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Abstract

In this thesis, I present significant advancements in the reconstruction and identification
of highly boosted pairs of tau leptons within the ATLAS experiment, alongside a search
for the Graviton in the HH — bbtt decay channel. The development of a muon-removal
method for boosted 7, Thaq reconstruction has improved the identification efficiency of
hadronically decaying taus in the presence of nearby muons. This method recovers Tpaq
identification efficiency to levels expected for isolated decays across all working points,
as well as restoring the precision of kinematic measurements for the visible 71,4 System.
Benchmarking with Z — 7, 71,4 samples from the complete Run-2 dataset recorded by the
ATLAS detector affirmed the robustness of this method, showing agreement between data
and Monte Carlo simulations. Similarly, the electron-removal method for boosted 7,7Thaq
reconstruction markedly improved the accurate reconstruction of visible decay products
of the tau lepton pairs within a single jet by removing the nearby electron contamination.
Utilising the muon-removal advancements, we conducted a search for the Graviton in the
HH — bbtt channel using the full ATLAS Run-2 dataset collected at /s = 13TeV with an
integrated luminosity of 140 fb~!. Enhanced by a GNN-based bb-jet tagging algorithm
and the muon-removal technique, our event selection process achieved high signal ef-
ficiency. Results showed good agreement between data and Monte Carlo simulations
in the control region, demonstrating negligible QCD background contamination in the
signal region. Evaluation of statistical and systematic uncertainties led to the derivation of
95% confidence level limits on the production cross-section o (pp — G — H H) for mass
points ranging from 2 to 5 TeV, significantly surpassing previous ATLAS searches in the
HH — bbtt channel. These advancements in tau lepton reconstruction and the sub-
sequent Graviton search highlight the potential to open up a new phase-space, enhancing
the sensitivity of the ATLAS experiment for discovering new physics phenomena in the

highly boosted di-7 channel.
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Chapter 1

Introduction

The field of particle physics is a vibrant and rapidly evolving discipline that seeks to un-
cover the fundamental constituents of matter and the forces that govern their interactions.
At the heart of this endeavour lies the Standard Model (SM) of particle physics [1], a robust
theoretical framework that has successfully explained a wide array of experimental results.
The SM encompasses the electromagnetic, weak, and strong forces, which are mediated by
gauge bosons, and the Higgs mechanism, which imparts mass to these particles. However,
despite its successes, the SM is known to be incomplete, prompting the exploration of
extensions that can address its limitations.

The Standard Model provides a comprehensive description of the elementary particles
and their interactions [2]. It classifies all known fundamental particles into two groups:
fermions, which make up matter, and bosons, which mediate the forces between fermions.
The fermions include quarks and leptons, while the bosons include the photon, W and Z
bosons, and gluons. The Higgs boson, discovered in 2012 at the Large Hadron Collider
(LHC) [3], is a pivotal component of the SM, responsible for giving mass to the other
fundamental particles through the Higgs mechanism.

Symmetry principles, particularly gauge invariance, underpin the SM. These principles

dictate the interactions between particles, leading to the formulation of electroweak theory
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for electromagnetic interactions and weak interactions, quantum chromodynamics (QCD)
for strong interactions. Both of these theories has been rigorously tested and confirmed
through numerous experiments.

Despite its successes, the SM does not include gravity [4], which is described by
General Relativity in the classical regime. The quest for a quantum theory of gravity,
which would unify all fundamental forces, remains one of the most significant challenges
in theoretical physics. Various approaches, such as string theory and loop quantum
gravity, aim to address this gap, but a complete and experimentally verified theory is
yet to be established. Additionally, the SM does not account for dark matter and dark
energy, which constitute approximately 95% of the universe’s energy density. The existence
of these components is inferred from astrophysical observations, such as the rotation
curves of galaxies and the accelerated expansion of the universe. Extensions to the SM,
including supersymmetry and theories involving extra dimensions, have been proposed
to incorporate these phenomena, but experimental confirmation is still pending.

This thesis is dedicated to exploring the intricacies of the Standard Model and its
potential gravitational extensions, as will be introduced in Chapter 2. In the latter part
of Chapter 2, the modelling of the proton-proton collisions at the Large Hadron Collider
(LHC) will be discussed. Chapter 3 will introduce the ATLAS detector, a sophisticated
instrument designed to measure the properties of particles produced in high-energy
collisions. The thesis will provide a comprehensive overview of the ATLAS detector’s
components, including the inner detector, calorimeters, muon spectrometer, and the
trigger and data acquisition system. This chapter will also discuss the reconstruction
of particles within the ATLAS detector. In Chapter 4, special attention will be given to
the reconstruction and identification of tau leptons, which play a crucial role in various
searches for new physics. Innovative methods for tau lepton reconstruction, including

machine learning techniques such as Recurrent Neural Networks (RNNs), will be discussed.
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The thesis will then present the development and performance evaluation of muon- and
electron-removal methods in boosted 71, Thaq lepton-pair reconstruction in Chapter 5 and
Chapter 6 respectively, along with benchmarks using Z — TjepThag €vents. To put these
new developments to test, in Chapter 7, the thesis will explore searches for heavy resonant
particles. In particular, a hypothetical Graviton, in channels involving tau leptons and
b-jets. These searches are motivated by theories that extend the SM and aim to provide
insights into the nature of gravity. Finally, Chapter 8 will summarise this thesis’s key
findings and discuss their implications for the field of particle physics. This thesis aims to
contribute to the ongoing efforts to understand the fundamental structure of the universe
by leveraging the capabilities of the ATLAS experiment and exploring both established
and novel aspects of particle physics.

While the theoretical underpinnings presented in Chapter 2 are well-established in
the community, and the design and construction of the ATLAS detector described in
Chapter 3 were carried out by the broader ATLAS Collaboration, I did not contribute
directly to the formulation of these theories nor the detector hardware. My principal
contributions begin in Chapter 5 and extend through Chapter 7, where I served as the
primary analyst. Specifically, I led the development and performance evaluation of muon-
and electron-removal methods for boosted 7-lepton pair reconstruction, benchmarks
using Z — TiepThad €vents, and the subsequent searches for heavy resonant particles such
as hypothetical gravitons in final states involving 7-leptons and b-jets. These analyses were
performed in close collaboration with other members of the ATLAS team. Although [ was
responsible for designing and executing the primary analyses described in those chapters,
the work benefited significantly from the ATLAS software frameworks, simulation tools,

and ongoing discussions within the collaboration.



This page intentionally left blank



Chapter 2

Theory framework

This chapter provides an overview of the theoretical framework that underpins the re-
search presented in this thesis. The chapter begins with a discussion of the Standard Model
of particle physics. The chapter then introduces one possible extension to the Standard
Model. To relate the theory to the experiments conducted at the Large Hadron Collider
(LHC), the chapter concludes with a brief discussion of the modelling of proton-proton
collisions. This chapter is based on review articles of the Standard Model and particle

physics [1, 2], and the articles on the Randall-Sundrum model and phenomenology [5-7].

2.1 The Standard Model of particle physics

The Standard Model of particle physics (SM) is a quantum field theory describing the
interactions of matter through three of the four fundamental forces in nature: electromag-
netic, weak, and strong forces. Formulated from theoretical arguments and experimental
evidence, it is one of the most rigorously tested theories in physics. Its core principle is the
local gauge symmetry of the gauge group SU(3). x SU(2) x U(1). Here, the non-Abelian
SU@B3). and SU(2)r x U(1) groups represent quantum chromodynamics (QCD) and the

electroweak sector, respectively.
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Figure 2.1 summarise the particles in the Standard Model. Elementary particles in
the model fall into two categories based on their spin values: fermions, which have half-
integer spin, and bosons, which possess integer spin. The fundamental forces arise from
interactions between their corresponding gauge (spin-1) bosons and a subset of fermions.
Fermions and bosons are grouped in tables summarising their spin, electric charge, and
mass.

Fermions are further classified into two basic types: leptons and quarks. Each group
has six particles, arranged into three generations. Every fermion has an associated anti-
particle with identical mass but opposite quantum numbers. Leptons include the electron
(e), muon (u), and tau (7), each paired with a corresponding neutrino (v). Electrons,
muons, and taus are charged and progressively increase in mass, while neutrinos are
neutral and have very small masses. Quarks consist of up (), down (d), strange (s), charm
(c), bottom (b), and top (t). They all possess mass and are electrically charged, increas-
ing in mass with each generation. Additionally, quarks contain a colour charge, which
determines their interaction through the strong force.

All fermions interact through the weak interaction, charged fermions engage in electro-
magnetic interactions, and only quarks experience strong interactions. The corresponding
gauge bosons mediating these forces include the photon (y) for the electromagnetic force,
gluon (g) for the strong force, and W*, W~, and Z bosons for the weak interaction. The
theory also includes a scalar (spin-0) boson, the Higgs boson (H), which provides mass to
both bosons and fermions through the mechanism of spontaneous symmetry breaking
within the electroweak interaction. The discovery of the Higgs boson stands as a significant
confirmation of the predictive power of the SM.

However, the Standard Model remains incomplete as it does not encompass gravity, the
fourth and weakest fundamental force, nor does it explain the observed matter-antimatter

asymmetry or the indirect evidence of dark matter. Therefore, measuring Standard Model
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Fig. 2.1 The particles in the Standard Model of Particle Physics, with mass, charge, and spin. Taken

from [8].
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processes is crucial to uncovering discrepancies between theory and experiment that
could address these outstanding issues.
In the following sections, we will discuss the symmetry principles, quantum field

theory, the Standard Model of Particle Physics, and the gravitational extension.

2.1.1 Symmetry principles

The concept of symmetry is fundamental to the Standard Model. According to the prin-
ciple of Lorentz symmetry, the laws of physics remain consistent for observers in different
inertial reference frames. This concept, along with quantum mechanics, bridges the gap
between classical mechanics and quantum field theories, which is essential for under-

standing the Standard Model of particle physics.

Lagrangian formulation

In classical mechanics, the Lagrangian is a function of the generalised coordinates g; (1),

dg;

qr and time ¢

generalised velocities ¢;(t) =
L(qi,qi) = T(qi,qi) — V(q)). 2.1)

where T is the kinetic energy, and V is the potential energy of the system. The action S is

defined as the integral of the Lagrangian over time

S= f L(gi, gL, (2.2)

The principle of least action states that the action S is minimised along the path of mo-

tion of the system. A small perturbation, g;(t) — q;(t) + §g;(t), should leave the action



2.1 The Standard Model of particle physics 41

unchanged. The change in the action 6 S under the perturbation can be expressed as:

f2 oL oL
5S:O:f (5 i—+0 '-—_)dt. 2.3)
131 qlaqi qlaqi
This can be rearranged using integration by parts:
f2 oL d oL d (oL
0S=0= 0qi—+—\0qi—|-0qi— |=—||dt. 24
J, (oarag + & loorsg) o0z 53.) 24

By choosing the perturbation to vanish at the endpoints, the second term vanishes, and
the equation simplifies to

0L d (0L
AL e

dg;i  dr\dg;
This is the Euler-Lagrange equation, which describes the motion of the system.
In field theories, the Lagrangian density, L[¢(x),0,¢(x)], is used instead of the L. Here,
¢(x) represents a scalar field dependent on the space-time four-vector x, and d,¢(x) is

the derivative of the field with respect to the space-time coordinates

0p(x)

0up(x) = FYTR (2.6)

The Lagrangian, as discussed in the previous paragraph, can be obtained by integrating

the Lagrangian density over the space volume:
L:f,sem(x),au(p(x)]d?’x. 2.7)

Additionally, the action S is defined by integrating the Lagrangian density over the entire

four-dimensional spacetime:

S:f$[¢(x),6“(p(x)],d4x. (2.8)
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Similar to the classical mechanics, the Euler-Lagrange equation for the field ¢p(x) can be
written as:
0« 0«

0 — ) —-——=0, 2.9
“(a(au¢)) A (2.9)

following the same principle of least action. Consider a free particle with mass m, the

Lagrangian density can be written as:
z:%%wmm@uyémwﬂm. (2.10)
Using the Euler-Lagrange equation, the Klein-Gordon equation can be derived:
(00" + m*)p(x) =0, (2.11)

which describes the motion of a free scalar field.

Symmetry and conservation Laws

Conservation laws are a direct consequence of the symmetry of the Lagrangian, not only
in field theories but also in classical field theory and even in the classical mechanics of
point particles. For instance, symmetry under time translation implies conservation of
energy; symmetry under space translation results in the conservation of momentum;
and rotational symmetry leads to the conservation of angular momentum. The Noether
theorem states that for every symmetry of the Lagrangian there is a corresponding con-
served quantity. Or, in field theory, for every symmetry of the Lagrangian density, there is

a corresponding conserved current, such that

3, j* =0. (2.12)
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Consider a scalar field ¢, which undergoes an infinitesimal global transformation ¢ —

¢+ 6¢. Under such transformation, the Lagrangian density £[¢, d,,¢] remains invariant
ZLp,0up] — L1, 0,1l + 6L (P, 0,P) = L1, 0], (2.13)

where 6 Z (¢, 0,,¢) is by definition zero. Expanding 6 £ (¢, 0,¢) in terms of ¢ and d,¢, and

using the Euler-Lagrange equation, the conserved current j* can be written as:

0Z

=" 50, 2.14
3(0,4) ¢ @14

i*
in this case, the conserved current is the Noether current.

Gauge symmetry

In the classical electromagnetic theory, the electric field E and magnetic field B are de-

scribed by the Maxwell’s equations,

P 0B OE
V-E=—,V-B=0,VxE=——VxB= o]+ ioeo

—_—, 2.15
€0 ot ( )

where p is the charge density, J is the current density, € is the permittivity of free space, and
Uo is the permeability of free space. As implied by the Maxwell’s equations, the magnetic
fields are divergence-free, which implies that the magnetic field can be described by a
vector potential A, such that B =V x A. The electric field can be described by a scalar
potential ¢, such that E=-V¢ - %. Both the scalar potential ¢» and the vector potential A
are not unique, as the electric and magnetic fields are invariant under the transformation
b— - %—’;, A — A+ VA, where A is an arbitrary function of space and time. This is known

as the gauge symmetry of the electromagnetic field.
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The Maxwell’s equations can be re-formulated by introducing the four-potential A* =
(¢p,A), such that the electromagnetic field tensor F*¥ can be written as F#Y = gt AY — 9" A*.

