = 0,We —0,Wi + g™ Wwy,
Buu = a“BV - al/BP” (1‘14)

a

. aT .
D,=0,+ ngM? +1ig'YB,,

where g and ¢’ are the coupling constants for the SU(2) and U(1) gauge groups respectively,
7% are the Pauli matrices, and Y is the weak hypercharge operator.

Under U(1) gauge transformation, the B, field transforms as:
B, — B, = B, + 9,\(2) (1.15)

where A\(x) is a function of spacetime coordinates. Similarly, under SU(2) gauge transfor-
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mation, the W fields transform as:

Wi — W,‘j/ =W+ 9,a"(z) + g™ a’(x) Wy, (1.16)

0

where () are functions of spacetime coordinates, g is the weak coupling constant, and

"™ are the structure constants of the SU(2) group.

The gauge fields introduced above are massless. However, the W and Z bosons are
known to be massive from experimental observations. This mass generation is explained
through the Higgs mechanism in which spontaneous symmetry breaking occurs, as dis-
cussed in Section 1.6. But before the spontaneous symmetry breaking occurs, the physical
gauge bosons are obtained through the following linear combinations of the original gauge

fields: )
wE=_—
V2

Z, = Wj’ cos Oy — B, sin Oy,

A, = Wj’ sin Oy, + B, cos Oy,

T
(W, FiW,),
(1.17)

where 6y is the weak mixing angle (Weinberg angle). Here, Wf are the charged W boson
fields, 7, is the neutral Z boson field, and A, is the photon field, where all the fields are
still massless at this stage.

1.5. Spontaneous Symmetry Breaking

Spontaneous symmetry breaking (SSB) is a phenomenon in which the ground state (vac-
uum state) of a system does not exhibit the same symmetry as the underlying laws gov-
erning the system (Lagrangian) [24]. This is demonstrated using a massless scalar field ¢
whose Lagrangian density is given by:

1

“At (1.18)

L= 3(0,6)0"0) + g~

Here, ;* and A are constants with A > 0 for stability. £ can be rewritten as T — V(e),
where 7T is the kinetic term and V' (¢) is the potential energy term. The vacuum state of
the system corresponds to the minimum of the potential energy, which is given by:

1 1
V() = —5ue" + 106" (1.19)

When > < 0, the potential has a single minimum at ¢ = 0, which is symmetric
under the transformation ¢ — —¢. However, when p® > 0, there are two degenerate

minima at ¢ = £/’ /A. In this case, the system can spontaneously choose either of the
minima as its ground state, thereby breaking the original symmetry of the Lagrangian.
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Choosing either of the minima, leads to a new field definition:

2
I

=+ \— 1.20
=0\ (1.20)
Substituting this into the Lagrangian results in:
1 / 1
L= 5(3,]))(8“7)) - M2U2 - )\M2773 — Z)wfl + constant (1.21)

Notice the appearance of a mass term (second term in Equation 1.21 ) for the new
field n, indicating that the field acquires mass through spontaneous symmetry breaking.

1.6. The Higgs Mechanism

Higgs mechanism is a process by which gauge bosons in the SU(2) x U(1) electroweak
theory acquire mass through spontaneous symmetry breaking [33, 34, 35]. This mechanism
introduces a doublet of complex scalar fields for the underlying SU(2) symmetry, defined

as follows: N 5 5
o - 1+ 109
P = <¢0> =1/V2 (%H@) (1.22)

where ¢* and ¢” are complex scalar fields, and @, ¢, ¢35, and ¢, are real scalar fields.
¢ is electrically charged, while ¢° is electrically neutral. The Lagrangian density for the
Higgs field is given by:

Ly = (D,®)'(D"®) — V() (1.23)

where D, is the covariant derivative given in Equation 1.14 and V' (®) is the Higgs potential
defined as:
V(D) = 12T ® + \(DTD)? (1.24)

Here, ;1> and \ are constants with A > 0 for stability. When z* < 0, the potential has a
minimum at zero, but when uQ > 0, the potential exhibits a “Mexican hat” shape with a
ring of degenerate minima at non-zero values of ® as shown in Figure 1.3.

Choosing a specific vacuum expectation value (VEV) for the Higgs field modifies the
Lagrangian, leading to mass terms for the W and Z bosons:

1 1
mw = 59v, Mz =5\ +g"% (1.25)

where v = 4/ — i /X is the VEV of the Higgs field, and g and ¢’ are the coupling constants

for the SU(2) and U(1) gauge groups respectively. The photon remains massless due to
the unbroken U(1) symmetry.
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Figure 1.3: Schematic representation of the Higgs potential for ;® > 0 showing the “Mex-
ican hat” shape [4].

1.7. The Higgs Boson Physics

The Higgs boson was discovered in 2012 at the Large Hadron Collider (LHC) |31, 32].
It was proposed in the 1960s as part of the Higgs mechanism and is associated with the
Higgs field, which gives mass to other particles through spontaneous symmetry breaking
[33, 34, 35]. Its discovery was a monumental achievement in particle physics, confirming
the last missing piece of the Standard Model. Studying the properties of the Higgs boson,
including its production and decay modes, is essential to test the Standard Model and
explore potential new physics. This analysis focuses on the measurement of Higgs boson
production in association with a Z boson, decaying via H — W W™ channel. The following
sections discuss the relevant production and decay modes.

1.7.1 Production Modes

The Higgs boson can be produced through several mechanisms, but there are four main
production modes at the LHC:

e Gluon-gluon fusion (ggF): This is the dominant production mode, where two
gluons from the colliding protons create a virtual loop of quarks that then produces
a Higgs boson. As the coupling strength of the Higgs boson to any particles is
proportional to their mass, the top quark loop provides the largest contribution to
this process.

e Vector boson fusion (VBF): In this process, two quarks from the colliding protons
emit W or Z bosons, which fuse together to produce a Higgs boson. This process
is characterized by the presence of two high-energy jets in the final state, which
are produced by the scattered quarks. This is the second most common production
mode at the LHC.

e Higgs Strahlung (VH): In this mode, a Higgs boson is produced in association
with a W or Z boson. There is also an off-shell contribution to this process, where
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a virtual W or Z boson decays into a Higgs boson and another W or Z boson. This
production mode is particularly important for studying the couplings of the Higgs
boson to vector bosons. This production mode is the focus of this analysis.

e ttH /bbH production: In this process, a Higgs boson is produced in association
with a top quark-antiquark pair (ttH) or a bottom quark-antiquark pair (bbH).

Figure 1.4 shows the leading-order Feynman diagrams for these production modes.

by > H

(c) (d)

Figure 1.4: Leading-order Feynman diagrams for the main Higgs boson production modes
at the LHC: (a) gluon-gluon fusion (ggF), (b) vector boson fusion (VBF), (c) Higgs
Strahlung (ZH/W H), and (d) ttH /bbH production [5].

1.7.2 Decay Modes

The Higgs boson can decay through several channels, with the specific decay modes and
their branching ratios depending on its mass. The primary decay channel of the Higgs
boson with a mass of approximately 125 GeV is into a pair of bottom quarks (H — bb),
which has a branching ratio of about 58%. The bottom quark being heavy, the Higgs
boson couples more strongly to it, making this decay mode the most probable. The next
most significant decay channel is into a pair of W bosons (H — WW™), with a branching
ratio of around 21%. As one of the W bosons is off-shell it is not as kinematically favored
as the bb channel, but it is still a significant decay mode. The remaining decay channels
like H— ZZ*, H — 7', H — gg, and H — 7 have smaller branching ratios, ranging
from a few percent to less than one percent as shown in Table 1.2. In this analysis,
the H — WW™ decay channel is studied, where both W bosons decay leptonically into
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charged leptons (e or i) and neutrinos (v). This provides cleaner signatures in the detector
compared to hadronic decay modes, despite the lower branching ratio, as hadronic decays
suffer from large QCD backgrounds.