The Maxwell’s equations can be written in terms of the field tensor as:

where J¥ = (p,]) is the four-current. This is known as the covariant form of the Maxwell’s
equations. The gauge symmetry of the electromagnetic field can be written as A# —
AF + oM A, where A is an arbitrary function of space and time.

Using this formalism, the Lagrangian for an electromagnetic field can be expressed as
follows:

1

The Lagrangian is invariant under gauge transformations, which is fundamental to the
formulation of quantum electrodynamics (QED). As we will show in the following chapter,
the gauge symmetry invariance leads to the interaction between the electromagnetic field
and charged particles, for example, electrons and positrons. This interaction is mediated

by the exchange of photons, which are the gauge bosons of the electromagnetic field.

2.1.2 Quantum electrodynamics

In the quest of finding an equation that would not only describe particles correctly and
respect the symmetries of the Lorentz transformations, Paul Dirac proposed a first-order

linear differential equation, known as the Dirac equation,

(iy*0, — my =0, (2.18)
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where v is the Dirac spinor, y* are the Dirac matrices, and m is the mass of the particle.

The y* matrices are defined as follows:
Y= y=l | (2.19)

where I is the identity matrix, and o’ are the Pauli matrices. The Lagrangian of the Dirac

field theory, which is based on the Dirac equation, can be written as:
L =y(iy*o,— m, (2.20)

where ¥ = 1y is the Dirac adjoint. Using the Euler-Lagrange equation, the Dirac equa-
tion can be derived from the Lagrangian. Under a global phase transformation ¢ — e'®y,
the Lagrangian remains invariant, which implies that the Dirac field theory is invariant
under global U(1) transformations. However, the Dirac field theory is not invariant under
local U(1) transformations, where the phase transformation « is allowed to vary with
space and time. To make the theory invariant under local U(1) transformations, like in the
classical field theory, a gauge field A, is introduced, such that the covariant derivative D,
can be written as:

Dy=0,—-iqA (2.21)

where ¢ is the charge of the particle. The full Lagrangian of the QED theory can be written
as:

7(ivH 1
ZLoep =Yy Du_m)‘//_ZF Fu, (2.22)

Under alocal U(1) transformations, the first term of the Lagrangian remains invariant:

Dyw — (0, —iqA)e' 1y = "1 Dy, (2.23)
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The second term of the Zgp, F “"Fm,, which describes the the electromagnetic field, is
also invariant under local U(1) transformations.

From a physics perspective, the QED theory describes the interaction between charged
particles and the electromagnetic field. In the Dirac term in the Lagrangian, the covariant
derivative D, includes the electromagnetic interaction through the potential A,. And the
interaction term ieyy* A, shows how the charge particle field interacts with the electro-
magnetic field. The photon term in the Lagrangian, —iFWFW, describes the quanta of
electromagnetic field. The form of the QED Lagrangian also explains the massless nature
of the photon, as including the photon mass term would break the gauge invariance of
the theory.

The QED theory is a renormalisable theory, to all orders in perturbation theory the
divergences in the theory can be absorbed into the redefinition of the mass and charge of

the particle.

2.1.3 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the theory that describes the strong interaction,
which binds quarks and gluons into protons, neutrons, and other hadrons. QCD is a type
of quantum field theory known as a non-Abelian gauge theory, based on the symmetry

group SU(3). The Lagrangian of QCD is given by the Yang-Mills equation:
_ 1
Lacp =iy Dy — myy — ZGﬁvG”“V. (2.24)

Here, ¥ represents the quark fields, D, = 0, — igs AT is the covariant derivative, A}
are the gluon fields, T“ are the generators of the SU(3) group, g is the strong coupling
constant, and Gy, = 0y, A} — 0vA[ + &5 f “bCAzAS is the gluon field strength tensor, with

f4P¢ being the structure constants of SU(3).
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To derive the QCD Lagrangian starting from the SU(3) transformation, we need to
follow a few steps. We will begin with the free Dirac Lagrangian and then introduce the
SU(3) gauge fields. The free Dirac Lagrangian that describes the motion of quarks is given
by

Livee =P (iYH0,— m)y, (2.25)

where v is the quark field, m is the quark mass, and y* are the gamma matrices. The

quark field transforms under SU(3) as:

ia%(x)T*

y—-UX)y=e v, (2.26)

where U(x) is an element of the SU(3) group, with T% being the generators of SU(3)
and a?(x) being the parameters of the transformation. To maintain local SU(3) gauge
invariance, we replace the partial derivative d,, with the covariant derivative D, defined
as:

Dy =0, igsAST®, (2.27)

where g; is the strong coupling constant, Aj are the gluon fields. Similar to the QED, the

covariant derivative now transforms as:

Dyy — U(x) Dy (2.28)

Substitute the covariant derivative into the free Dirac Lagrangian

ZLocp =Wy Dy— my. (2.29)

This ensures that the Lagrangian is invariant under local SU(3) transformations.
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As we introduced, the kinetic term for the gluon fields is:
1 a ~apyv
Letuon = — 1 GWG . (2.30)

Combining the quark and gluon parts, we obtain the full QCD Lagrangian in Equation
2.24
In a non-Abelian group like SU(3), the generators 7% (where a = 1,2,...,8 for SU(3))

do not commute. This means that for any two generators T% and T?:
(T4 TP1 = ifabere, fabe 2o, (2.31)

The form of the QCD Lagrangian is similar to the QED Lagrangian, with the quark
fields interacting with the gluon fields by term gsyy*A%T%y. The term g, f**° AL A,
shows that the gluons interact with each other, unlike the photons in QED, giving rise to
the self-interaction of the gluon fields. Physically, quarks come in three types of colour
charges, conventionally labelled as red, green, and blue. These colours are purely symbolic
and represent the different states of the SU(3) symmetry; anti-quarks carry anti-colours:
anti-red, anti-green, and anti-blue. One of the most striking features of QCD is colour
confinement, which means that quarks and gluons are never found in isolation; they
are always confined within hadrons. The force between quarks does not diminish as
they move apart. Instead, it remains strong or even increases, preventing the isolation
of individual quarks. At very short distances (high energies), the coupling constant g;
becomes small, and quarks behave as if they are free. This phenomenon is known as
asymptotic freedom, and it is one of the key features of QCD. To understand the running
of gs we begin with the renormalisation group equation (RGE), which governs the scale

dependence of the coupling constant. The evolution of g with respect to the energy scale

u is described by the beta function, (g;). At one-loop level, the beta function for QCD is
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given by:
g
“l672°

0gs _

2.32
o (2.32)

p(gs)=p -B

Here, fy is a constant that depends on the number of active quark flavours n. Specifically,
Po is expressed as

2
o=11-3ny (2.33)

For the case of QCD with three light quark flavours (ny = 3), we have o = 9.
To determine how g; varies with the energy scale u, we integrate the renormalisation

group equation

1 1

11 M 1n(ﬂ). (2.34)
85 (l’l) 8 (HO) 8m Ho

This equation illustrates how the strong coupling constant g evolves with the energy
scale p. It explicitly shows that g decreases as p increases, demonstrating the property of

asymptotic freedom. It is often convenient to express the running of the coupling constant

in terms of the strong coupling parameter «a, defined as:

2
a, =58 (2.35)
4n
Substituting g in terms of a in the running equation, we obtain:
a
Q) = — (uf)fgf) 0 - (2.36)
1+ T In (%)

Figure 2.2 shows the running of the strong coupling constant a; with the energy scale
1, as well as experimental measurements of a; at different energy scales from various

experiments.
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Fig. 2.2 The running of the strong coupling constant a with the energy scale u in QCD, taken
from [9]. The coupling constant decreases as the energy scale increases, demonstrating asymptotic
freedom. The experimental measurements of a at different energy scales are also shown.

2.1.4 Weak force

The concept of the weak force emerged in the early 20th century with the study of radioact-
ive decay. In 1934, Enrico Fermi formulated a theory of beta decay [10] that introduced the
idea of a charged current weak interaction, which was responsible for the transformation
of a neutron into a proton, an electron, and an antineutrino. This interaction was initially
thought to be mediated by a contact force, similar to the classical idea of collisions between
billiard balls. The theoretical framework for understanding the weak force significantly
advanced in the 1950s and 1960s. The development of gauge theory and the unification of
electromagnetic and weak interactions into the electroweak theory, proposed by Sheldon
Glashow, Abdus Salam, and Steven Weinberg [11], led to a comprehensive understanding
of the weak force. This theory was experimentally confirmed by the discovery of the W
and Z bosons in 1983 [12] at the CERN laboratory, for which the Nobel Prize was awarded.
Despite its relatively short range and the fact that it is much weaker than both the strong
force and electromagnetism, the weak force is responsible for a variety of processes that
are fundamental to particle physics and cosmology, such as beta decay, quark flavour

change and CP violation.
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Chirality refers to the intrinsic property of fermions that distinguishes left-handed (L)

from right-handed (R) components. It is defined using the projection operators:

1 1
Pr= 5(1 —-Ys), Pr= 5(1 +7s5), (2.37)

1,,2,,3

where ys5 = iy%yly?y? is the fifth gamma matrix in the Dirac algebra. Applying these

projectors, the left-handed and right-handed components of a fermion field v are:

1 1
YL=Pry=-0-7)y, Yr=Pry=-01+75)Y. (2.38)

The charged weak interaction exclusively couples to left-handed fermions and right-
handed antifermions. This chiral nature of the weak force is a key feature distinguishing it
from other fundamental forces.

Isospin symmetry, originally introduced to describe the proton and neutron, can also
be applied to leptons within the context of the weak interaction. Leptons, like quarks,
can be arranged into doublets under the SU(2); symmetry of the weak interaction. Each
generation of leptons consists of a left-handed doublet and right-handed singlets. For the

first generation:

» €R (2.39)
L

Here, v, is the electron neutrino, and e is the electron. The weak isospin (I) and its third

component (I3) are assigned as follows:

* The electron neutrino v, and electron e form an isospin doublet with I = %

e The third component of weak isospin I3 for v, is +%, and for e itis —%.

» Right-handed leptons, such as eg, are singlets under SU(2); and thus have I = 0.
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The seminal experiment by Chien-Shiung Wu in 1957 [13] demonstrated parity vi-
olation in the beta decay of cobalt-60. The electrons emitted in the decay exhibited a
preferred direction relative to the spin of the nuclei, indicating a violation of parity sym-
metry. The weak interaction Lagrangian, incorporating the SU(2) gauge fields, is given
by:

ZLweak = 1,_VL iYHDpWL» (2.40)

where y represents the left-handed fermion doublets and Dy, is the covariant derivative

defined as:

a

. O
D,=0,- zg?Wj. (2.41)

Here, W are the gauge fields associated with SU(2), g is the coupling constant, and o*
are the Pauli matrices. The presence of the y° term results in the distinct treatment of left-
handed and right-handed components, leading to parity violation. The implications of this
phenomenon includes the observation that neutrinos are left-handed and antineutrinos

are right-handed.

2.1.5 Electroweak unification and the Higgs mechanism

The electroweak theory in the Standard Model unifies the weak and electromagnetic
interactions. The Lagrangian includes terms for the gauge fields, their interactions with

fermions, and the Higgs mechanism.

Electroweak unification

The gauge field terms describe the dynamics of the SU(2); and U(1)y gauge fields:

1 1
Loauge = —Zwlfv WY _ ZBMVB“V.
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Wﬁ’v is the field strength tensor for the SU(2) gauge fields Wj (a=1,2,3):
W, =0, W -0, W + ge™ WY W,

abc

where g is the SU(2); coupling constant, and €4’ are the structure constants of SU(2).

B,y is the field strength tensor for the U(1)y gauge field By,:
BIJV = apBV - avBIJ.

The interaction of fermions with the gauge fields is described by the covariant derivative

acting on the fermion fields:
Ztermion = wLiYuD;ﬂ//L + YR iY'ua;ﬂ//R-

v represents the left-handed fermion doublets:

where d' is a linear combination of down-type quarks (d, s, b) due to quark mixing. ¥

represents the right-handed fermion singlets:
€Rr, UR, dR .
The covariant derivative D, for left-handed fermions is:

. 1 .Y
Dy=0,- lg?Wj— ig EB”’
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where 74 are the Pauli matrices, g and g’ are the coupling constants for SU(2); and U(1)y,
respectively, and Y is the hypercharge.
The Higgs mechanism involves the Higgs field ¢, which breaks the electroweak sym-

metry and gives mass to the W and Z bosons:
Lrtiggs = (D) (D) = V().
The covariant derivative D¢ is:
.17 .Y
The Higgs field ¢ is an SU(2) doublet:

(p+
0]

<
Il

The Higgs potential V (¢) is:

V(p) =i’ p+A9T¢)%.

Higgs mechanism and spontaneous symmetry breaking

The Higgs mechanism explains how the W and Z bosons acquire mass through spon-
taneous symmetry breaking of the electroweak symmetry. The Higgs field ¢ acquires a

non-zero vacuum expectation value (VEV):

1 (0
() =

Sl

v
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where v = 246 GeV is the VEV of the Higgs field. The potential V' (¢) has a minimum at

o'p= ”72, as shown in Figure 2.3. When the Higgs field takes its VEV, the SU2); x U(1)y

Fig. 2.3 Higgs potential V (¢b) with a minimum at ¢'¢p = ”72

symmetry is spontaneously broken down to U(1)en,, the gauge symmetry of electromag-
netism. Three of the four degrees of freedom in the Higgs doublet become the longitudinal
components of the W and Z bosons, giving them mass. The remaining degree of freedom
manifests as the physical Higgs boson.

The masses of the W and Z bosons arise from the interaction between the gauge fields
and the Higgs field. The charged W bosons (W*) acquire mass through the term involving
the Higgs VEV:

(D) (D (b))

Expanding the covariant derivative:

Doy = [0, — i T“Wa . ,YB 110
2 27" vz,

The term %ngl} - %ngﬁ gives rise to the mass of the W bosons:



56 Theory framework

The neutral Z boson acquires mass similarly, but involves a mixture of W3 and B:
Z, = cosby Wﬁ’ —sinfw By,

where 0y is the Weinberg angle. The mass of the Z boson is:

M, =
z 2

The photon remains massless because the corresponding combination of W3 and B:
. 3
Ay= smHWW“ +cosOw By,
does not acquire a mass term from the Higgs mechanism.

Generation of fermion masses

The masses of the fermions (quarks and leptons) in the Standard Model are generated
through their interactions with the Higgs field. This mechanism, known as the Yukawa
interaction, couples the fermions to the Higgs field, leading to mass terms once the Higgs
field acquires a VEV. The Yukawa interactions describe the coupling between the Higgs
field and the fermions. The relevant terms in the Lagrangian for a single generation of

quarks are:

Lyukawa = —YuQrPur — yaQrpdr +h.c.

Qy is the left-handed quark doublet:

ur

QL=
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ug and dp, are the right-handed up-type and down-type quark singlets, respectively. y, and
ya are the Yukawa coupling constants for the up-type and down-type quarks, respectively.

Recall the VEV of the Higgs field:
1 (0

<¢>=\/§ o

Substituting the VEV of the Higgs field into the Yukawa Lagrangian, we obtain the mass

terms for the quarks:

0 A
Lyukawa = —YuQL Uur—yaQr v2 dr+h.c.
1%
i 0
This simplifies to:
Yul _ Yav

Pukawa = _EULUR - ECZLdR +h.c.

The terms ii; ug and d; dy are Dirac mass terms for the up-type and down-type quarks,

respectively. Identifying the mass terms, we have:

Yul Yav
my=-—, mg=-—.
V2 V2
Thus, the masses of the quarks are proportional to their respective Yukawa couplings.
The generation of lepton masses follows a similar process, the Yukawa interactions for
the leptons are given by:

Pyukawa = _J/eI:L(,beR +h.c.

where L; is the left-handed lepton doublet:

VelL

er
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where y, is the Yukawa coupling constant for the electron. Substituting the VEV of the

Higgs field into the Yukawa Lagrangian for leptons, we get:

_ 0
Pyukawa = —YelL er+h.c.
v

V2

This simplifies to:

Vel _
Pyukawa = ———¢€rer +h.c.

V2
The term e ep is a Dirac mass term for the electron (or charged lepton), and the mass of

the electron is:
Vel

Me="—.
V2

Therefore, the mass of the electron (or any charged lepton) is also proportional to its

respective Yukawa coupling.

2.2 A gravitational extension to the Standard Model

One potential extension for the SM to describe gravitation is proposed by Lisa Randall and
Raman Sundrum [5], exploring the framework of a new higher-dimensional mechanism
for solving the hierarchy problem [14]. This model proposes a geometric solution to the
hierarchy problem and predicts the existence of Kaluza-Klein (KK) Graviton modes [15].
Detailed explanations of technical aspects discussed briefly below can be found in ref. [5,
14, 15]. The Randall-Sundrum (RS) model provides a geometric interpretation of the
hierarchy between the gravitational scale, Mp ~ 10'8GeV, and the weak scale, My ~
102 GeV. In this model, the background geometry is a five-dimensional Anti-de Sitter
space (AdSs), characterised by a constant negative curvature, and is truncated by two four-
dimensional Minkowski branes separated by a fixed distance [14]. The model assumes

that all relevant parameters arise naturally from various powers of the five-dimensional
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fundamental scale, M5 ~ Mp. In the RS framework, the SM fields are confined to one of the
four-dimensional boundaries, commonly referred to as the SM brane. The metric induced
on this brane generates a physical scale A; ~ My, from the five-dimensional fundamental
scale M5, achieved through an exponential geometric warp factor [14]. This warping effect
eliminates the need to introduce large hierarchies, as the exponential factor naturally
bridges the gap between the fundamental and electroweak scales. A key prediction of the
RS model is the appearance of spin-2 resonances, G’ , which represent the Kaluza-Klein
(KK) excitations of the five-dimensional Graviton. The masses and couplings of these
resonances are determined by the physical scale A;, making them potentially significant
for processes occurring at the weak scale.

The RS model involves a 5D spacetime with the following metric:
ds® = e‘zml‘p'nwdx“dxv —rid¢?,

where k is a scale of order the Planck scale. 7, is the 4D Minkowski metric. ¢ is the

coordinate of the extra dimension, ranging from —n to 7. In this space, four-dimensional

=2krelgl

mass scales are related to five-dimensional mass parameters and the e , the warp

factor. In the RS model, the Graviton field h,y(x,¢) can be expanded in terms of KK

modes:
00 =2krelpl (1) ((p)
() = Y B (L P

where h,(ﬁ) (x) are the 4D Graviton modes. ¥ (¢)) are the wave-functions of the KK modes

that only depend on the extra dimension, ¢ and r.. y"” (¢)) can be written as:

o2kreldl

Ny

) () = Mn —krelgl
(@)~ o (e ),
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where J; is the I*" order Bessel function. m,, is the mass of the n‘" KK Graviton, and N, is

a normalisation factor, given by:

krem

vV kre

Ny = J2(x).

The effective 4D Lagrangian for the interaction between KK Gravitons and the SM fields is:
— 1 (0) v I & (n)y ppv
‘%eff__[ﬁphuv:r _A_nz_"h'uv]T ,

where TV is the energy-momentum tensor of the SM fields and A, = Mp e ke is the
effective scale on the TeV brane. Studies of the RS model have focused on the Zes interac-
tion. These interactions are only suppressed by A. In this thesis, we focus on the Graviton
coupling to the SM Higgs boson, with low-TeV masses, the production cross section of the
Higgs boson pairs from the KK Graviton resonances is predicted to be significant at the

current energy frontier. The 5D action, which describes gravity in the RS model, is:
Sg = 2M§fd5x\/—GR5,

where M5 is the 5D Planck scale, G is the determinant of the 5D metric Gy, and Rs is
a 5D scalar. Interactions also occur between the G"” resonances arising from the Sg.
The leading term in this self-coupling, in terms of powers of M !, is the triple Graviton
vertex. In four dimensions, this implies that the coupling between three KK Gravitons
(G, G, G}, is governed by powers of A;!, making it the dominant interaction within

the KK Graviton sector.
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2.3 Modelling proton-proton collisions in particle physics

Proton-proton collisions, such as those studied at the Large Hadron Collider, are complex
processes modelled in several stages: parton distribution functions, hard scattering,

parton showering, hadronisation, and underlying events. A typical collision is shown in

Figure 2.4.

Initial State
Hard Scattering

Parton Shower & Hadronization ¢ _ .,

Hadron Decay ° ‘. s
Underlying Event
o~ ./
y
e,
[ ]

Fig. 2.4 Sketch of how a hadron collision is modelled. In particular, one can notice the initial states,
hard scattering, parton shower, hadronisation and the so-called underlying event. From INFN
web-page [16].
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2.3.1 Parton Distribution Functions (PDFs)

Protons are not fundamental particles; they are bound states of uud quarks and gluons,
collectively known as partons. The PDE f;(x, Q?), gives the probability density for finding
a parton of type i (where i could be u,d,s,c, t,b for quarks and g for gluons) with a

momentum fraction x at a scale Q?:

fi(x, Q%) = xq:(x,Q%),

where g;(x, Q) is the number density of partons of type i. The PDFs are extracted from
experimental data and theoretical calculations and are essential for predicting initial
states in collisions. The Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations

describe how PDFs evolve with the energy scale Q?:

o)y 'y (5 o) i
d1ln Q2 _;fx 7Pz] ;’as(Q) fiy,Q9),

where P;;(z, a;) are the splitting functions, which describe the probability of a parton
j splitting into a parton i with a fraction z of the momentum. And a;(Q?) is the strong
coupling constant.

The DGLAP equations can be written in a convolution form, showing the relationship

between PDFs and splitting functions:

0 i( ’ 2)
—];1;(302 =2 (Pij® f;) (x, Q%)

j
where the convolution is defined as:

ld
(Pij® fj) (x, Q% :f Vypij (%,aS(QZ)) iy, Q).

X
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In a proton-proton collision, the differential cross-section for a process pp — X involving

partons i and j can be written as:

do=Y f dix1das fi(x, QO f; Oz, QOG- x,
L]

where dé;;_.x is the partonic cross-section for the subprocess ij — X. One of the
most widely used PDF sets are produced by the NNPDF (NN-based Parton Distribu-
tion Function) collaboration, which uses neural networks to parameterise PDFs [17].
The NNPDF4.0NNLO sets are shown in Figure 2.5 for the PDFs at Q = 3.2 GeV and
Q =100 GeV. This set approximates the PDFs at next-to-next-to-leading order (NNLO) pre-

cision. The latest NNPDF releases incorporate QED corrections, marking a significant step

10- NNPDF4.0 NNLO Q= 3.2 GeV 10- NNPDF4.0 NNLO Q= 100.0 GeV
71 g/10 g/10
\ Uy NDoUy
0.8 d, 081 dy
| S I S
0.6 voa 0.6 v a
Wi g s d
7/ C 7/ C
0.4 0.4
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1073 1072 107! 10° 1073 1072 107! 10°
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Fig. 2.5 The NNPDF4.0NNLO parton distribution functions at Q = 3.2 GeV and Q = 100 GeV [17].

forward [18]. They account for the photon parton distribution function, which, although a
small correction, impacts the momentum fraction carried by the gluon. The collaboration
has made steps towards the next order of precision, approximate N3LO (Next-to-Next-
to-Next-to-Leading Order). The N3LO PDFs includes higher-order corrections in the
PDFs, the predictions improves. The N3LO PDFs are consistent with NNLO results within
uncertainties [19]. A significant milestone achieved by the NNPDF collaboration is the

evidence for intrinsic charm quarks within the proton. The intrinsic charm component
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was disentangled from charm-anticharm pairs arising from high-energy radiation, with a

significance of three standard deviations [20].

2.3.2 Parton shower, hadronisation, and underlying event

After the initial hard scatter, the high-energy partons undergo a cascade of emissions,
producing more partons. This process, described by perturbative QCD, includes both
initial-state radiation (before the collision) and final-state radiation (after the collision).
The parton shower accounts for the sequential splitting of partons, resulting in a multitude
of lower-energy partons. As partons cannot exist in isolation due to colour confinement,
they must transform into colour-neutral hadrons. hadronisation is a non-perturbative pro-
cess where partons combine to form hadrons (e.g., pions, protons). Two common models
used to describe hadronisation are the Lund string model and cluster fragmentation. This
process occurs over a very short distance and time scale, effectively turning the showered
partons into detectable particles. Besides the primary hard scatter, other interactions
occur in the collision, collectively known as the underlying event. This includes additional
soft parton interactions, beam-beam remnants (particles that do not participate in the
hard scatter). The underlying event contributes to the overall activity observed in a col-
lision and must be accurately modelled to distinguish the signal from the background.
Together, these processes transform the initial high-energy partons into a rich final state
of hadrons that experimental detectors can observe and analyse. Understanding each

stage is crucial for accurate simulation and interpretation of collider data.



Chapter 3

The ATLAS detector at the LHC

3.1 CERN and the Large Hadron Collider (LHC)

The European Organisation for Nuclear Research, known as CERN, was founded in 1954
with the aim of establishing a world-class laboratory for particle physics research. Located
on the border between France and Switzerland, near Geneva, CERN was established by 12
European countries to promote scientific collaboration in post-war Europe. Its creation
marked a significant step in fostering international cooperation in the field of fundamental
physics. The modern CERN accelerator complex is shown in Figure 3.1.

CERN'’s early years were marked by the construction of pioneering accelerators, such
as the Synchrocyclotron (SC) [22] in 1957 and the Proton Synchrotron (PS) in 1959 [23].
The SC was CERN’s first accelerator, used for nuclear physics experiments, while the PS,
with a beam energy of 28 GeV, became instrumental in numerous discoveries, including
the observation of neutral currents in 1973. The PS’s success laid the groundwork for more
advanced facilities and experiments.

In 1976, the Super Proton Synchrotron (SPS) [24] began operations, serving both as
a particle accelerator and a storage ring. The SPS played a pivotal role in the discovery

of the W and Z bosons in 1983, work that earned Carlo Rubbia and Simon van der Meer
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The CERN accelerator complex
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Fig. 3.1 The CERN accelerator complex, including the Large Hadron Collider (LHC) and its experi-
ments, taken from [21]

the Nobel Prize in Physics. These discoveries helped confirm the electroweak theory, a
fundamental component of the Standard Model of particle physics.

The Large Electron-Positron Collider (LEP) [25] was a groundbreaking particle ac-
celerator that operated at CERN from 1989 to 2000. Situated in the same 27-kilometre
tunnel that now houses the LHC, LEP was designed to collide electrons and positrons at
high energies to probe the fundamental constituents of matter. The construction of LEP
was a significant engineering and scientific achievement, involving the development of
advanced technologies and large-scale international collaboration. One of the notable

accomplishments of LEP was its precision measurements of the Z boson [26], which
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helped to confirm the electroweak theory. The collider’s ability to produce clean and
precise collisions of electrons and positrons allowed physicists to explore a wide range of
phenomena with unprecedented accuracy. Over its 11 years of operation, LEP produced
a wealth of scientific results that significantly enhanced our understanding of particle
physics and laid the groundwork for future discoveries.