Decay Channel | Branching Ratio (%)
H — bb 58.2
H—WW* 21.4
H — gg 8.2
H— 7t 6.3
H— Z7Z" 2.6
H — vy 0.23
H— Z 0.15

Table 1.2: Major decay channels of the Higgs boson along with their branching ratios for
a Higgs mass of approximately 125 GeV [25].

Figure 1.5 (a) shows the production cross-section of the Higgs boson at a mass of
125 GeV as a function of the center-of-mass energy (1/s) of the colliding protons at the
LHC. Figure 1.5 (b) shows the branching ratios of the various decay channels of the Higgs
boson as a function of its mass.
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Figure 1.5: (a) Higgs boson production cross-section as a function of center-of-mass energy
(v/s) at the LHC for a Higgs mass of 125 GeV. (b) Branching ratios of various Higgs boson
decay channels as a function of Higgs mass [6].
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2 ‘ The ATLAS Detector at LHC

The Large Hadron Collider (LHC) |29, 30| operated by the European Organization for
Nuclear Research (CERN) [57] is the most powerful particle accelerator and collider in the
world. It consists of an underground tunnel about 100 meters in depth and a circumference
of approximately 27 kilometers spanning across the Swiss and French borders near Geneva,
Switzerland as illustrated in Figure 2.1. Protons and ions are accelerated inside this tunnel
at speeds more than 99.9999% the speed of light. Only the data collected from proton-
proton collisions is considered for the purpose of this analysis.

In this chapter, key LHC technologies (Section 2.1) and the ATLAS detector (Section
2.2), which is the experimental apparatus used in this analysis, is discussed.

e +
| LH@b | |
| a—

‘qiﬂ CMS

“a

Figure 2.1: The LHC Machine and it’s four experiments displayed with their geographical
locations.

2.1. The Large Hadron Collider

The LHC accelerator was designed to collide protons at a center of mass energy of /s =14
TeV and a peak luminosity of 10**em ™27, and to collide heavy ions at 5.5 TeV per nucleon
pair and luminosity of 10" em™2s™*. It consists of two counter-rotating beams of particles,
travelling in separate pipes, with a total of eight interaction regions as shown in Figure
2.2. Beam crossing occurs at four of these interaction regions which houses a detector
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each: ATLAS[58], CMS|59], LHCb|60] and ALICE[61]. The beam crossings take place
at the center of these detectors. No beam crossings occur at the remaining interaction
regions, these are equipped with Radio-Frequency systems, collimation systems and the
beam dumping system.
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RF

RF & Beam
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System

— |
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Betatron
Cleaning

Cleaning
System
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Momentum
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P2 = LHCh MOoEDAL

FASER
SND@LHC

Beam Beam
1 2

Figure 2.2: Schematic layout of the LHC interaction regions.

2.1.1 Proton injection chain

The path of protons inside the accelerator chain is shown in Figure 2.3. This journey begins
at the LINAC4 [62] linear accelerator where hydrogen anions are boosted to an energy
of 160 MeV. These ions are injected into the Proton Synchrotron Booster [63]. Unlike
its predecessor LINAC2, LINAC4 can adjust beam parameters to match the Booster’s
acceptance to reduce losses. The hydrogen ions are stripped off of their electrons during
injection to leave only protons. This booster accelerates protons to 2 GeV before injecting
into the Proton Synchrotron(PS) [64]. The PS accelerates these further to 26 GeV and
transfers them to the Super Proton Synchrotron(SPS) [65]. The SPS accelerates protons
up to 450 GeV before injecting them into the LHC. The LHC operates at center of mass
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energy of /s =13.6 TeV during Run 3 (2022-2025) and the analysis described in this
documentation uses data collected in 2022 and 2023.

The CERN accelerator complex
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Figure 2.3: Schematic layout of the CERN accelerator complex. The injector chain for
accelerating Protons is LINAC, the PS Booster (PSB), the Proton Synchrotron(PS) and
the Super Proton Synchrotron (SPS) [7].

2.1.2 Luminosity

The two key parameters in any collider experiment are the center of mass energy Ecy
and luminosity. FEqy is associated with energy available to produce heavy particles and
it depends upon the type of collisions. For the same energy of the incoming particle, the
E¢cy is much higher for colliding particles compared to fixed target collisions, where one
particle is at rest. Integrated luminosity refers to the total number of events during the
entire data-taking period.

The rate (R) of a particular process with cross-section o during the collisions at the

LHC is given as:

dN
R= E = O-eventﬁb (21)

where N, 18 the number of interactions, o, is the cross-section for a given event and
L, is the proportionality constant, also called as the instantaneous luminosity produced
by a single colliding bunch (of protons). The unit of luminosity is cm %s . For inelastic
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collisions in the LHC, £, can be written as:

L S (2.2)

Oinel Oinel

where g is the number of collisions per bunch crossing, f is the revolution frequency of
the protons.

Thus, adding up all such bunch crossings gives us the value of total instantaneous
luminosity £ as:
() f

Oinel

L =N, (2.3)

where Ny is the number of bunches, (1) is the average number of interactions per crossing
and f is the revolution frequency in the accelerator ring.

Multiple inelastic collisions occur with each bunch crossing. The collision that has
the largest momentum transfer is known as the hard-scatter and the rest of them are called
pile-up. Therefore, p is also referred to as the pile-up parameter. The average number
of interactions recorded per crossing during the Run 3 are shown in Figure 2.4. Pile-up
can be further classified into two categories: in-time and out-of-time pileup [66]. When
the additional collisions occur due to same bunch crossing, then it is called in-time pileup.
If the additional collisions occur before or after the collision of interest, then they are
referred to as out-of-time pileup.
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Figure 2.4: Luminosity-weighted, mean number of interactions per crossing collected dur-
ing 2022-2024 Run 3 data taking at /s =13.6 TeV is shown [8].
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The value of the instantaneous luminosity also depends on beam parameters corre-
sponding to the beam profile, crossing angle between the colliding beams, offsets when the
beams don’t collide head-on, etc. [67]. For beams with Gaussian density distribution, the
luminosity £ is given as:

o NN
A e
where N, is the number of bunches, N; and N, are number of protons per bunch, f is the
revolution frequency in the accelerator ring, * is the beta function at the collision point,
€ is the beam emittance and F' is the reduction factor that accounts for crossing angle
geometry [67].

(2.4)
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Figure 2.5: Total integrated luminosity for the time period of 2022-2024 is shown. Lumi-
nosity delivered by the LHC is shown in green, recorded by ATLAS is show in yellow and
the blue color represents the luminosity that is good to use for physics analyses [9].

Even though £ is important, the beam is not always stable. What really matters is
knowing the integrated luminosity (L). It is given by:

L= /Tﬁ(t)dt (2.5)

where T' is the total run time, excluding the dead time. The integrated luminosity calcu-
lations considers all runs of the data-taking period, including LHC injection, acceleration
and preparation of collisions. All ATLAS physics analysis end up using what are called
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the ‘good run lists’ (GRLs). GRL consists of runs with stable beam collisions, when
data quality criterion were satisfied [68]. The total integrated luminosity recorded by the
ATLAS and forms the GRL is shown in the Figure 2.5.

2.2. The ATLAS detector

The ATLAS (A Toroidal LHC ApparatuS) detector [37] is the largest volume particle
detector ever constructed. It is 46 meters long, 25 meters high, 25 meters wide, weighs
about 7000 tons and sits in a cavern 100 meters underground. It is one of the two general
purpose detectors at the LHC. The other being CMS. The particle collisions happen at the
center of the detector and the new particles produced after collision fly in all directions.
These particles interact with the various sub-detector systems of the ATLAS detector.
The detector has cylindrical symmetry and provide nearly 47 solid angle coverage around
the interaction point.

barrel New Small Wheel (NSW)
muon chambers muon chambers

N

barrel toroid magnet

A
endcap

muon chambers inner detectors

endcap toroid
magnet

endcap calorimeters

barrel electromagnetic calorimeter

solenoid magnet

ATLAS

EXPERIMENT

barrel hadronic calorimeter

Figure 2.6: Schematic of the ATLAS detector subsystems for the Run 3 configuration [10].

The ATLAS detector was designed to study a wide range of physics processes like
precision measurements of the SM, Higgs boson studies, searches for new particles or
phenomenon BSM. To study these, the three main sub-detectors come into play: the
inner detector (ID), the calorimeters and the muon spectrometer. The ID system is the
closest to the beam pipe and is used to track charged particles. The calorimeter system is
outside the ID and is used to measure the energy of particles. The muon spectrometer is

21



the outermost sub-detector and is used to identify and measure the momentum of muons.
These sub-detectors are surrounded by a complex magnet system which is used to bend
the trajectories of charged particles, allowing for the measurement of their momentum.
Figure 2.6 shows a schematic of the ATLAS detector and its sub-systems for the Run 3
configuration.

These sub-systems are arranged in layers around the interaction point and are com-
plemented by the trigger and data acquisition system (TDAQ) and the forward detectors.
The TDAQ system is responsible for selecting interesting events from the vast amount of
data produced by the LHC collisions, while the forward detectors are designed to measure
particles produced at small angles relative to the beam axis. The sub-detectors, forward
detectors and TDAQ system are described in the following sections. First, the coordinate
system used by the ATLAS detector is described in Section 2.2.1, followed by the magnet
system in Section 2.2.2. Next, the inner detector is described in Section 2.2.3, followed
by the calorimeter system in Section 2.2.4, the muon spectrometer in Section 2.2.5, the
forward detectors in Section 2.2.6 and finally the TDAQ system in Section 2.2.7.

2.2.1 The Coordinate System

The ATLAS detector uses a right-handed coordinate system. The origin of this coordinate
system is at the interaction point. The positive z-axis is directed from the origin towards
the center of the LHC ring. The positive y-axis is pointing upwards and the z-axis is
along the beam direction. The side of the detector on the positive side of the z-axis is
called ‘side A’ and the one on the negative side is called ‘side C’. The polar angle 6 is
defined with respect to the z-axis, and the azimuthal angle ¢ is defined in the z-y plane.
Using pseudorapidity (n) instead of the polar angle  to define particle geometry is more
convenient as the detector has cylindrical symmetry. The pseudorapidity 7 is defined in
terms of the polar angle 6 as:

=i »

For massive objects, rapidity (y) is used instead of pseudorapidity. For massless
particles, it is equivalent to pseudorapidity. The rapidity y is defined as:

1 E+p,
f— —l 2-

where E is the energy of the particle and p, is the momentum of the particle along the
z-axis. The differences in rapidity are Lorentz invariant under boosts along the beam axis.

In general, the particle geometry is described in the (7, ¢, ) coordinate system, where
r is the radial distance from the beam axis. The (7, ¢) coordinate system is rotationally
symmetric around the beam axis and the angular distance AR between two objects in this
space is given by:

AR = \/(An)? + (A¢) (2.8)
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where An and A¢ are the differences in pseudorapidity and azimuthal angle between the
two objects, respectively.

The transverse momentum pp, transverse energy E, and transverse mass mp of a
particle are defined in the plane perpendicular to the beam axis. The transverse momen-

tum pr is given by:
pr=\/Pi + (2.9)

where p, and p, are the momentum components of the particle along the x and y axes,
respectively. The transverse energy Ep is defined as:

Er = \/m?+ p> (2.10)

where m is the mass of the particle. The transverse energy (Er) is equivalent to the

transverse mass mq as:
mT:\/EQ—pgzx/mQ—l—pzT (2.11)

The transverse quantities are particularly useful in hadron collider experiments like
ATLAS, as they are invariant under boosts along the beam axis and provide a measure of
the energy and momentum of particles in the plane perpendicular to the beam direction.

2.2.2 The Magnet System

In the ATLAS detector, the magnet system is useful to bend the trajectories of charged
particles, allowing for the measurement of their momentum. The magnetic field is also
useful to distinguish between charged and neutral particles. The ATLAS magnet system
consists of four superconducting magnets: one solenoid and three toroidal magnets. The
solenoid magnet surrounds the inner detector and provides a magnetic field of 2T in the
barrel region. The toroidal magnets consists of a barrel toroid and two end-cap toroids.
The barrel toroid provides a magnetic field of up to 4T and is useful to measure muon
momentum. The end-cap toroids also provide a magnetic field up to 4T and extends the
magnetic field to particles escaping the detector at shallow angles to the beam pipe. The
magnetic field lines of the ATLAS detector are as shown in Figure 2.7.

The solenoid magnet is made up of niobium-titanium superconducting wires and is
cooled to temperature of about 4.5 K. The solenoid magnet is 5.8 meters long and has a
diameter of 2.56 meters. The toroidal magnets in the barrel region consists of eight coils
and is also made up of niobium-titanium superconductor. The end-cap toroids consists of
two coils on each side of the detector. The toroidal magnets operate at a temperature of
4.7 K.

2.2.3 The Inner Detector

The ID [69] is the first detector to interact with the particles produced during collision.
Due to its vicinity from the beam axis, it receives a high influx of particles and thus
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Figure 2.7: Illustration of the magnetic field lines of the ATLAS detector. The green lines
correspond to the magnetic field by the central solenoid and the blue circles correspond
to the magnetic field by the toroidal magnets [11].

requires high granularity of the sensors. The ID is useful for vertex identification, track
reconstruction of charged particles and to identify electrons. As discussed earlier in section
2.2.2, the ID is surrounded by a 2T magnetic field in it’s barrel region which is useful to
track the trajectories of charged particles.

The ID detector consists of three main sub-detectors: the pixel detector, the semi-
conductor tracker (SCT) and the transition radiation tracker (TRT). Each of these are
layered in the barrel region with cylindrical symmetry, in the the increasing order of their
radii. Each of these sub-detector have three components: one barrel and two end-cap. In
the barrel region, the pixel detector and the semiconductor tracker provides a coverage of
In| <2.5. The TRT provides a coverage of |n| <2.0. In the end-cap region, the pixel detec-
tor and the semiconductor tracker provides a coverage of |n| <2.5. The layout of the inner
detector consisting of the three sub-detectors with their barrel and end-cap components
is shown in Figure 2.8.

Due to their high proximity to the beam axis, the pixel detector and SCT are made
up of silicon semiconductor sensors that offer high resolution, but add a huge material
cost. The TRT provides a cost-effective particle tracking and identification by using the
straw drift-tube detector which is useful for particle reconstruction and electron identifi-
cation. Together, these three sub-detectors provide high precision tracking and vertexing
capabilities for charged particles. The pixel detector and SCT together form the ATLAS
tracking system and while the TRT provides additional tracking information and electron
identification capabilities. The ID covers a radial distance from 33.25 mm to 1082 mm
from the beam axis and a length of 3512 mm along the beam axis as shown in Figure 2.9.
These sub-detectors are described in the following sections.
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Figure 2.8: Layout of the ID and it’s sub-detectors is shown. Each of the sub-detector has
a barrel component and two endcap components [12].

Pixel Detector

The pixel detector [70] is the innermost detector of the ATLAS tracking system. It is useful
in recognizing the primary and secondary vertices of the particle interaction, tracking and
identification of charged particles, calculating the transverse impact parameter and tagging
the b-jets.