When LEP was decommissioned in 2000, its tunnel was repurposed for the LHC, which
required substantial upgrades to handle the higher energy collisions of protons and heavy
ions. The LHC [3], the most ambitious project at CERN, was officially inaugurated on
October 21, 2008. It is designed to collide protons at unprecedented centre-of-mass
energy levels, reaching up to 13.6 TeV. The LHC’s primary objective is to explore the
fundamental properties of matter and the forces governing the universe that beyond the
Standard Model. The LHC hosts several major experiments, each with specific research
goals and sophisticated detection apparatus. ATLAS (A Toroidal LHC ApparatuS) [27] and
CMS (Compact Muon Solenoid) [28] are general-purpose detectors. These experiments
played a central role in the discovery of the Higgs boson in 2012, a particle essential to the
Standard Model as it provides evidence for the mechanism by which other elementary
particles acquire mass. The LHCb (Large Hadron Collider beauty) [29] experiment focuses
on investigating the differences between matter and antimatter by studying the decays
of particles containing b (beauty) quarks. This research aims to understand why the
universe is dominated by matter rather than antimatter, despite the expectation that both
should have been produced in equal amounts during the Big Bang. ALICE (A Large Ion
Collider Experiment) [30] is designed to study the properties of quark-gluon plasma, a
state of matter thought to have existed shortly after the Big Bang. By colliding heavy ions,
ALICE aims to recreate and analyse this plasma, providing insights into the strong force
that binds quarks and gluons together to form protons and neutrons. TOTEM (TOTal

Elastic and diffractive cross-section Measurement) [31] and LHCf (Large Hadron Collider
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forward) focus on studying forward particles, those that travel close to the beamline, to
gain insights into proton structure and the underlying dynamics of particle collisions.
TOTEM measures the total cross-section, elastic scattering, and diffraction processes,

while LHCf studies particles produced at very small angles to the beam direction.

3.1.1 The operation of the LHC

The LHC’s operational phases have significantly advanced particle physics, combining
upgrades and high-energy collisions to explore the fundamental aspects of matter and the
universe. The ongoing and future upgrades, especially the HL-LHC, promise to further

enhance our understanding and potentially lead to groundbreaking discoveries.

Run 1 (2009-2013)

Run 1 of the Large Hadron Collider (LHC) at CERN began in 2009 and continued until early
2013. During this period, the LHC operated at proton-proton (p-p) collision energies of
7 TeV (2010-2011) and 8 TeV (2012-2013), laying the groundwork for significant scientific
discoveries and establishing the LHC as the world’s most powerful particle accelerator.
The most notable achievement of Run 1 was the discovery of the Higgs boson [32, 33]
in July 2012 by the ATLAS and CMS experiments. This discovery confirmed the last
missing component of the Standard Model of particle physics and garnered the 2013
Nobel Prize in Physics for theorists Francois Englert and Peter Higgs. Run 1 also involved
extensive searches for new physics beyond the Standard Model, including searches for
supersymmetry (SUSY) and extra dimensions, although no definitive evidence was found.
Lead-lead (Pb-Pb) and proton-lead (p-Pb) collisions were also conducted during Run 1.
Run 1 marked the successful commissioning of the LHC’s complex systems, including its
superconducting magnets, cryogenics, and detectors. Significant advancements in data

acquisition and analysis techniques were developed, setting the stage for future runs.
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Long Shutdown 1 (2013-2015)

Following the successful completion of Run 1, the LHC entered Long Shutdown 1 (LS1)
from early 2013 to early 2015. During this period, significant maintenance and upgrades
were carried out to prepare the LHC for higher energy collisions and increased luminosity
in subsequent runs. LS1 involved enhancements to the accelerator’s magnets, cryogenics,

and beam instrumentation, ensuring improved performance and reliability.

Run 2 (2015-2018)

The LHC resumed operations in 2015 with Run 2. This phase saw the LHC operate at
the higher energy of 13 TeV, leading to further significant discoveries and more precise
measurements of the Higgs boson and other Standard Model particles [1]. The increased
energy and luminosity provided new opportunities to search for physics beyond the

Standard Model, although no new particles were discovered.

Long Shutdown 2 (2019-2021)

Following Run 2, the LHC entered Long Shutdown 2 (LS2) for maintenance and upgrades
to prepare for even higher luminosity operations. The upgrades aimed to enhance the
performance of the accelerator and detectors [34], ensuring improved data quality and
higher collision rates. The COVID-19 pandemic had a notable impact on CERN’s LS2. The
pandemic necessitated strict health and safety measures, significantly affecting on-site
work. CERN implemented remote working protocols and minimised on-site activities to
protect staff and contractors. These disruptions caused delays in the planned maintenance
and upgrades to the LHC and associated experiments. Despite these challenges, CERN
managed to continue essential work, ensuring that critical upgrades were completed,

albeit on a postponed schedule.
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Run 3 (2022-present)

Run 3 began in 2022, operating at 13.6 TeV with further optimised conditions. This phase
focuses on collecting more data to enhance the precision of existing measurements and ex-
plore new potential discoveries. Operating at higher energy required extensive calibration
and tuning of the accelerator components to handle the increased energy and collision
rates effectively. Global supply chain issues delayed the delivery of critical components,
hindering technical improvements and maintenance work essential for efficient LHC
operation during LS2 [35, 36]. Extensive calibration and validation of upgraded detectors
were necessary to ensure accurate and reliable measurements, initially slowing down data
collection. Despite these challenges, the LHC has ramped up its performance as technical
issues are resolved in 2024. The upgraded systems are fully integrated and optimised. In
run 3 the LHC has delivered over 160 fb~! of data to the ATLAS and CMS experiments at

the time of writing, with 101 fb™! collected in 2024 alone.

3.1.2 Future LHC upgrades - The High-Luminosity LHC

The High-Luminosity Large Hadron Collider (HL-LHC) [37] is a major upgrade to the
current LHC, designed to increase its luminosity by a factor of 5-10. Scheduled to start
operations in the late-2020s, the HL-LHC aims to gather approximately 10 times more data
than the existing LHC. This significant increase in luminosity will enhance the potential
for new discoveries and provide more precise measurements of SM phenomena.

The HL-LHC will feature new, stronger superconducting magnets to better focus the
proton beams, increasing the luminosity. Upgraded cryogenic systems will enhance
the cooling power of the accelerator, crucial for maintaining the superconducting state
of the magnets. The ATLAS, CMS, LHCb, and ALICE detectors will undergo significant
enhancements to handle the increased collision rates and data throughput, ensuring

they can capture and process the additional information effectively. Components will
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be upgraded to withstand the higher levels of radiation expected from the increased

luminosity, ensuring the longevity and reliability of the detector systems.

3.1.3 Future collider projects - the Future Circular Collider (FCC)

FCC [38] represents a bold vision for the next generation of particle accelerators, aiming to
build upon the discoveries of the HL-LHC. The FCC is a proposed research infrastructure
that would significantly extend our understanding of fundamental physics by exploring
uncharted energy scales and precision measurements. It is designed to address key
questions that remain unanswered in the Standard Model of particle physics and beyond.
The FCC project encompasses two main collider configurations: the FCC-ee, a high-
luminosity electron-positron collider, and the FCC-hh, a high-energy proton-proton
collider. The FCC-ee is envisaged as a first step, providing precise measurements of the
Higgs boson, W and Z bosons, and the top quark, while the FCC-hh will follow, offering

collisions at energies up to 100 TeV, far exceeding the capabilities of the LHC.

The FCC-ee: A Precision Machine

The FCC-ee collider is designed to operate at various energy stages, initially focusing
on Z boson production with centre-of-mass energies around 90 GeV, and subsequently
increasing to study the W boson, Higgs boson, and top quark at higher energies. With its
unprecedented luminosity and precision, the FCC-ee will provide high-precision meas-
urements of the Higgs boson properties, improved determinations of the W and Z boson
masses and couplings, and detailed studies of the top quark. The FCC-ee’s exceptional pre-
cision will allow physicists to probe for tiny deviations from the SM predictions, potentially

revealing new physics.
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The FCC-hh: Exploring the Energy Frontier

Following the FCC-ee, the FCC-hh collider aims to push the energy frontier to 100 TeV,
offering unprecedented opportunities for discovery. The key objectives of the FCC-hh
include probing the nature of dark matter by potentially producing dark matter particles
through their interactions with SM particles; exploring the Higgs potential and self-
interactions to understand the stability of the Higgs field; searching for new particles
and forces that could manifest at higher energy scales, providing insights into physics
beyond the SM. To achieve these goals, the FCC-hh will require significant advancements
in technology, including the development of stronger superconducting magnets capable
of reaching magnetic fields up to 16 T, and sophisticated detectors designed to handle the

higher energy and luminosity.

3.2 The ATLAS detector

The ATLAS detector [27], installed at Point 1 of the LHC at CERN, is one of the largest
and most complex particle detectors ever constructed. A cut-away view of the ATLAS
detector in Run 3 configuration is shown in Figure 3.2. Its diverse array of sophisticated
sub-detectors captures and analyses the particles produced in high-energy collisions. The
conceptual design of ATLAS began in the early 1990s, with the official Letter of Intent
submitted in 1992 [40] and the Technical Proposal in 1994 [41]. Construction commenced
in the late 1990s, leading to the installation of the detector in its cavern by 2007. The first
proton-proton collisions were recorded in 2009. Over the years, ATLAS has undergone
several upgrades to enhance its performance and accommodate increasing collision rates
and energies. ATLAS comprises several key components designed to work in concert to

achieve comprehensive particle detection and analysis:



3.2 The ATLAS detector 73

barrel New Small Wheel (NSW)
muon chambers muon chambers

barrel toroid magnet

endcap

muon chambers inner detectors

endcap toroid
magnet

endcap calorimeters

barrel electromagnetic calorimeter

solenoid magnet

barrel hadronic calorimeter

Fig. 3.2 Cut-away view of the Run 3 configuration of the ATLAS detector indicating the locations of
the larger detector sub-systems, taken from [39]

 Inner Detector (ID): This component provides precise tracking of charged particle
trajectories and interaction points near the collision vertex. It consists of a high-
granularity silicon Pixel detector, a Semiconductor Tracker (SCT), and a Transition

Radiation Tracker (TRT).

¢ Calorimeters: These measure the energy of particles by absorbing them. The electro-
magnetic calorimeter detects electrons and photons, while the hadronic calorimeter
measures the energy of hadrons. The ATLAS calorimeters use two sampling techno-
logies: liquid argon (LAr) for the electromagnetic calorimeters and all endcap and
forward calorimeters, and scintillating tiles for hadron calorimetry in the central

region.

* Muon Spectrometer: Located outside the calorimeters, this system detects and

measures muons, which are minimally ionising particles that penetrate the inner
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detector and calorimeters. It is based on the magnetic deflection of muon tracks in

a large superconducting air-core toroidal magnet system.

* Forward Detectors: Comprised of four sub-detectors, the forward detectors play
critical roles in measuring luminosity, studying diffractive events, and characterising

the centrality [42] of heavy-ion collisions.

 Trigger and Data Acquisition (TDAQ) System: This system selects events of interest
based on distinguishing characteristics and reads them out for further offline pro-
cessing. It consists of the Level-1 Trigger (L1) and the High-Level Trigger (HLT),
along with the Data Acquisition system that transports data from sub-detector

electronics to offline processing.

The ATLAS detector has been continuously upgraded to maintain its performance under
the increasingly challenging conditions of the LHC. The Phase-I upgrades [43-46], imple-
mented during LS2 from 2019 to 2022, included improvements to the detector subsystems
and their electronics to withstand the high interaction rates expected in Run 3 and beyond.
These upgrades focused on enhancing the trigger system, increasing precision tracking,
and improving calorimetry and muon detection capabilities. In recent years, the LHC
has achieved higher collision energies and luminosities, necessitating further upgrades
to the ATLAS detector. The Run 3 configuration, for example, includes new LAr Calori-
meter digital trigger electronics, an upgraded Muon Spectrometer with new small wheels
(NSWs), and enhanced TDAQ systems to handle the increased data rates and complexity.
The Phase-II upgrades, planned for the HL-LHC era [47-54], will further enhance the
detector’s capabilities to meet the demands of higher luminosities and energies. These
upgrades will include improvements in calorimeters for higher granularity and faster
readout electronics to handle higher collision rates, a complete replacement of the ID
(ITK) that can handle the increased pile-up conditions and radiation dose, upgrades to the

TDAQ system that can handle date rates up to 1 MHz at Level-0 and 400 kHz at Level-1,
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and an upgraded Muon Spectrometer for better coverage and resolution. In the following
sections, we will delve into the key components of the ATLAS detector and their functions

in particle detection and analysis.

3.2.1 ATLAS Coordinate System and Kinematic Variables

ATLAS uses a right-handed coordinate system with its origin at the nominal interaction
point (IP) in the centre of the detector. The axes are defined as follows: the z-axis points
along the beamline. The x-axis points from the IP to the centre of the LHC ring. The y-axis
points upwards, perpendicular to the xz-plane. Cylindrical coordinates (r, ¢) are used in
the transverse plane, where r is the radial distance from the z-axis, and ¢ is the azimuthal
angle around the z-axis. In hadron-hadron collisions, rapidity (y) and pseudorapidity (1)

are used to describe the angle of a particle relative to the beam axis. y is defined as:

1 (E+pz)

=—1
Y 2 " E-p,

where E is the energy of the particle, and p is the component of the momentum along
the beam axis. y is advantageous because differences in y are invariant under Lorentz
boosts along the z-axis, making it a particularly useful variable in hadron collider physics.
7 is a simplified version of y, used when the particle mass is negligible compared to its

momentum. It is defined as:

——ln(tang)
n= ik

where 6 is the polar angle with respect to the beam axis. ) is commonly used in collider
experiments to describe the angular distribution of particles because it is a more conveni-
ent variable than y due to its simpler form, and the fact that it is approximately equal to y
for relativistic particles. The trajectory of a particle is typically described in terms of its

transverse momentum (pr), ¢, 1. pr is particularly important in collider physics because
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itis invariant under boosts along the beam axis, and it is conserved in particle collisions.

pr=1\/pi+ D5,

where p, and p, are the momentum components in the transverse plane.

It is defined as:

3.2.2 Inner Detector

The Inner Detector (ID) [55-57] of the ATLAS experiment is a sophisticated component
designed to provide precise tracking of charged particles originating from the collisions.

A cut-away view of the ATLAS Inner Detector is shown in Figure 3.3. The ID is crucial

Transition Radiation Tracker Transition Radiation Tracker Pixel detector
(TRT) — endcap (TRT) — barrel

Insertable B-Layer
(IBL)

SemiConductor Tracker

(SCT) — barrel
SemiConductor Tracker

(SCT) — endcap

Fig. 3.3 Cut-away view of the ATLAS Inner Detector showing the Pixel Detector, Semiconductor
Tracker (SCT), and Transition Radiation Tracker (TRT), taken from [39].

for reconstructing particle trajectories, measuring momenta, and identifying primary
and secondary vertices. The design and configuration of the ID have evolved to meet the

increasing demands of the LHC. Higher pile-up conditions and radiation levels expected
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in Run 2 and Run 3 have necessitated upgrades to the ID to maintain its performance and
reliability.

The ID is immersed in a 2 T axial magnetic field generated by a central solenoid,
extending over a length of 5.3 meters with a diameter of 2.5 meters [58]. The ID covers the
pseudorapidity range || < 2.5 and is composed of three primary sub-systems: the Pixel

Detector, the Semiconductor Tracker (SCT), and the Transition Radiation Tracker (TRT).

 Pixel Detector [59]: The Pixel Detector provides the highest granularity tracking
close to the interaction point. It consists of three barrel layers and three endcap
discs on each side, with an additional fourth inner layer known as the Insertable B-
Layer (IBL) [60] installed during LS1. The pixels have dimensions of 50 pm x 400 pum,
with the IBL featuring even finer segmentation at 50 um x 250 um. This system
typically provides four precise position measurements per track, aiding in pattern

recognition, accurate vertex reconstruction and b-tagging.

e Semiconductor Tracker (SCT) [61]: Surrounding the Pixel Detector, the SCT ex-
tends the tracking capabilities further from the interaction point. It consists of four
barrel layers and nine endcap discs on each side. The SCT uses silicon microstrip
technology, with strips oriented to measure both radial and azimuthal coordinates,
providing eight measurements per track. The strip pitch is approximately 80 pum,

allowing for high-resolution tracking over a larger volume than the Pixel Detector.

* Transition Radiation Tracker (TRT) [57]: The outermost component of the ID, the
TRT, consists of layers of straw tubes interleaved with radiators that induce transition
radiation when traversed by high-energy electrons. The TRT covers range |n| < 2.0,
offering additional particle identification capabilities through the measurement of

energy deposition in the straws.
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Several upgrades and enhancements have been implemented in the ID for Run 3 to handle
the increased collision energy of 13.6 TeV and the higher luminosity conditions. These
include improvements in detector readout electronics, data acquisition systems, and the
integration of new cooling systems to maintain optimal operational conditions under the
high-radiation environment anticipated during Run 3. The precision tracking perform-
ance of the ID has been pivotal in enabling ATLAS to achieve its broad physics objectives,

from detailed studies of the Higgs boson to searches for new physics phenomena.
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Fig. 3.4 The efficiency to reconstruct charged primary particles in jets with (left) || < 1.2 and (right)
Inl > 1.2 is shown as a function of the angular distance of the particle from the jet axis for various
jet pr for simulated dijet MC events. These figures are taken from [62].

3.2.3 Calorimeters

The ATLAS calorimeter system measures the energies and positions of charged and neutral
particles through interleaved absorber and active layers out to |n| < 4.9. The calorimeter
system is divided into two main types of calorimeters: the Liquid Argon (LAr) [63] calori-
meters and the Tile calorimeters [64], each optimised for different aspects of calorimetry.

A cut-away view of the ATLAS calorimeter system is shown in Figure 3.5.
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Fig. 3.5 Cut-away view of the ATLAS calorimeter system showing the Liquid Argon (LAr) calorimet-
ers and the Tile calorimeters, taken from [39].

Liquid Argon Calorimeters

The Liquid Argon (LAr) calorimeter systems are responsible for high-precision meas-
urements of the energy deposited by electrons, photons, and hadrons. They employ a
sampling technology, where layers of absorbing material are interleaved with active liquid
argon layers. This design allows the calorimeters to measure the energy of particles by
sampling their energy loss as they pass through the detector. It is divided into several

subsystems, each serving a specific purpose:

* LAr Electromagnetic Barrel Calorimeter (EMB): this subsystem covers the central
region of the detector and is designed to measure the energy of electrons and
photons with high precision. The EMB uses lead absorbers and liquid argon as the

active medium.
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* LAr Electromagnetic Endcap Calorimeter (EMEC): extending the coverage to the
forward regions, the EMEC provides similar functionality to the EMB but for particles

emitted at smaller angles relative to the beamline.

* LAr Hadronic Endcap Calorimeter (HEC): located behind the EMEC, the HEC meas-
ures the energy of hadrons. It uses copper absorbers and liquid argon, providing

complementary measurements to the Tile calorimeters in the central region.

* LAr Forward Calorimeter (FCal): positioned in the very forward regions, the FCal is
designed to measure the energy of particles at small angles to the beamline, using a

combination of tungsten and liquid argon.

Tile Calorimeters

The Tile calorimeter system is designed to measure the energy of hadrons and jets in the
central region of the detector. It consists of steel absorbers interleaved with scintillating
tiles. The Tile calorimeter is segmented into three barrel structures. The Central Barrel
(CB) covers the central region around the interaction point and the Extended Barrels (EB),
positioned on either side of the central barrel to extend the coverage. The Tile calorimeter
also uses a sampling technique, with the scintillating tiles producing light when charged
particles pass through them. This light is then collected by photomultiplier tubes (PMTs)
and converted into electronic signals that are processed to determine the energy of the

incident particles.

Calorimeter Upgrades for Run 3

The ATLAS calorimeter system has undergone significant upgrades to enhance its per-
formance for Run 3 [44]. These upgrades include improvements to the readout electronics
and the implementation of a new digital trigger system for the LAr calorimeters. These

enhancements are aimed at handling the higher collision energy and increased luminosity
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expected during Run 3, ensuring that the calorimeter system continues to provide precise
measurements under more demanding conditions. The calorimeters are critical for a wide
range of physics analyses, including the identification and measurement of electrons,

photons, taus, and jets, as well as the calculation of missing transverse energy (E%liss).

3.2.4 Muon Spectrometer

The ATLAS Muon Spectrometer (MS) [65] forms the large outer part of the ATLAS de-
tector, designed to detect charged particles exiting the barrel and endcap calorimeters
in the pseudorapidity range || < 2.7. The primary goal of the MS is to provide precise
momentum measurements and trigger capabilities for muons. A cut-away view of the

ATLAS Muon Spectrometer is shown in Figure 3.6.
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Fig. 3.6 Cut-away view of the ATLAS Muon Spectrometer, taken from [39].

The MS is composed of several layers of different detector technologies, all optimised

for tracking muons through the strong magnetic fields generated by the ATLAS toroidal
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magnet system. The MS is divided into three main regions: the barrel, the endcaps, and

the transition regions between the barrel and endcaps.

 Barrel Region: the barrel region covers the central part of the detector (|| < 1.0) and
consists of three concentric cylindrical layers known as stations. These stations are
equipped with Monitored Drift Tubes (MDTs) for precision tracking and Resistive

Plate Chambers (RPCs) for triggering.

* Endcap Regions: the endcaps extend the coverage of the MS to higher pseudorapid-
ities (1.0 < |n| < 2.7). Each endcap consists of three disc-shaped stations. The
precision tracking in the endcaps is provided by MDTs and Cathode Strip Chambers

(CSCs), while the triggering is primarily handled by Thin Gap Chambers (TGCs).

* Transition Regions: these regions (1.0 < || < 1.4) require special treatment due to

the overlap of the barrel and endcap magnetic fields.

e New Small Wheels (NSWs) [43]: equipped with Small-Strip Thin Gap Chambers
(sTGCs) and Micromegas detectors, the NSWs improve the resolution and redund-

ancy in the 1.3 < |n| < 2.7 region.

The MDTs are the primary technology used for precision tracking within the MS. Each
MDT chamber contains multiple layers of drift tubes, which measure the time taken for
ionisation electrons produced by a traversing muon to reach a central wire. This time
measurement allows for precise determination of the muon’s trajectory. MDTs cover the
entire pseudorapidity range of the MS up to || = 2.7, providing high-resolution tracking
data. RPCs are used in the barrel region for fast muon triggering. They consist of two
parallel plates with a high voltage applied across them. When a muon passes through
the chamber, it ionises the gas between the plates, creating an electrical signal that is
detected and used to generate a trigger. RPCs also provide measurements of the azimuthal

coordinate of muon tracks, aiding in the overall reconstruction process. TGCs are used in
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the endcaps for both triggering and precision tracking. Similar to RPCs, TGCs operate by
detecting ionisation events caused by traversing muons. They are designed to handle the
high particle fluxes present in the endcap regions and are essential for providing rapid
trigger signals to the data acquisition system. CSCs are employed in the innermost endcap
layers where particle fluxes are highest. They consist of a plane of wires sandwiched
between cathode strips. When a muon passes through the chamber, it ionises the gas,
and the resulting electrons are collected by the wires, while the ions induce a signal on
the cathode strips. This configuration allows for precise two-dimensional tracking. The
NSWs, installed as part of the Phase-I upgrades, are designed to handle the high particle
rates and provide improved precision in the forward region. They utilise two types of
detectors: sSTGCs and Micromegas. The sTGCs offer fast response times for triggering,
while the Micromegas provide high spatial resolution for tracking. The combination
of these technologies ensures robust performance in the high-radiation environment
expected during Run 3 and beyond. The MS aims for a stand-alone transverse momentum
resolution better than 15% for 1 TeV tracks, which requires an effective sagitta resolution
of about 75 pm over a large detector volume. This precision is achieved through careful
design and regular upgrades. For Run 3, the MS has undergone significant enhancements,
in addition to NSWs, the MDT readout electronics has been upgraded to handle higher

data rates and improve overall performance.

3.2.5 Forward Detector

The forward detector systems of the ATLAS experiment [67] play crucial roles in measuring
luminosity, studying diffractive events, and characterising the centrality of heavy-ion
collisions. These detectors extend the capabilities of ATLAS by covering the forward
regions, providing essential data that complement the central detector systems. Figure 3.8

shows the layout of the forward detectors in the ATLAS experiment.
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the MS. These figures are taken from [66].
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Fig. 3.8 Layout of the forward detectors in the ATLAS experiment, taken from [39].
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The LUminosity Cherenkov Integrating Detector (LUCID) [68] is located at a distance
of £17 meters from the IP. It is primarily designed to monitor the luminosity online and
offline by detecting inelastic proton-proton scattering events in the forward direction.
LUCID employs Cherenkov tubes filled with C4F}¢ gas, which emit light when traversed
by charged particles produced in collisions. This light is then detected by photomultiplier
tubes (PMTs), allowing for precise luminosity measurements.

The Zero Degree Calorimeters (ZDC) are located at +140 meters from the IP, just bey-
ond where the common straight-section vacuum pipe splits into two separate beampipes.
The ZDC modules consist of alternating layers of tungsten plates and quartz rods, op-
timised for detecting neutral particles at pseudorapidities || = 8.2. The ZDCs play a
crucial role in determining the centrality of heavy-ion collisions, providing insights into
the collision geometry and the energy deposition of forward-going neutrons and photons.

The Absolute Luminosity for ATLAS (ALFA) Roman Pot detector consists of four sta-
tions positioned at +240 meters from the IP. Each station includes two scintillating fibre
trackers housed in Roman pots, which can approach the LHC beam as close as 1 mm.
ALFA is used in dedicated low-luminosity and high-8* runs to measure the total cross-
section for proton-proton interactions through elastic scattering and diffraction studies.
In preparation of Run 3, several upgrades were made to ALFA. The aged readout electron-
ics and scintillating fibres were replaced, and additional shielding walls were installed
to reduce radiation exposure and extend the operational lifespan of the detectors. The
Roman Pot movement system was refurbished, and firmware updates were implemented
for the central trigger processor input module to enhance trigger and readout capabilities
for ALFA-specific runs.

The ATLAS Forward Proton (AFP) detector, part of the Phase I upgrade, is situated
at £205 meters (near stations) and +217 meters (far stations) from the IP. Each station

contains a silicon tracker (SiT) similar to the Insertable B-Layer (IBL) and a Time-of-Flight
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(ToF) detector. The SiT provides precise measurements of the proton trajectories, while
the ToF detector measures the time difference between protons reaching the detectors,
achieving vertex resolution of 3 to 5 mm.

The AFP detector underwent several upgrades during LS2 to prepare for Run 3. These

upgrades included:

* replacement of radiation-damaged silicon detectors with new 3D silicon pixel

tracker modules.
* redesign of the ToF detector to prevent corona discharge issues in vacuum.

 updates to the trigger and readout electronics to improve timing resolution and data

acquisition efficiency.
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Fig. 3.9 Cumulative integrated luminosity delivered to and recorded by ATLAS between 2015 and
2018 during stable beam pp collision data-taking at /s = 13 TeV. This figure is taken from [69].

3.2.6 TDAQ System

The Trigger and Data Acquisition (TDAQ) [70] system of the ATLAS detector is a sophistic-
ated infrastructure designed to manage the immense amount of data generated by particle
collisions at the LHC. Its primary function is to select and record the most interesting

collision events for detailed analysis, thereby enabling the identification of rare physics
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phenomena. A schematic of the ATLAS TDAQ system is shown in Figure 3.10. The ATLAS
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Fig. 3.10 Schematic of the ATLAS Trigger and Data Acquisition (TDAQ) system, taken from [39].

TDAQ system employs a multi-tiered architecture that comprises the Level-1 (L1) Trigger,
the High-Level Trigger (HLT), and the Data Acquisition (DAQ) system. This design allows
for efficient and rapid data processing, ensuring that only the most relevant events are
stored for further analysis.