It is built using silicon semiconductor technology. Each pixel sensor is connected
to a read-out chip through bump-bonding. The pixel detector was originally designed to
have three layers in the barrel region and three disks on each side of the end-cap region.
These three layers are called B-layer, layer 1 and layer 2 in increasing order of their radii.
It was designed to operate at peak luminosity of upto 1x10**cm?s™". For peak luminosity
above that, the silicon sensors experience radiation related energy loss and thus have a
deteriorating read-out efficiency for the pixel layers. During the long shut down 1 (LS1)
detector upgrade, a fourth innermost layer called the insertable B-layer (IBL) [71] was
added to enhance the performance of the pixel detector. The IBL is located at a distance
of about 3.3 cm from the beam pipe as shown in Figure 2.9.

The pixel detector configuration for Run 3 consists of four concentric cylindrical
layers in the barrel region and three end-cap disks located on both sides ‘A’ and ‘C’ of the
detector, orthogonal to the beam axis. Together, it consists of 92 million pixel sensors.
The IBL alone has about 12 million pixels. In the IBL region, the pixel sensor is 50 pm x
250 pm and the rest of the pixels have a dimension of 50 ym x 400 gm. These pixel sensors
provide high precision to identify the origin and momentum of the particle. It provides
accuracies of 10 ym in the r¢ space and 115 pym along the z-axis both in the barrel and
disc regions [12].
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Figure 2.9: Transverse view of the ATLAS Inner Detector and illustration of track recon-
struction by the sub-detectors [13].

The particles are tracked by the pixel detector by studying the interaction of charged
particles with the semiconductor material which is doped. When a charged particle inter-
acts with a doped silicon layer, it creates an electron-hole pair which produces an electrical
signal in the presence of a bias voltage. This electrical signal is recorded as a hit and is
useful to track the particle position. The read-out system consists of front-end electronics
that amplify and digitize the signals from the pixel sensors and a data acquisition system
that collects and processes the data. Each particle track provides four space points along
the barrel layer and three along the end-cap disk depending upon the trajectory.

The Semiconductor Tracker

The SCT is the second layer of the ATLAS inner detector and envelops the pixel detector.
It is made up of silicon strip detectors and uses the same technology as the pixel detector.
Both the pixel detector and SCT are immersed in a 2T magnetic field which helps to
track the charged particles. Apart from tracking charged particles, it is useful for impact
parameter measurement, pattern recognition and vertex reconstruction. It provides a
coverage of |n| < 2.5 both in the barrel and end-cap region.

It consists of four layers in the barrel region and nine layers in the end-cap region.
Each layer consists of silicon strip modules. Each module consists of two pairs of silicon
strip sensors glued back to back at an angle of 40 mrad to provide a 2D measurement
of the particle position. In the barrel region, one set of strips in each layer is parallel to
the beam-axis. In the endcap region, the strips are arranged radially and the mean pitch
between the strips is 80 pum [72]. The SCT consists of a total of 4088 silicon strip modules
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which altogether has about 6.3 million readout channels. It provides a resolution of 17
pm (r¢) x 580 pm (z/r) in both the barrel and end-cap regions. Each track provides 4
space points in the barrel region and 9 space points in the end-cap region.

The Transition Radiation Tracker

The TRT [73] forms the outermost layer of the inner detector. It consists of about 300,000
straws tubes filled with a gaseous mixture. Each straw tube has a diameter of 4 mm and
is made up of a conductive material. In the barrel region, these straws are parallel to the
beam pipe and divided into two at the =0 mark. In the end cap region, these are placed
radially in the wheels. During Run 1 and 2, the straw tubes were filled with xenon-based
gas mixture. Due to multiple gas leaks during these two runs, it was cost-effective to
replace it with argon-based gas mixture in the entire barrel region and few wheels of the
end-cap region |74].

The TRT uses the drift-time measurement technique to track charged particles.
When a charged particle passes through the straw tubes, it ionises the gas mixture. The
extra electrons produced during the ionization process are drifted towards the anode wire
at the center of each tube. The drift time of these electrons is used to calculate the posi-
tion of the incoming particle. The TRT provides a coverage of |n| < 2.0 both in the barrel
and end-cap region. It provides a resolution of 130 pym in the r¢ space both in the barrel
and end-cap region. Each particle produces more than 30 hits in the TRT [12].

The TRT is also useful for particle identification. When a charged particle passes
through the boundary with two different dielectric constants, it emits an electromagnetic
radiation, also called the transition radiation. The energy of this radiation depends on
the gamma factor v of the particle. Since, v = % depends on the mass of the incoming
particle, this is useful to distinguish between various particles. In particular, the TRT is
useful for electron identification.

2.2.4 Calorimeters

The ATLAS calorimetry system surrounds the inner detector and provides a coverage
of |n| < 4.9. These calorimeters aid in measuring the energy deposited by the incoming
particles like electrons, photons and hadrons. It is also useful in determining their position,
in jet reconstruction and in determining the missing transverse energy in an event. All
ATLAS calorimeters are sampling calorimeters. These contain alternative layers of active
medium that measures the energy deposition and an absorbing layer which tries to stop the
particle. When a high energy particle enters the calorimeter, it interacts with the absorbing
material and produces a shower of secondary particles. These secondary particles further
interact with the absorbing material and produce more particles, resulting in a cascade
effect, thus generating what we call a particle shower. Every particle shower is unique and
thus helps in identifying the type of incoming particle.

There are two main types of calorimeters: Electromagnetic (EM) calorimeter and
hadronic calorimeter. In general, the depth of the calorimeter is designed to contain
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the particle shower such that it does not reach the muon system surrounding it. The
radiation length (X,) and the interaction length (\) are used to determine the thickness of
electromagnetic and hadronic calorimeter respectively. The radiation length is the average
distance travelled by an electron before it loses 1/e of its initial energy. The interaction
length is the average distance travelled by a hadron before it undergoes another inelastic
collision with the nucleus of the interacting medium.

Tile Calorimeter
hadronic extended barrel

LAr Calorimeter
electromagnetic forward
(FCal)

Tile Calorimeter

LAr Calorimeter
hadronic barrel

hadronic forward
(FCal)

LAr Calorimeter
electromagnetic barrel
(EMB)

LAr Calorimeter
hadronic endcap

LAr Calorimeter (HEQ)

electromagnetic endcap
(EMEQ)

Figure 2.10: Illustration of the cut-away view of the ATLAS calorimeter system. The EM
calorimeter uses LAr calorimeter in the barrel, endcap and forward region. The hadronic
calorimeter uses the tile calorimeter in the barrel region and LAr everywhere else [12].

The layout of the EM and the hadronic calorimeters in the barrel region, end-cap
region and forward region is shown in Figure 2.10. The EM calorimeter has a thickness
of more than 22X, in the barrel region and more than 24X, in the endcap region. The
hadronic calorimeter has an interaction length of about 9.7\. Including the thickness of
the support system, the total interaction length of hadronic calorimeter is about 11\.
These calorimeters are described in the following sections.

Electromagnetic Calorimeter

The EM calorimeter is a lead-liquid argon (LAr) sampling calorimeter with an accordion
geometry. It consists of a barrel part covering the pseudorapidity region || < 1.475 and
two end-cap parts covering the region 1.375 < |n| < 3.2. The accordion geometry allows a
full ¢ symmetry and fast readout which is crucial for the online event-selection system i.e.
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the trigger system. The EM calorimeter is segmented into three layers in depth as shown
in Figure 2.11a. The layers are named as front layer, middle layer and back layer in the
order of their increasing depth from the interaction point [12].
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Figure 2.11: (a) Schematic of the longitudinal view of the ATLAS EM calorimeter showing
the accordion geometry and the three layers in depth. (b) Schematic of the tile calorimeter
showing the alternating layers of steel plates and scintillating tiles, the optical fibers and
the photomultiplier tubes (PMTs) [12].

The first layer, also called the front layer, has a high granularity in the 7 direction (up
to 0.003) and is used for precise measurement of the shower position and for 7° rejection.
The second layer, also called the middle layer, collects the bulk of the energy deposited
by the shower and has a granularity of 0.025 x 0.025 in 1 x ¢. The third layer, also called
the back layer, is used to correct for leakage of energy from the calorimeter and has a
granularity of 0.05 x 0.025 in 1 x ¢.