The L1 Trigger is the first stage in the event-selection process. It operates directly
on the raw data from the detector, using custom-built hardware to analyse data with
reduced granularity. The L1 Trigger must make decisions within a strict latency of 2.5
microseconds to reduce the event rate from the 40 MHz bunch crossing rate of the LHC to
a maximum of 100 kHz. The L1 Trigger comprises the L1 calorimeter triggers and the L1
muon triggers. Both subsystems generate Region of Interest (Rol) signals that guide the
HLT in its more detailed analysis. The HLT is a software-based system implemented on
commercial processors. It performs detailed event reconstruction using the full detector

data, significantly refining the initial L1 selection. The HLT reduces the event rate from
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the L1’s 100 kHz to about 3 kHz for storage. Guided by Rols from the L1 Trigger, the HLT
performs localised and full-event reconstruction. For Run 3, the HLT uses the AthenaMT
software framework, which allows for parallel processing and more efficient resource
use. Sophisticated algorithms, including those for track reconstruction and particle
identification, enhance the precision and efficiency of event-selection. The DAQ system is
responsible for managing data flow from the detector front-end electronics to permanent
storage. It ensures that data from accepted events are properly formatted, transported,

and recorded. Key components of the DAQ system include:

* Readout System (ROS): The ROS collects data from sub-detectors following an L1

accept and buffers it for HLT processing.

e Data Collection Network: This high-bandwidth network facilitates data transfer

from the ROS to the HLT processing farm.

» Data Storage: Events accepted by the HLT are transferred to permanent storage
for offline analysis. The system is designed to handle an average output of 3 kHz,

corresponding to a data throughput of 6 GB/s.

Several upgrades have been implemented in the TDAQ system for Run 3 [45] to cope
with higher luminosities and increased data rates. Upgraded L1 Trigger electronics and
algorithms provide finer granularity and improved selectivity, allowing for better back-
ground rejection and more efficient event-selection. Level-2 (L2) and event filter (EF)
systems used in the previous runs have been integrated into a single HLT framework,
streamlining the data processing pipeline and improving resource utilisation. The com-
putational resources of the TDAQ systems have been expanded to handle the increased
data volume and complexity, ensuring that event reconstruction and selection can be

performed with high efficiency. Enhancements in data management and storage infra-
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structure ensure that the system can handle the increased data volume and maintain data

integrity.

3.3 Object reconstruction and identification in ATLAS

3.3.1 Reconstruction and identification of electrons and photons
Egamma reconstruction

The reconstruction of electrons and photons (collectively known as Egamma) [71, 72] in
the ATLAS detector is a multi-step process that involves the collection of energy deposits
in the electromagnetic calorimeter and matching these deposits to tracks reconstructed
in the ID. The energy of electron and photon candidates is reconstructed by clustering
the energy deposits in the cells of the EM calorimeter. The algorithm used is optimised
to handle the different shower shapes and energy distributions of electrons and photons.
Superclusters are formed by combining clusters from the presampler and multiple calori-
meter layers, using a boosted-decision-tree (BDT) regression algorithm to optimise the
energy measurement. This approach accounts for variations in the particle’s incident
angle and position within the detector. For electrons, the energy clusters are matched to
tracks reconstructed in the ID. The matching is based on the consistency between the
cluster position and the extrapolated track position at the calorimeter. A combination of
criteria, including the ratio of the track momentum to the cluster energy (E/p) and the
shower shape, is used to enhance the identification efficiency and purity. This matching
process helps distinguish electrons from hadronic background and photon conversions.
Photons are identified through their characteristic energy deposits in the EM calorimeter.
Unconverted photons, which do not interact in the ID, are identified purely based on the
calorimeter information. Converted photons, which produce an electron-positron pair

in the ID, require reconstruction of the conversion vertex and matching of the resulting
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tracks to the calorimeter clusters. The photon identification criteria involve isolation

requirements and shower shape variables to reduce background from neutral hadrons

and jets.
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Fig. 3.11 Identification efficiencies of electrons from Z — ee decays as a function of the electron’s
transverse momentum for the different identification working points. This figure is taken from [72].

Egamma calibration

The calibration of electron and photon energies [73] is crucial for achieving precise meas-
urements required for ATLAS physics analyses. The calibration procedure involves several
steps to correct for detector response variations and ensure consistency between data
and simulation. The EM calorimeter is segmented into longitudinal layers, each of which
responds differently to incident particles. The first step in the calibration process in-
volves correcting the energy response of each layer to account for these variations. This is
achieved using detailed simulations and data-driven techniques to ensure accurate energy
measurements across the detector. A simulation-based BDT regression algorithm is used
to combine the energy deposits from different calorimeter layers and the presampler.

This algorithm is trained to optimise the energy measurement separately for electrons,
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converted photons, and unconverted photons, considering the particle’s position and
angle of incidence. The simulation-based calibration is applied uniformly to data and
simulated events. Several corrections are applied to account for residual differences
between data and simulation. These include adjustments for non-uniformities in the
detector response, variations in the high-voltage settings, and corrections for biases in-
troduced by the liquid-argon calorimeter electronics. The stability of the calorimeter
response over time and across different detector regions is also monitored and corrected
as necessary. The final calibration step involves adjusting the global energy scale using
samples of Z — ee events. The peak of the reconstructed Z boson mass is aligned between
data and simulation to ensure consistency. This step also includes smearing the energy
resolution in the simulation to match that observed in the data, thereby correcting for
any discrepancies in the detector’s energy response. Photon-specific calibration steps
are needed to account for differences in the lateral development of electron and photon
showers. Corrections are derived from studies of out-of-cluster energy leakage and the
modelling of photon reconstruction efficiencies. These corrections ensure that the energy
measurements for photons are as precise as those for electrons.

The calibrated energy measurements are validated using independent data samples,
such as J/y¢ — ee and Z — lly events. The systematic uncertainties associated with the
calibration are thoroughly evaluated, accounting for factors such as the passive material

model, the electronic noise, and the pile-up conditions.

Neural Network (NN) based electron identification

Two significant developments in this area are the use of Deep Neural Networks (DNNs) [74]
and Convolutional Neural Networks (CNNs) [75] for electron identification. The DNN-
based electron identification algorithm leverages high-level discriminating variables de-

rived from the reconstructed electron track and calorimeter energy deposits. The DNN
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algorithm enhances electron identification performance by optimising the correlations
between input features, which are often neglected in traditional likelihood-based ap-
proaches. By performing multinomial classification, the DNN can categorise electron
backgrounds into several classes, such as electrons from heavy-flavour decays or light-
flavour hadrons, enabling targeted background rejection. This approach has demon-
strated a significant increase in combined background rejection, with improvements
ranging from 1.7 to 5.5 times compared to previous methods for a fixed signal efficiency.
The CNN-based algorithm further refines electron identification by processing low-level
detector information, such as calorimeter cell energy deposits, which are treated as images.
The CNN architecture is specialised in image recognition, allowing it to effectively ana-
lyse the spatial patterns of energy deposits. This algorithm integrates high-level features
used in DNNs and additional tracks matched to electron candidates, which enhances its
performance. The CNN has shown remarkable improvements in background rejection,
particularly for light-flavour hadrons and electrons from photon conversions. For instance,
it achieves background rejection factors up to five times better than the likelihood-based
method for charged hadrons faking electron signatures. The CNN'’s ability to output a
vector of probabilities for different electron classes further enhances its flexibility and
accuracy in various analyses.

These advancements are crucial for enhancing the precision of physics analyses con-
ducted at the ATLAS experiment, particularly those involving multiple leptons or requir-
ing stringent electron background rejection. In the future, these neural network-based
approaches will continue to evolve, potentially incorporating real data for training to over-
come simulation biases and improve generalisation to actual collision events. Adversarial
training techniques might also be employed to mitigate differences between simulated
and real data, further refining the performance of electron identification algorithms in

ATLAS.
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3.3.2 Jetreconstruction

Jets are collimated streams of particles that result from the hadronisation of quarks and
gluons produced in high-energy processes. As a direct consequence of the running of the
strong coupling constant, and the QCD colour confinement, when quarks and gluons are
produced in a collision, they cannot exist freely. Instead, they fragment into a cascade
of hadrons, predominantly pions and kaons, which cluster together to form jets. The
ATLAS experiment employs sophisticated jet reconstruction techniques to accurately
identify and measure jets. The reconstruction processes have evolved to utilise both
calorimetric and tracking information, enhancing the precision and robustness of jet
measurements. The two primary methods are based on calorimeter information and the
particle flow (PFlow) algorithm [76], both of which use the anti-kt algorithm [77] with a
radius parameter R = 0.4. A larger radius parameter (R = 1.0) is used for large-radius jets

optimised for boosted object identification [78].

Calorimeter-based jet reconstruction

In the calorimeter-based method, jets are reconstructed using three-dimensional topolo-
gical clusters (topo-clusters) [79, 80] of calorimeter cells. These cells are grouped together
based on their energy depositions and spatial proximity using a nearest-neighbour al-
gorithm. The energy of these clusters is initially calibrated to the electromagnetic (EM)
energy scale, which is suitable for measuring energy depositions from electromagnetic
showers. Only positive-energy topo-clusters are used as inputs to the jet reconstruction.
An origin correction is applied to each topo-cluster to account for the position of the
primary vertex, ensuring that the jet’s energy and direction are accurately determined
with respect to the event’s primary vertex.

EMtopo jets, reconstructed using origin-corrected EM scale topo-clusters, were the

primary jet definition used in ATLAS physics analyses conducted in Run 2. These jets
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exhibited robust energy scale and resolution characteristics across a wide kinematic
range and were independent of other reconstruction algorithms such as tracking at the

jet-building stage [81].

Particle Flow (PFlow) algorithm

The particle flow algorithm aims to improve jet reconstruction by combining measure-
ments from both the tracking and calorimeter systems [81]. This approach reconstructs
individual particles by replacing the energy deposited in the calorimeter by charged
particles with the momenta of tracks matched to those deposits. The PFlow algorithm

uses the following steps:

* Track Selection: Tracks are selected based on quality criteria, such as a transverse
momentum (pr) threshold of 500 MeV and a distance of closest approach to the
primary vertex along the z-axis less than 2 mm. This selection helps to suppress

pile-up contributions by rejecting tracks not associated with the primary vertex.

* Energy Subtraction: The energy deposited by charged particles in the calorimeter is
subtracted, and the corresponding track momenta are used instead. This subtrac-

tion is carefully managed to avoid removing energy deposited by other particles.

e Topo-Cluster Adjustment: The 1 and ¢ coordinates of topo-clusters are recom-
puted with respect to the primary vertex position. This adjustment ensures that the

reconstructed jets are aligned correctly with the hard-scatter interaction.

PFlow jets, formed from these combined signals, exhibit improved energy and angular
resolution, reconstruction efficiency, and stability against pile-up effects compared to jets

reconstructed using calorimeter information alone.
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Jet calibration and performance

Calibration of the reconstructed jets involves several steps to ensure their energy scale
matches the particle level [81, 82]. Firstly, pile-up corrections remove excess energy due
to additional proton-proton interactions within the same or nearby bunch crossings.
They consist of a jet area-based correction and a residual correction derived from Monte
Carlo (MC) simulations. The second step is the absolute energy scale calibration, this step
corrects the jet energy and direction to match those of particle-level truth jets. It is typically
derived from dijet MC events. Then, the global sequential calibration process reduces
the dependence of the reconstructed jet response on tracking, calorimeter, and muon
chamber information, further refining the energy resolution and reducing systematic
uncertainties. Finally, the in situ calibration corrects any remaining differences between
data and MC simulation using well-measured reference objects such as photons, Z bosons,
and calibrated jets. The final step is applied to data only. These methods ensure that

ATLAS can precisely reconstruct and measure jets.
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Fig. 3.12 (left) The relative jet energy resolution as a function of pr for fully calibrated PFlow+]JES
jets. The error bars on points indicate the total uncertainties on the derivation of the relative
resolution in dijet events, adding in quadrature statistical and systematic components. The
expectation from Monte Carlo simulation is compared with the relative resolution as evaluated in
data through the combination of the dijet balance and random cone techniques. (right) Absolute
uncertainty on the relative jet energy resolution as a function of jet pr. Uncertainties from the two
in situ measurements and from the data/MC simulation difference are shown separately. These
figures are taken from [81].



96 The ATLAS detector at the LHC

Large-radius jets

Large-radius jets are specifically optimised to identify highly boosted topologies, partic-
ularly those involving boosted objects such as W, Z, and Higgs bosons, as well as top
quarks [83]. These jets are typically reconstructed using the anti- k; algorithm with a large
radius parameter (R = 1.0). The substantial radius allows the jet to capture more of the ra-
diation and decay products from highly boosted massive particles, thus providing a clearer
insight into their substructure. In Run 2 and Run 3, the unified flow objects (UFOs) [84, 85]
have been developed to address the need for a jet input object that combines desirable as-
pects of PFlow and Track-CaloClusters (TCC) [84] reconstruction. This integration aims to
further optimise performance metrics, such as jet energy resolution and pile-up stability,
across the full kinematic range. The UFO reconstruction process begins with the standard
ATLAS PFlow algorithm. Charged PFlow objects (PFOs) matched to pile-up vertices are
removed, ensuring that only relevant tracks from the primary vertex are considered. The
remaining PFOs are categorised into three category: neutral PFOs, charged PFOs used for
subtracting energy from a topocluster, and charged PFOs in dense environments. In these
dense environments, charged particles produced in regions is very high, the detector may
encounter challenges in isolating individual particle signals, and as a result, no energy
subtraction is performed for these PFOs. Jet-input-level pile-up mitigation algorithms,
such as Constituent Subtraction (CS) and SoftKiller (SK) [86], are applied to neutral PFOs
to further reduce pile-up effects. A modified version of the TCC splitting algorithm is then
applied, using only tracks from the primary vertex to avoid pile-up instabilities. Tracks
used for PFlow subtraction are excluded from this step, as their contributions have already
been subtracted. UFOs demonstrate improved tagging performance across both low and
high pr ranges, showing superiority over TCC jets at high pr and becoming comparable
to PFlow jets at lower pr. Due to the inclusion of only charged-particle tracks matched

to the primary vertex, UFOs exhibit natural stability against pile-up, similar to the PFlow
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algorithm. Additional stability is provided by input-level pile-up mitigation algorithms
applied to neutral particles. UFOs offer an improved jet mass resolution compared to
existing large-R jet definitions, with up to a 45% improvement at high pr for signal jets.
However, the calibration process for UFOs is more complex due to the need to account
for various factors such as the pile-up contribution and the energy scale of different

components [78].