In front of the EM calorimeter, there is a thin presampler layer covering the region
In| < 1.8 which is used to correct for energy loss in the material located upstream of the
calorimeter. The total thickness of the EM calorimeter is more than 22X, in the barrel
region and more than 24X, in the endcap region. The EM calorimeter is designed to
measure the energy of electrons and photons with high precision. The energy resolution
of the EM calorimeter is calculated using:

ORp a b

— =—==6—=6c 2.12
where F is the energy deposited in the calorimeter in GeV, the first term is the stochastic
term, the second term is the constant term, and the third term is the noise term. The
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calorimeter design values for the parameters are a = 10%, b = 170 MeV without pile-up
and ¢ = 0.7% [75].

Hadronic Calorimeter

The hadronic calorimeter is designed to measure the energy of hadrons like pions, pro-
tons, neutrons and also jets (Chapter 3). It is a sampling calorimeter with two different
technologies used in different regions of the detector. The hadronic calorimeter in the
barrel region (|n| < 1.7) is a scintillating tile calorimeter with steel as the absorbing ma-
terial. The hadronic calorimeter in the end-cap region (1.5 < |n| < 3.2) and the forward
region (3.1 < |n| < 4.9) is a liquid argon (LAr) calorimeter with copper and tungsten as
the absorbing materials respectively. The layout of the hadronic calorimeter is shown in
Figure 2.10. The tile calorimeter consists of three cylindrical barrels: the central barrel
covering the region |n| < 1.0 and two extended barrels covering the region 0.8 < |n| < 1.7.
Each barrel is segmented into 64 modules in the ¢ direction. Each module consists of
alternating layers of steel plates and scintillating tiles. The scintillation light produced in
the tiles is collected by wavelength-shifting fibers and read out by photomultiplier tubes
(PMTs). The layout of the tile calorimeter is shown in Figure 2.11b.

The LAr hadronic end-cap calorimeter (HEC) consists of two wheels on each side of
the detector. Each wheel is segmented into eight modules in the ¢ direction. Each module
consists of alternating layers of copper plates and LAr gaps. The LAr hadronic forward
calorimeter (FCal) consists of three modules on each side of the detector. Each module
consists of a matrix of copper or tungsten rods embedded in LAr. The FCal is designed
to withstand the high radiation and particle flux in the forward region.

The total thickness of the hadronic calorimeter is about 9.7\. Including the thickness
of the support system, the total interaction length of hadronic calorimeter is about 11\.
The energy resolution of the hadronic calorimeter is given by:

O a

— =—6&c 2.13
EVE 213
where F is the energy in GeV deposited by the incoming particle in the calorimeter, the
first term is the stochastic term and the second term is the constant term. The noise term
(b) from Eq. 2.12 becomes negligible at high energies. The parameter values are a = 45%
after software compensation and ¢ = 1.6% [76].

2.2.5 Muon Spectrometer

The muon spectrometer [12] is the outermost layer of the ATLAS detector and is designed
to detect and measure the momentum of muons. Muons are charged leptons that can
penetrate through the inner detector and calorimeters due to their high mass and low
interaction cross-section. The muon spectrometer covers the pseudorapidity region |n| <
2.7 and is composed of several types of detectors arranged in layers around the beam axis.
The muon spectrometer was designed to provide a momentum resolution of about 10%
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for muons with transverse momentum of 1 TeV. The combination of the different detector
technologies in the muon spectrometer allows for efficient muon identification and precise
momentum measurement.

MDT
MDT monitored drift tubes
monitored drift tubes barrel - outer layer
barrel - middle layer

barrel toroid magnet

endcap toroid MDT
magnets monitored drift tubes
endcap
MDT
monitored drift tubes
barrel - inner layer
NSwW
New Small Wheel
TGC
thin gap chambers
endcap

RPC
resistive plate chambers

Figure 2.12: Schematic of the ATLAS muon spectrometer showing the arrangement of the
different detector technologies [12].

The main components of the muon spectrometer include the Monitored Drift Tubes
(MDTs), Cathode Strip Chambers (CSCs), Resistive Plate Chambers (RPCs), and Thin
Gap Chambers (TGCs). The endcap region of the muon spectrometer consisted of CSCs
in the innermost layer during Run 1 and Run 2. These were replaced with the New Small
Wheel (NSW) during the LHC long shutdown 2 (LS2) to improve the performance in the
high-luminosity environment of the LHC. Layout of the various components of the muon
spectrometer is shown in Figure 2.12.

Monitored Drift Tubes (MDTs)

The MDTs are the primary precision tracking detectors in the muon spectrometer and
are used to measure the position of muon tracks with high accuracy. They consist of
cylindrical tubes filled with a gas mixture and a central wire that collects the ionization
produced by passing muons. The MDTs are arranged in layers around the beam axis and
provide a spatial resolution of about 80 micrometers.
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Resistive Plate Chambers (RPCs)

The RPCs are fast detectors used for triggering and timing measurements in the barrel
region of the muon spectrometer. They consist of two parallel resistive plates with a gas
gap in between, and they produce a fast electrical signal when a muon passes through.
The RPCs have a time resolution of about 1 nanosecond and are arranged in layers to
provide coverage in the barrel region.

Thin Gap Chambers (TGCs)

The TGCs are used in the end-cap region of the muon spectrometer for triggering and
timing measurements. They are multi-wire proportional chambers with a thin gas gap
and provide fast signals for muon detection. The TGCs have a time resolution of about 2
nanoseconds and are arranged in layers to provide coverage in the end-cap region.

Large Sector Small Sector
(toward the cavern) (toward the interaction point)

Large Sector wedge

STGC chamber

Small Sector wedge
MM chamber

Figure 2.13: Schematic of the New Small Wheel (NSW) showing the arrangement of the
Micromegas and sTGC detectors [12].

New Small Wheel (NSW) Upgrade

The New Small Wheel (NSW) is designed to improve the performance of the muon spec-
trometer in the high-luminosity environment of the LHC. It consists of two types of de-
tectors: Micromegas and small-strip Thin Gap Chambers (sTGCs). The Micromegas
detectors provide high spatial resolution, while the sTGCs offer fast timing capabilities.
It is located at a distance of about 7.4 meters from the interaction point and covers the
pseudorapidity region 1.3 < |n| < 2.7. The NSW upgrade also includes improvements to
the readout electronics and data acquisition system to handle the increased data rates in
the high-luminosity environment. The design of the New Small Wheel is shown in Figure
2.13.
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2.2.6 Forward Detectors

The ATLAS forward detectors are designed to measure particles produced at small angles
relative to the beam axis. They provide unique insights into the event topology and help
in identifying rare processes that may not be easily detectable by the central detectors
alone.

There are four forward detectors in ATLAS [12]: the LUCID (LUminosity Cerenkov
Integrating Detector), the ALFA (Absolute Luminosity For ATLAS) detectors, the AFP
(ATLAS Forward Proton) detectors, and the ZDC (Zero Degree Calorimeter). The AFP
was installed during the LHC long shutdown 1 (LS1) and is operational since Run 2. The
layout of the forward detectors is shown in Figure 2.14. These detectors are described in
the following sections.

LUCID

The LUCID detector is located at a distance of about 17 meters from the interaction point
(IP) on both sides of the ATLAS detector. It is designed to measure the luminosity of the
LHC by detecting charged particles produced in the forward region. The LUCID detector
consists of two arrays of Cerenkov tubes filled with a gas mixture, which produce light
when charged particles pass through them. The light is then detected by photomultiplier
tubes (PMTs) and used to calculate the luminosity.

ZDC

The ZDC is located at a distance of about 140 meters from the IP on both sides of the
ATLAS detector. It is designed to measure neutral particles, such as neutrons and photons,
produced in the forward region. The ZDC consists of a series of tungsten and quartz layers
that produce Cerenkov light when neutral particles pass through them. The light is then
detected by PMTs and used to measure the energy and position of the neutral particles.

AFP

The AFP detectors are located at a distance of about 210 meters from the IP on both
sides of the ATLAS detector. They are designed to detect protons that remain intact
after a collision and are scattered at small angles. The AFP detectors consist of silicon
pixel detectors for precise position measurements and Cerenkov detectors for timing mea-
surements. The AFP detectors are used to study diffractive events and to search for new
physics phenomena.

ALFA

The ALFA detectors are located at a distance of about 240 meters from the IP on both
sides of the ATLAS detector. They are designed to measure the absolute luminosity of
the LHC by detecting protons scattered at small angles. The ALFA detectors consist of
Roman pots, which are movable devices that can be inserted close to the beamline to
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Figure 2.14: Schematic of the ATLAS forward detectors showing the LUCID, ALFA, AFP,
and ZDC detectors [12].

detect scattered protons. Each ALFA detector contains scintillating fiber trackers that
provide precise position measurements of the scattered protons.

2.2.7 Trigger and Data Acquisition System

The ATLAS trigger and data acquisition (TDAQ) system [77] is designed to select “inter-
esting” events from the vast amount of data produced by the LHC collisions. Any event
that contains information about important physics processes or signatures of rare events
are deemed as “interesting”. The events are selected through a predefined selection which
depends on the goals of the physics analyses, kinematics of the event objects like pp of
an electron, etc. The TDAQ system consists of two main levels: the Level-1 (L1) trigger
and the High-Level Trigger (HLT) as shown in Figure 2.15. The L1 trigger is a hardware-
based system that makes a decision within 2.5 microseconds based on information from
the calorimeters and muon detectors. The L1 trigger reduces the event rate from 40 MHz
to about 100 kHz. The HLT is a software-based system that runs on a large computing
farm and makes a decision within 200 milliseconds based on the full event. The HLT
further reduces the event rate to about 1 kHz, which is then recorded for offline analysis.

The TDAQ system is designed to be flexible and adaptable to different running con-
ditions and physics goals. The trigger menu, which defines the selection criteria for the L1
and HLT, can be modified based on the luminosity, pile-up, and physics priorities. The
TDAQ system also includes a data quality monitoring (DQM) system that continuously
monitors the performance of the detectors and the trigger system. The DQM system pro-
vides real-time feedback to the operators and allows for quick identification and correction
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Figure 2.15: Schematic of the ATLAS Trigger and Data Acquisition (TDAQ) system

showing the Level-1 (L1) trigger, High-Level Trigger (HLT), and data flow [12].
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of any issues.

The upgrades to the TDAQ system [12| during the LHC Run 2 and Run 3 include
the installation of new hardware and software components to improve the performance
and flexibility of the system. The L1 trigger has been upgraded with new electronics
and algorithms to handle the increased data rates and pile-up in the high-luminosity
environment of the LHC. The HLT has been upgraded with new computing resources and
software frameworks to improve the processing speed and efficiency. These upgrades help
to maintain the performance of the TDAQ system in the high-luminosity environment of
the LHC and improve the overall physics reach of the ATLAS experiment.
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3 ‘ Object Reconstruction and Selection

In high-energy physics experiments like ATLAS, the particles produced in proton-proton
collisions are not directly observed. Instead, they interact with the detector components,
leaving signals that are reconstructed into physics objects such as electrons, muons, jets,
photons, and missing transverse energy (MET). Figure 3.1 illustrates the various physics
objects and their interactions with different parts of the ATLAS detector. This chapter
outlines the reconstruction and selection criteria for the objects used in this analysis i.e.,
electrons, muons, jets, and MET. Primary vertex and track reconstruction are also dis-
cussed as they are fundamental to accurate object reconstruction. Although tau leptons
are considered in the analysis, their reconstruction and selection details are not included
in this chapter as their leptonic decay products (electrons and muons) would be covered
under the respective sections. Finally, the overlap removal procedure is described to avoid
double counting of objects.

3.1. Tracks

Tracks correspond to the trajectories of charged particles as they pass through the inner
detector (ID) of ATLAS. These charged particles leaves deposits of energy which are clus-
tered as hits in the pixel detector, semiconductor tracker (SCT), and transition radiation
tracker (TRT). Particle tracks are reconstructed by connecting these hits using sophisti-
cated algorithms. The tracks are characterized by various parameters with respect to the
perigee, which is the point of closest approach to the beamline. The parameters include d,
and z; which represent the transverse and longitudinal impact parameters, respectively,
¢ and 0 which denote the azimuthal and polar angles, respectively, and ¢/p which is the
charge-to-momentum ratio of the particle [78|. These parameters are illustrated in Figure
3.2.

The track reconstruction algorithm starts with seed hits in the pixel and SCT de-
tectors, which are then extended to form track candidates. A Kalman filter [79] is used
to refine the track parameters by iteratively adding hits and updating the track fit. Fake
tracks are suppressed using a ambiguity solving stage which uses a scoring system based
on the track quality [80]. A final fit is performed using a global x” minimization to obtain
the best estimate of the track parameters [78].

3.2. Primary Vertex

The primary vertex (PV) represents the point of interest where the proton-proton collision
occurs. This is identified as a point in space where at least two tracks with pp > 500 MeV
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Figure 3.1: Schematic representation of the particle interactions with different components
of the ATLAS detector [14]. The dashed lines correspond to no interaction with that
detector component.

intersect. When multiple vertices are reconstructed in an event, the PV is selected as the
vertex with the highest > pr of its associated tracks. This selection criterion is based on
the assumption that the hard-scatter interaction, which produces high-p; particles, will
have a higher p7 compared to pile-up interactions. Several vertices are possible when
reconstructing tracks from multiple interactions in the same bunch crossing.

In Run 3, the reconstruction of offline primary vertices is performed using the ATLAS
Common Tracking (ACT) framework [81]. To enhance the efficiency of identifying primary
vertices, especially in high pile-up scenarios, two advanced methods are employed: the
Gaussian track density seed finder (GS) and the adaptive multi-vertex finder (AMVF) [82].
The GS method locates potential vertex positions by detecting peaks in the distribution
of track densities along the beamline. Subsequently, the AMVF method simultaneously
fits multiple vertices and assigns tracks to the vertex they are most likely associated with,
based on their compatibility. This combined approach significantly improves the precision
of vertex reconstruction under challenging conditions.
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Figure 3.2: Schematic representation of track parameters with respect to the perigee [15].

3.3. Electrons

Electron reconstruction begins with the identification of energy deposits (clusters) in the
electromagnetic (EM) calorimeter. These clusters are called TopoClusters, which are
formed by grouping neighboring calorimeter cells with significant energy deposits. These
clusters are then matched to tracks reconstructed in the inner detector (ID) to form
electron candidates. The matching of tracks to clusters is used to build superclusters,
which account for energy losses due to bremsstrahlung radiation [83]. The supercluster
algorithms [84] replace the traditional cluster algorithms used in Run 1 and Run 2, which
were based on fixed-size sliding windows [85] that has fixed sizes of clusters. On the
other hand, superclusters dynamically adjust their size and shape based on the energy
distribution of the electron shower, allowing for better energy resolution and improved
identification of electrons, especially in dense environments. Further selection criteria are
applied to “identify” and “isolate” electrons from background processes as described below.