3.3.3 Missing transverse energy (EX*) reconstruction

Missing transverse energy, also referred to as missing transverse momentum, serves as a
proxy for the transverse momentum carried by undetected particles, which can be indic-
ative of phenomena such as neutrino production within the SM or potential new physics
scenarios like dark matter. The reconstruction of EITniSS [87] involves the combination of
multiple detector inputs, including calibrated electrons, muons, photons, hadronically
decaying 7-leptons, hadronic jets, and soft activity from remaining tracks. This process
is inherently complex due to the need to avoid double-counting of momentum and to

accurately represent the event’s transverse momentum balance.

ET"® reconstruction

The reconstruction process of E}ni“ in ATLAS is divided into two main components:

e Hard Term ( pl%ard): This includes signals from well-reconstructed and calibrated

hard objects such as electrons, photons, 7-leptons, muons, and jets. Each of these

objects is carefully selected and calibrated to ensure accurate measurement.

soft

) This consists of contributions from tracks associated with the

e Soft Term (p
primary interaction vertex but not associated with any hard object. The soft term
helps capture the residual transverse momentum in the event that is not accounted

for by the hard objects.
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To form the E%’iss vector, these components are combined as follows:

EI]I}iSS - _ (Z ElTlard + ZE%oft)

where the sums run over all selected hard objects and soft tracks, respectively. One of the
key challenges in E%ﬁss reconstruction is avoiding double counting of detector signals. This
is managed through a signal ambiguity resolution procedure that ensures each detector
signal contributes to only one hard object. The procedure priorities signals by a set of

criteria, detailed in [88]

E7"** calibration

ATLAS has defined several E%’iss working points, each with varying levels of stringency on
jet selections to manage pile-up and other sources of fake E%liss. These working points
range from loose to tenacious, with the latter offering the highest resilience to pile-up by
applying more stringent requirements on jets, particularly in the forward region of the
detector. The performance of E‘Tniss reconstruction is evaluated using both real data and
MC simulations. The key metrics for performance include the resolution of E%‘iss and its
systematic uncertainties. The resolution is typically assessed in events with well-known
kinematic properties, such as Z — ¢* ¢~ decays, which provide a clean sample with no true
E;niss. The adoption of a particle flow algorithm, which combines calorimeter and tracking
information, improves the resolution of jets. This, in turn, facilitates dynamic E%niss
reconstruction that adapts based on the chosen hard objects in an analysis. Systematic
uncertainties are thoroughly evaluated for both the hard and soft components of EITniSS.
Recent studies have shown significant reductions in scale and resolution uncertainties,

thanks to improved calibration techniques and better handling of pile-up effects.
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Fig. 3.13 The p™s and p;,niss resolution for different pITniSS working points as a function of interac-

tions per bunch crossing (left) or number of primary vertices (right). PFlow jets are used on SM
MC simulations with Z — pu events. These figures are taken from [87].

3.3.4 Jetflavour tagging

The ATLAS experiment employs a sophisticated array of algorithms for identifying jets
containing b-hadrons (b-jets) and c-hadrons (c-jets), commonly referred to as flavour-
tagging algorithms [89, 90]. The core of these algorithms lies in exploiting the unique
characteristics of b- and c-hadrons, such as their long lifetimes, high masses, and complex
decay patterns, to distinguish them from jets originating from lighter quarks. Specialised
flavour tagging is also designed to identify large-radius jets originating from boosted Higgs
bosons decaying into pairs of bottom quarks (H — bb) and charm quarks (H — ¢¢) [91,
92]. The latest developments in jet flavour tagging employ Graph Neural Networks to

enhance performance [90, 92].

DLI1r taggers

The Run 2 flavour-tagging strategy of ATLAS is based on a two-stage approach. The first

stage involves low-level taggers that reconstruct specific features of heavy-flavour jets
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using two complementary methods: track-based and vertex-based approaches. Track-
based algorithms analyse the properties of individual charged-particle tracks associated
with a hadronic jet, while vertex-based algorithms focus on reconstructing displaced

vertices from these tracks. Key low-level taggers include:

e Impact Parameter Algorithms (IP2D, IP3D) [93]: These algorithms utilise the im-
pact parameters of tracks, which are the distances of closest approach of tracks
to the primary vertex. IP2D and IP3D calculate likelihood ratios from the track
impact parameter significances, with IP3D additionally considering the 3D impact

parameter.

* Secondary Vertex Finder (SV1) [94]: This algorithm reconstructs secondary vertices
within the jet by combining tracks that originate from a common point away from
the primary collision vertex. It enhances pile-up rejection and overall performance

at high jet pr through advanced track-cleaning and vertexing techniques.

* JetFitter [95]: This algorithm aims to reconstruct the entire decay chain of b-hadrons
within the jet by employing a topological vertex finding approach. It identifies

multiple vertices and uses a Kalman filter to improve vertex reconstruction.

* RNNIP: A track-based Recurrent Neural Network (RNN) that utilises the sequential

nature of track hits to improve the identification of b- and c-jets.

The outputs of the low-level taggers are then fed into high-level taggers, which are mul-
tivariate classifiers designed to maximise flavour-tagging performance. The primary
high-level tagger used during Run 2 is the DL1 [93] algorithm series, which employs
deep learning techniques. DL1 Combines the outputs of IP2D, IP3D, SV1, and JetFitter
using a feed-forward neural network. DL1r [93]is an enhanced version of DL1 that also
incorporates the RNNIP outputs. DL1r significantly improves the tagging performance by

leveraging the low correlation of RNNIP outputs with other taggers. The performance of
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flavour-tagging algorithms is evaluated in terms of their efficiency to correctly identify
b-jets (ep) and their ability to reject light-flavour jets and c-jets. The DL1d tagger achieves
a light-flavour jet rejection factor of 170 and a charm-jet rejection factor of 5 at a b-jet
identification efficiency of 77%. For charm-jet identification, DL1r achieves a light-flavour
jet rejection factor of 70 and a b-jet rejection factor of 9 at a charm-jet efficiency of 30%.
The flavour-tagging performance is further assessed across various jet p and |n| ranges,
and by ensuring robustness against pile-up interactions. The algorithms maintain con-
sistent performance even with increased pile-up, showing minimal variation in b-tagging

efficiency and background rejection factors across different collision environments.

GNN-based tagger

In Run-3, ATLAS will implement a novel jet tagger using a Graph Neural Network (GNN)
architecture known as GN1 [90, 92]. This advanced method represents a significant
departure from traditional flavour tagging approaches, relying on its ability to process
information from a variable number of charged particle tracks within a jet without in-
termediate low-level algorithms. Here, we detail the architecture, implementation, and
performance of the GNN-based taggers.

GN1 utilises a sophisticated GNN layer combined with auxiliary training objectives.
The primary goal is jet flavour classification, identifying whether jets originate from b-
or c-quarks. GN1 employs a fully connected graph where each node represents a track
within the jet. These nodes are characterised by feature vectors derived from a per-track
initialisation network, which then interact within the graph to predict jet flavour, track
origins, and vertex groupings. GN1 demonstrates superior performance compared to the
current DL1r tagger across various metrics. For jets within the ¢f sample with transverse
momentum (p7) between 20 and 250 GeV, GN1 improves light-jet and c-jet rejection by

factors of approximately 1.8 and 2.1, respectively, at a 70% b-jet tagging efficiency. In the
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higher pr range (250 < p7 <5000 GeV) from the Z’ sample, these improvements rise to
factors of around 6 for light-jet rejection and 2.8 for c-jet rejection at a b-jet efficiency of
30%. This method’s inclusive reconstruction efficiency in b-jets reaches approximately
80%, indicating its robust capability to identify displaced vertices from b-hadron decays.
GN1 represents a significant advancement in jet flavour tagging for the ATLAS experiment,
offering improved performance and flexibility. By eliminating the dependence on low-
level algorithms and employing a unified GNN approach, GN1 not only enhances the
efficiency of b- and c-jet identification but also simplifies the optimisation process for

various tagging applications.
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Fig. 3.14 The GN2 c-jet (left) and light-jet (right) rejections as a function of the b-jet tagging
efficiency for jets in the ¢# sample with 20 < pr < 250 GeV. The ratio with respect to the performance
of the DL1r algorithm is shown in the bottom panels. These figures are taken from [90].

GNN-based flavour tagging for large-R jets

In Run 3, ATLAS advanced its flavour tagging capabilities with the development of the
GN2X [92] algorithm, designed to identify large-radius jets originating from boosted Higgs
bosons decaying into pairs of bottom quarks (H — bb) and charm quarks (H — c¢¢). The

GN2X algorithm leverages recent advancements in GNNs and transformer architectures,
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providing significant improvements in background rejection and tagging efficiency com-
pared to previous methods.

The base GN2X model takes three large-radius jet variables and 20 track variables as
inputs. Up to 100 tracks per jet are considered, sorted by decreasing transverse impact
parameter significance to prioritise tracks from displaced vertices. The GN2X architecture
utilises a transformer network with multiple encoder blocks and attention heads [96, 97]
to process the track representations. This setup allows the model to capture complex
relationships among tracks and derive a global jet representation for classification. In
addition to the primary jet classification task, GN2X includes auxiliary training objectives
for track origin classification and vertex grouping, enhancing the model’s ability to identify
displaced vertices and improve tagging performance. GN2X achieves significant improve-
ments in background rejection compared to previous taggers in H — bb tagging. At a 50%
H(bb) tagging efficiency, GN2X provides a background rejection factor of 40 for jets from
top quark decays and 300 for multijet events. This represents a factor of 1.6 improvement
in top jet rejection and a factor of 2.5 improvement in multijet rejection compared to the
baseline tagger Dy [89]. For H(cc) tagging, GN2X offers substantial enhancements in
rejecting background jets, including those from H(bb) decays. At a 50% H(c¢) tagging
efficiency, GN2X achieves a factor of 3 improvement in top jet rejection, a factor of 5
improvement in multijet rejection, and a factor of 6 improvement in H (bb) rejection.
GN2X maintains stable tagging efficiency across the entire transverse momentum (pr)
spectrum of the jets. At a 50% H(bb) efficiency working point, GN2X shows consistent
performance, significantly outperforming the baseline taggers across all pr ranges. The
algorithm exhibits less efficiency drop-off at high pr compared to previous methods,

ensuring reliable performance even for high-energy jets.
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Fig. 3.15 GN2x top and multijet rejections as a function of the H — bb efficiency for jets with pt >
250 GeV and mass (50 GeV < m; < 200 GeV). Performance of the GN2X algorithm is compared to
the previous DXbb tagger and variable-radius subjets baselines. These figures are taken from [92].

3.3.5 Muon reconstruction and identification

The muon reconstruction and identification process [98] involves several sophisticated
techniques that use the capabilities of the ATLAS detector’s subsystems, including the

Inner Detector (ID), Muon Spectrometer (MS), and calorimeters.

Muon reconstruction

Muon reconstruction in ATLAS primarily exploits the characteristics of minimum-ionising
particles. This involves the identification of tracks within the MS or through specific
energy deposits in the calorimeters. The reconstruction process utilises data from both
the ID and MS tracking detectors, with calorimeter information contributing to track
parameter determination and tagging of muon candidates independently from the MS.
The MS Stand-Alone Reconstruction process starts by identifying short straight-line
segments from hits in individual MS stations using a Hough transform. These segments are

combined into track candidates, taking into account the initial pointing constraint and the
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parabolic trajectory of the muon bending in the magnetic field. A global y? fit of the muon
trajectory is then performed, which considers possible interactions with detector material
and misalignments between detector chambers. Outliers are removed, and missing hits
are added to refine the track fit. The final track is extrapolated back to the beam line,
with its pr expressed at the interaction point (IP). Global Muon Reconstruction involves a
combination of information from the ID, MS, and calorimeters. The process follows five
main strategies, resulting in different types of muons: Combined (CB), Inside-Out (10),
Muon-Spectrometer Extrapolated (ME), Segment-Tagged (ST), and Calorimeter-Tagged
(CT) [98]. Each type has its reconstruction pathway, which includes matching MS tracks

to ID tracks, extrapolating ID tracks to the MS, or using calorimeter data to tag muons.

Muon identification

Different WPs are defined based on the required efficiency, resolution, and background
rejection. These criteria are applied to hits in the ID and MS, track fit properties, and
compatibility variables between detector measurements. The WPs are tailored to optimise
performance for various physics analyses, targeting prompt-muon identification, mo-
mentum resolution, and non-prompt muon rejection. The tag-and-probe method uses
dimuon pairs from Z — u*u~ decays to measure reconstruction and identification effi-
ciencies. One muon (the tag) must satisfy stringent criteria and trigger the event-selection,
while the other (the probe) tests the efficiency of specific algorithms. Several probe types
(ID, MS, CT, ST) are used to measure various efficiencies, and a matching requirement of
AR < 0.05 is applied to ensure accurate efficiency measurements. Efficiency scale factors

are derived to correct simulation data to match real detector performance.
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Fig. 3.16 Muon reconstruction and identification efficiencies for the Loose, Medium, and Tight
criteria. It displays the efficiencies measured in Z — pu events as a function of n, for muons with
pr > 10 GeV. This figure is taken from [98].

Muon calibration

Muon momentum calibration [66] is critical for achieving precise measurements, espe-
cially given the complexities of the detector geometry and alignment. Biases introduced
by residual misalignments in the detector are corrected using a charge-dependent mo-
mentum calibration technique. This method involves analysing the mass of the dimuon
system from Z— u* u~ decays to estimate and correct biases in the muon momentum
scale. The calibration procedure is validated using independent samples of J/y — u*u~
and Y — u*u~ decays. These procedures include detailed studies of detector response,
alignment system uncertainties, and the development of correction factors for both the
ID and MS. The ultimate goal is to minimise the systematic uncertainties and achieve the

highest possible precision in momentum measurement.