3.3.1 Identification

The identification of electrons involves distinguishing true electrons from background
sources such as jets and photon conversions. This is achieved using a multivariate analy-
sis (MVA) approach that combines various discriminating variables related to the shower
shape in the EM calorimeter, track quality, and track-cluster matching. The MVA is
trained using simulated samples of electrons and background processes to optimize the
separation power. Different working points (WPs) are defined based on the MVA output,
such as “Loose”, “Medium”; and “Tight”, which correspond to different levels of background
rejection and signal efficiency [83]. Figure 3.3 (a) shows the electron identification efficiency

39



as a function of transverse momentum (pr) and Figure 3.3 (b) shows the pseudorapidity
(n) for different identification WPs.
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Figure 3.3: Electron identification efficiency as a function of transverse momentum (pr)
(left) and pseudorapidity (n) (right) for different identification working points (WPs) [16].

3.3.2 Isolation

The isolation of electrons is crucial to reduce background from non-prompt electrons orig-
inating from heavy-flavor decays or misidentified jets. Isolation criteria are based on the
amount of additional energy or track activity in a cone around the electron candidate.
[solation working points (WPs) such as “Loose”, “Tight”, and “Gradient” are defined based
on the sum of transverse energy in the calorimeter and the sum of transverse momentum
of tracks within a cone of a specified radius around the electron [83].

3.4. Muons

Muon reconstruction begins with segment finding in the muon spectrometer (MS) using
hits from the various muon chambers. These segments are then combined with tracks
reconstructed in the inner detector (ID) to form muon candidates. Any misalignments of
the muon chambers affect the accuracy of muon momentum measurements, this is handled
by applying Gaussian constraints on the ensemble of hits used in the track fit [86]. An
event model object called as Alignment Effect on Track (AEOT) is used to implement
these constraints. A global x” track fit including the AEOTs is performed to minimize the
impact of misalignments on the muon momentum resolution [78§].
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Several reconstruction algorithms are used to reconstruct muons in ATLAS. “Com-
bined” (CB) muon combine tracks from both the ID and MS using a outside-in approach,
where the MS track is extrapolated inwards to match with the ID track. An alternative
inside-out approach is used in “Segment-Tagged” (ST) muons, where ID tracks are extrap-
olated outwards to match with segments in the MS. “Calorimeter-Tagged” (CT) muons
use energy deposits in the calorimeter matched to ID tracks. Finally, “Extrapolated” (ME)
muons are reconstructed using only the MS information and extrapolating the track back
to the interaction point [87]. Further enhancements in muon reconstruction have been
made with the introduction of the new small wheel (NSW) detectors in Run 3. Figure
3.4 shows high efficiency of muon reconstruction with a requirement of at least four active
layers in the NSW detectors [17].
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Figure 3.4: Efficiency of combined muon reconstruction requiring a minimum of four active
layers in the Micromegas (MM) and small-strip Thin Gap Chambers (STGC) detectors,
or standalone muons traversing the NSW on the C side of the ATLAS detector. Reduced
efficiencies are attributed to detector or readout challenges encountered during the data-
taking [17].

3.4.1 Identification

Muon identification aims to distinguish true muons from background sources such as pion
and kaon decays or in-flight decays of charged hadrons. The in-flight decays can be
easily suppressed as its distinctive topology fits poorly with the muon track hypothesis.
Depending upon the needs of the analysis, different identification working points (WPs)
such as “Loose”; “Medium”, and “Tight” are defined based on the quality of the track fit,
the number of hits in the ID and MS, and the compatibility between the ID and MS
tracks [88]. Figure 3.5 shows the muon identification efficiency as a function of transverse
momentum (pr), pseudorapidity (1), and azimuthal angle (¢) for different identification
WPs for the 2023 data-taking period.

3.4.2 Isolation

Muon isolation is essential to measure the activity around the muon candidate. This helps
to reduce background contributions based on the analysis needs. To quantify the isolation,
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Figure 3.5: Muon reconstruction and identification efficiency for the three WPs during the
2023 data-taking period as a function of (a) transverse momentum (py), (b) pseudorapidity

(n), and (c) azimuthal angle (¢). The samples used in these measurements are from ¢t
events and produced using the POWHEG+PYTHIAS generator [18|.

variables based on calorimeter and track information are used. Muon isolation is quantified

using two primary variables. The track-based isolation variable (py"****) calculates the

total transverse momentum of tracks within a cone of size AR = min mpG,LeV, O.3> around

the muon, excluding the track of the muon itself. The calorimeter-based isTolation variable
(EiPocom?%) measures the sum of transverse energy in topological clusters within a cone of
radius AR = 0.2 around the muon, after removing the energy contribution from the muon.
Additionally, ratios of these isolation variables are employed to effectively distinguish
prompt muons from background sources [88].

3.5. Jets

Although jets are not part of the final state in this analysis, they play a vital role in deter-
mining the missing transverse momentum (MET) and in the overlap removal procedure.
Therefore, a brief overview of jet reconstruction, calibration, jet vertex tagging (JVT), and
flavor tagging is provided in this section. The jet reconstruction process uses particle flow
(PF) algorithm which combines information from the topological clusters in the calorime-
ter and tracks from the inner detector (ID) [19]. The energy of topological clusters that
do not have matching tracks are removed. The algorithm determines the probability of
a given PF object belongs to one or more clusters. Figure 3.6 shows the track selection,
cluster association, and energy subtraction steps of the particle flow algorithm.

The PF objects serve as inputs to the jet reconstruction algorithms. Various jet
algorithms are available based on their sensitivity to non-perturbative effects such as
hadronization and underlying event activity, pile-up conditions, and detector response
[89]. In this analysis, anti-k, algorithm [90] with a radius parameter of R = 0.4 is used
to cluster the PF objects into jets. The anti-k, algorithm is preferred due to its infrared
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Figure 3.6: Schematic representation of the particle flow algorithm [19].

and collinear safety, which ensures that the jet reconstruction is robust against soft and
collinear emissions [89]. The FASTJET package [91] is used to implement the jet clustering
algorithms.

3.5.1 Calibration

Jet energy calibration is crucial to correct for detector effects and ensure accurate jet energy
measurements. The calibration process involves several steps, including pile-up correction,
absolute energy scale calibration, and flavor-dependent corrections. These steps with their
descriptions are shown in Figure 3.7.

Reconstructed
jets

pr-density-based
pile-up correction

Residual pile-up
correction

Absolute MC-based
calibration

Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum

tracking- and/or event p/Ie;uF p; density dependence, as a to the particle-level energy

calorimeter-based inputs. and jet area. function of u and N, scale. Both the energy and
direction are calibrated.

Global sequential Residual in situ
calibration calibration

Reduces flavour dependence A residual calibration
and energy leakage effects is applied only to data
using calorimeter, track, and  to correct for data/MC
muon-segment variables. differences.

Figure 3.7: Schematic representation of the jet energy calibration steps [20].

3.5.2 Jet Vertex Tagging

Jet Vertex Tagging (JVT) is a technique used to suppress jets originating from pile-
up interactions. It utilizes information from tracks associated with the jet and their
compatibility with the primary vertex (PV). The JVT algorithm combines variables such
as the fraction of jet py carried by tracks associated with the PV and the number of tracks
from the PV to compute a JVT score. A threshold is applied to the JVT score to classify
jets as originating from the PV or from pile-up [92]|. A forward JVT (fJVT) algorithm is
also used to tag forward jets (with |n| > 2.5) originating from pile-up interactions [93].
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3.5.3 Flavor Tagging

Flavor tagging is the process of identifying jets originating from specific quark flavors,
such as b-quarks or c-quarks. This is achieved using multivariate algorithms that combine
various discriminating variables related to the properties of tracks and secondary vertices
within the jet. The GN2 b-tagging algorithm [94] is used in this analysis to identify b-jets.
The algorithm uses a deep neural network (DNN) architecture to combine information
from low-level track variables, secondary vertex properties, and jet kinematics to produce
a b-tagging score. Different working points (WPs) are defined based on the b-tagging score,
such as “Loose”, “Medium”, and “Tight”, which correspond to different levels of background
rejection and signal efficiency.

3.6. Missing Transverse Momentum

Any particles that do not interact with the detector, such as neutrinos or potential dark
matter candidates, will not be directly detected. Neutrinos from W boson decays con-
tribute to missing transverse momentum in this analysis and their presence can be inferred
by measuring the imbalance in the transverse momentum of the detected particles. This
imbalance is referred to as missing transverse momentum (MET). The MET is calculated
as the negative vector sum of the transverse momenta of all reconstructed objects in the
event, including electrons, muons, jets, and photons. Additionally, a soft term is included
to account for low-p; particles that are not associated with any reconstructed objects [95].
The missing transverse momentum (pi2™) is given by the equation:

ﬁ%‘“ss:—< Tl Iy Ty s w) Ly g g
electrons

muons taus jets photons unused tracks
g N

Har(;’term Soft?germ
where the hard term includes contributions from all the reconstructed objects and the soft
term accounts for the tracks not associated with any of these objects but linked to the
primary vertex (PV). The magnitude of the missing transverse momentum vector denoted
as EX is given by:
E;ﬂniss _ ﬁ%nissl (32)

and its azimuthal angle is given by:

¢miss = tanil (pryniss) (33)

Pz

miss miss

where p, and p,
vector, respectively.

are the x and y components of the missing transverse momentum
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3.7. Overlap Removal

The overlap removal (OR) procedure is essential to avoid double counting of physics objects
that may be reconstructed as a single object and address issues arising from close proximity
of objects in the detector [96]. To remove overlaps between different physics objects,
quantification of their spatial separation is important. Thus, the OR procedure involves
applying selection criteria using the angular distance AR between objects. The OR applied
in this analysis include electron-electron, muon-muon, electron-muon, electron-jet, and
muon-jet overlaps. The specific criteria used for overlap removal are given in the Section
3.8 below.

3.8. Object Selection

The selection criteria for the physics objects vary based on the analysis requirements. This
section highlights the criteria used in the ZH analysis. Primary vertices, as described
in Section 3.2, are required to have at least two associated tracks with py > 500 MeV
and when multiple vertices are present, the one with the highest > pr is selected. Track
parameters are used to ensure that the leptons originate from the primary vertex (PV). The
transverse impact parameter significance |dy|/0y, is required to be less than 3 for muons
and less than 5 for electrons. The absolute value of the projection of the longitudinal
impact parameter along the beamline, |zysin(f)|, is required to be less than 0.5 mm for
both electrons and muons. Both leptons have a minimum p; of 10 GeV.

Compared to Run 2 analysis, leptons from the “crack region” between the barrel and
endcap EM calorimeters (1.37 < |n| < 1.52) are now included in the analysis. This is
because the analysis is statistics limited and the effect of lepton quality is less significant.
Adding these leptons increases the signal events by approximately 5%. The identification
working points (WPs) for electrons and muons are set to “MediumLH” and “Medium”,
respectively. The isolation WPs for both electrons and muons are set to “Loose VarRad”.
The lepton selection criteria are summarized in Table 3.1.

’ Criteria \ Electrons \ Muons ‘
pr |GeV] > 10 > 10
n| <247 <25
Identification WP MediumLH Medium
Isolation WP Loose VarRad | Loose VarRad
|dol/ 04, <5 <3
|29 sin(6)| [mm)] < 0.5 < 0.5

Table 3.1: Selection criteria for electrons and muons used in the ZH analysis.

Anti-k, jets with a radius parameter of R = 0.4 are used in this analysis. Jets are
required to have a minimum p; of 20 GeV and |n| < 4.5. In general, jet counting is
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performed using jets with p; > 30 GeV and jets with p; between 20 GeV and 30 GeV are
used for b-jet counting. The JVT requirement is applied to jets with p;y < 60 GeV and
In| < 2.4 to suppress pile-up jets. JVT > 0.5 corresponding to “Tight” working point is
used in this analysis. The forward JVT (fJVT) is applied to jets in the forward region (2.5
< |n| < 4.5) with py between 20 GeV and 60 GeV. The £JVT score < 0.5, corresponding to
“Loose” working point, is used to tag forward pile-up jets. The GN2 b-tagging algorithm
with a 85% efficiency working point with a minimum score of two is used to identify b-jets.
The jet selection criteria are summarized in Table 3.2.

’ Criteria \ Jets ‘
pr |GeV] > 20
Il < 4.5
JVT score > 0.9
fJVT score < 0.5
GN2 b-tagging score | > 2

Table 3.2: Jets selection criteria used in the ZH analysis.

Calculation of missing transverse momentum (MET) is discussed in Section 3.6. An
observable based on MET, called as MET significance is constructed. This observable is
useful to distinguish events with genuine MET from those with fake MET arising due to
misreconstructed objects.

Finally, to avoid double counting of physics objects, the overlap removal (OR) pro-
cedure described in Section 3.7 is applied as follows.

e For electron and muon overlaps, an electron is removed if it shares the same ID
track as a combined muon. However, if the muon is calorimeter-tagged, the muon is
removed instead.

e For electron-electron overlaps sharing the same track or overlapping in the second
layer cluster, the electron with lower p; is removed.

e For electron-jet overlaps, if a jet is within AR < 0.2 of an electron, the jet is removed.
For remaining jets within AR < 0.4 of an electron, the electron is removed.

e For muon-jet overlaps, if a jet is within AR < 0.2 of a muon, the jet is removed if it
has less than three associated tracks with p, > 500 MeV. Additionally, if (p4./p') >
0.5and (pf/ 32 p#**) > 0.7 for pF** > 500 MeV, the jet is removed. For remaining

tracks
jets within AR < 0.4 of a muon, the muon is removed.
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4 ‘ Data and Monte Carlo Samples

Any analysis in high energy physics requires data collected from the detector as well as
simulated Monte Carlo (MC) samples. The MC samples are generated using various event
generators that simulate the underlying physics processes, followed by a detailed simu-
lation of the detector response. Some commonly used event generators include PYTHIA
[97], HERWIG [98, 99|, SHERPA[100], MADGRAPH [101]|, and POWHEG-BoX [102, 103].
PyYTHIA, HERWIG and SHERPA[100] are general-purpose event generators that use differ-
ent parton showering and hadronization models, while MADGRAPH and POWHEG-Box
are primarily used for generating hard scattering processes at leading order (LO) and
next-to-leading order (NLO) accuracy, respectively.

In this chapter, the datasets from the ATLAS detector used in this analysis are
described first (Section 4.1), followed by a description of the MC simulation process and
the MC samples (Section 4.2) that are used to model various physics processes relevant
to this analysis.

4.1. Data

The data used in this analysis were collected by the ATLAS detector during the Run 3
of the LHC during 2022 and 2023 at a center-of-mass energy of /s = 13.6 TeV. This
represents the pp collision data with a bunch spacing of 25 ns. The total integrated

luminosity of the dataset used in this analysis corresponds to 56.1 fb~! with an uncertainty
of 2% [104].

All events of interest are selected using a two-level trigger system described in Section
2.2.7. For the ZH analysis, a single-lepton trigger is used to select events. For the L1
trigger, the minimum transverse momentum (pr) threshold for electrons varies based on
the data-taking period. For 2022 data, it is set to 22 GeV, while for 2023 data, it is
increased to 26 GeV. For muons, the L1 pp threshold is consistently set at 14 GeV for
both 2022 and 2023 data. For the HLT, the electron can pass the trigger if it has py >
26 GeV with “tight” identification and “loose” isolation criteria or pr > 60 GeV with
“medium” identification without any isolation requirement or py > 140 GeV with “loose”
identification without any isolation requirement. Electrons have the same HLT criteria
for both 2022 and 2023 data. For muons, a same HLT criteria is used for both 2022
and 2023 data. The muon can pass the trigger if it has p;y > 24 GeV with “medium”
identification or p; > 50 GeV with no additional identification or isolation requirement.
Table 4.1 summarizes the t