3.3.6 71 lepton reconstruction

A 7 lepton has a 35% probability of decaying leptonically to a lighter lepton (7. or 7,)

and two neutrinos. In the remaining 65% of cases a 7 lepton decays hadronically (Thaq)
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to one or more charged hadrons, zero or more neutral hadrons, plus one neutrino. The
leptonically decaying 7 leptons are reconstructed as prompt electrons or muons in the
ATLAS detector with non-zero impact parameters. The visible part of the hadronically
decaying 7 leptons (Thad-vis) are reconstructed and identified using a combination of
tracking and calorimetric information.

A significant portion of this thesis is dedicated to the detailed reconstruction and
identification of Th,4.vis. This constitutes a major part of the research I have been worked
on. The next chapter will delve deeply into this topic, providing comprehensive insights

and methodologies.
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Chapter 4

The 71.4-vis reconstruction and

identification at ATLAS

This chapter describes the reconstruction (TauReco) and identification (TaulD) of hadron-
ically decaying tau leptons (Thaq-vis), largely based on the “Reconstruction, Identification,
and Calibration of hadronically decaying tau leptons with the ATLAS detector for the
LHC Run 3 and reprocessed Run 2 data” [99]. Over the years, TauReco and TaulD has
been significantly improved, starting from a cut-based approach adopted during early
Run 1 [100], to a boosted decision tree (BDT) algorithm from the end of Run 1 [101], and
finally to a recurrent neural network (RNN) algorithm during Run 2 and Run 3 [99]. In the
future, TaulD will be further improved by incorporating more advanced machine learning
techniques such as graph neural networks (GNNs) and transformers. Early results from
the GNN-based TaulD have shown promising performance, with the potential to further

enhance the signal-to-background separation in the Tp,4.vis identification.
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4.1 Thad-vis Feconstruction

The candidates for Th,4.vis are initially seeded by jets formed using the anti- kr algorithm,
which has a radius parameter of R = 0.4. The TopoClusters are calibrated using a local
hadronic calibration (LC). Jets that seed Thaq4.vis candidates must have pt greater than 5
GeV and |n| < 2.5. The pt requirement is applied to the LC energy of the jet, prior to any

JES corrections.

4.1.1 Vertex association

During p-p collisions at the LHC, multiple simultaneous interactions occur, resulting
in the reconstruction of several interaction vertices. Typically, particles are assumed to
originate from the primary vertex, which is defined as the vertex with the highest sum
of the squared transverse momenta of the associated tracks (}_ pZT). However, since tau
leptons decay away from the primary vertex, a dedicated tau vertex association algorithm
(TJVA) is used to identify the correct production vertex for each 7y,4.vis candidate. This
production vertex is then used for 71,,4.vis reconstruction instead of the primary vertex.

The tau production vertex is crucial for calculating quantities such as the impact para-
meter and determining which tracks are associated with the Tp,4.vis candidate. Parameters
of the associated tracks are recalculated relative to the tau production vertex.

For Run 3, the vertexing algorithm has been updated to handle the high pile-up
environment, necessitating a re-tuning of the TJVA. The method is based on the pr fraction

of a given vertex f),:

o= Y pr(tracks associated with the vertex)
pre Y pr(all tracks)

where all tracks within (AR) of less than 0.2 from the seed jet are considered. The vertex

with the highest f,, fraction is chosen as the tau production vertex and is used for de-
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termining the Thaq.vis direction, associating tracks, and building the coordinate system for
calculating identification variables.

The efficiency of selecting the correct tau production vertex compared to the primary
vertex is evaluated as a function of the T,4.vis pr and the average number of simultan-
eous proton-proton collisions ({u)). The tau production vertex consistently shows better
efficiency, especially at low pr.

The Thad-vis four-momentum is calculated by first computing 1 and ¢ of the barycentre
of the TopoClusters of the seed jet, calibrated at the LC scale, assuming a mass of zero
for each constituent. The four-momenta of all clusters in the region AR < 0.2 around
the barycentre are recalculated using the tau production vertex coordinate system and
summed, providing the momentum magnitude and direction of the Ty,4.vis. Figure 4.1
shows the efficiency to select the correct T production vertex using TJVA or the default

primary vertex in y* — 77 events, as a function of (u), taken from [99].
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Fig. 4.1 Efficiency to select the correct T production vertex using TJVA or the default primary vertex
in y* — 17 events, as a function of (u). The left plot shows the efficiency for 1-prong 7,4, while
the right plot shows the efficiency for 3-prong 71,4, taken from [99].
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4.1.2 Track Association

Tracks are associated with the Tp,4.vis candidate if they are within a core region (AR < 0.25)

around the Th,q.vis direction and meet the following criteria:
e pr greater than 1 GeV,
* atleast two associated hits in the pixel layers of the inner detector,
e atleast seven hits in total in the pixel and SCT layers.

Additionally, association requirements are imposed on the distance of closest approach of
the track to the tau production vertex in the transverse plane (IdiAI < 1.0 mm) and lon-
gitudinally (Izg]VA sinf| < 1.5 mm). Tracks in the region 0.25 < AR < 0.4 are also associated

with the Thaq4.visif either:
 they are matched to the 74eq jet by a ghost-particle association technique, or

* the closest jet to the track in terms of AR distance is the Tp,4.vis sSeeding jet.

4.1.3 Track Classification

To correctly establish the charge and the number of charged decay products of a tau
lepton, the tracks that are associated with the tau decay need to be correctly distinguished
from the other tracks associated with the 74¢q. Using a track classifier, tracks that have

passed the TJVA requirements are classified into four categories:
e tau tracks (TT): tracks originating from charged tau lepton decay products.

 conversion tracks (CT): tracks from electrons and positrons that are created from

photon conversion in the detector.

* isolation tracks (IT): tracks likely originating from quark or gluon jets arising from

the remnants of the hard scattering interactions.
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» fake tracks (FT): tracks that do not belong to the previous categories, mainly mis-

reconstructed tracks and pile-up tracks.

A novel approach for the tau lepton track classification using a recurrent neural network
(RNN) [102] has been developed, replacing the previous BDT-based method used during
Run 2. RNNs are specifically chosen for their ability to use bidirectional long short-term
memory (BLSTM) cells, allowing information to be back-propagated, exploiting forward
and backward correlations in sequences of tracks belonging to tau decays.

The network is trained using Keras [103] and TensorFlow [104], applied to sequences
of pr-ordered tracks associated with each 11,4.vis candidate. The training data includes
signal candidates from simulated y* — 77 events and background candidates from dijet
events, with each sample divided into subsets for training, validation, and performance
evaluation. Input variables for the RNN include kinematic, geometric, and detector hit
distribution information for the tracks. The primary measure to evaluate the performance
of the track classifier are the reconstruction efficiency. The reconstruction efficiency is the
efficiency to correctly classify 1- or 3-tracks originating from truth 1-prong and 3-prong ©
leptons. The reconstruction efficiency evaluated as a function of the Thaq.vis pT and {u) is

shown in Figure 4.2.

4.2 Thad-vis Identification and electron-veto

4.2.1 RNN-based identification

During Run 2, a novel Th,q.vis identification algorithm (TaulD) was introduced to separate
true Thag-vis candidates from those misidentified as originating from quark- and gluon-
initiated jets. This algorithm, based on a RNN, utilises information from reconstructed
charged-particle tracks and clusters of energy in the calorimeter associated with Thaq.vis

candidates, along with high-level discriminating variables. Compared to the BDT iden-
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Fig. 4.2 Reconstruction efficiency of the track classifier for 1-prong and 3-prong tj,4.vis candidates
as a function of Thaq.vispr (eft) and (u) (right).

tification algorithm used at the beginning of Run 2, the RNN algorithm improved the
rejection of misidentified Tp,4.vis candidates by 75-100%, depending on the Th,4.vis pr and
the number of tracks.

The RNN architecture used for Th,4.vis identification consists of three input branches.

 Track Variables: this branch processes information related to the tracks associated

with the Tpa4.-viscandidate.

* Cluster Variables: this branch processes information related to the energy clusters

in the calorimeter.

* High-Level Jet Variables: this branch processes high-level observables calculated

from track and calorimeter quantities.

The RNN'’s internal state allows it to process sequences of unknown length, making it
suitable for the variable-length input data associated with Th,4.vis candidates. Each branch
feeds into the RNN, which is trained using simulated samples of Tp,4.vis candidates. The
signal sample consists of Th,4.vis candidates from y* — 77 events, while the background

sample consists of candidates from simulated QCD di-jet events. Reconstructed Thag.vis



4.2 Thad-vis Identification and electron-veto 115

candidates from y* — 77 events are required to be geometrically matched to Tp,q.vis at
the truth level and correctly reconstructed as 1- or 3-prong decays. Reconstructed Thaq.vis
candidates from simulated di-jet samples are required to be reconstructed as 1- or 3-prong
Thad-vis candidates.

The performance of the RNN-based 7h,q.vis identification algorithm is evaluated on
independent test samples of signal and background events. The efficiency of Thaqd-vis
identification is measured as a function of Thaq.vis pr and {(u).

The identification algorithm defines several working points (Very Loose, Loose, Me-
dium, Tight) based on the transformed (flattened) RNN score, which ensures that the
Thad efficiency does not depend on the reconstructed Thaq4.vis pr and (u). The rejection
of misidentified 7y,4.vis candidates, defined as the inverse of the background selection
efficiency, is evaluated for each working point. The combined reconstruction and identi-
fication efficiency of the Tpaq.vis identification algorithm is shown in Figure 4.3. Inverse of
the efficiency (rejection) for misidentified 1-prong and 3-prong 7h,q candidates from dijet
background events as a function of the efficiency for truth 71,4 originating from y* — 17
events is shown in Figure 4.4. Both figures are taken from [99].

The 1144 candidates are further classified into five primary decay modes by a DeepSet
Neural Network (DSNN) [105] algorithm. This method identifies the number of charged
and neutral hadrons from 7 decays. The efficiency matrix for reconstructing the same 7
lepton decay mode as the truth decay mode with DeepSet NN classifier in y* — 77 events

is shown in Figure 4.5.

4.2.2 RNN-based electron-veto

Electrons can be misidentified as Th,4.vis candidates. In some analyses, electrons rep-
resent a significant background contribution even after the suppression of jet-related

backgrounds through kinematic, topological, and tau identification criteria. Despite the
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Fig. 4.3 Combined reconstruction and identification efficiency of the t},4.vis identification al-
gorithm as a function of Thaq.vispr (left) and (u) (right), taken from [99]. The decay of the Thaq.-vis
efficiency in 3-prong Thaq.vis candidates at high 1y,4.vis pr is due to the tracking efficiency in dense
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similarities between electron signatures and 1-prong Thaq4.vis, there are distinctive proper-
ties that can be exploited for discrimination. Electrons are highly relativistic particles that
emit transition radiation when traversing the radiator material surrounding the straws of
the TRT detector. This property, along with the shape of the calorimetric energy deposits
in combination with the track information, provides a basis for discriminating electrons
from Thaq.vis. The ATLAS overlap removal procedure ensures that identified electrons
are not double-counted as Tp,4.vis candidates. However the electron identification is not
perfect, and some electrons may fail the electron identification and still be misidentified
aS Thad-vis-

The BDT-based e-veto algorithm used during Run 2 has been replaced by a novel
approach based on RNN. The updated RNN e-veto offers multiple working points for
different levels of discrimination. The e-veto algorithm is trained using simulated samples
of signal and background candidates. The signal sample is the same as that used for
the TaulD algorithm, while the background sample consists of reconstructed Thaq-vis
candidates from Z — ee processes, required to pass the Medium 1y,,4.vis identification
working point.

Dedicated neural networks are trained separately for 1-prong and 3-prong Thad-vis
cases. The reconstructed pr of the Thaq.vis is used to re-weight the samples, ensuring
no pr-dependent bias in the trained classifier. The training minimises the binary cross-
entropy loss function [106] using stochastic gradient descent (SGD) [107] with momentum
and a step-wise reduction of the optimiser’s learning rate.

The e-veto algorithm’s output score is transformed to provide a uniform efficiency with
respect to pr and 7 of the true Thaq.vis. The algorithm defines three working points (Loose,
Medium, Tight) for different levels of electron rejection efficiency. The performance of
the e-veto algorithm is evaluated on independent test samples, measuring the Thaq-vis

efficiency and electron rejection factor as functions of (u) and the pt of 1-prong and
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3-prong Thad-vis candidates. Figure 4.6 shows the rejection for misidentified 1-prong and
3-prong Thaqd.vis candidates from Z — ee background events as a function of the efficiency

for truth 7,4 originating from y* — 77 events.
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Fig. 4.6 Rejection for misidentified 1-prong and 3-prong 7,4.vis candidates from Z — ee back-
ground events with the e-veto algorithm, as a function of the efficiency for truth 71,4 originating
from y* — 77 events, taken from [99].

4.3 Thad.vis Energy calibration and resolution

The energy calibration of 71,4 involves several steps to ensure accurate measurement of

the visible energy.
* Pre-calibration: initial energy estimates are obtained from the seed jets.

* MC-based corrections: corrections derived from MC simulations are applied to

account for detector response and other systematic effects.

* Boosted regression tree (BRT) refinement: the boosted regression tree algorithm
refines the energy estimates using additional input variables and sequential data

from the RNNSs.
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* Data-driven corrections: final adjustments are made using data-driven techniques,

comparing MC predictions with actual data to ensure consistency and accuracy.

Pre-calibration

Pre-calibration is the initial step in the energy calibration process for Thaq.vis- This step
involves obtaining preliminary energy estimates from the visible decay products of the
tau leptons, utilising data from the calorimeter and tracking systems of the detector. After
the reconstruction of Tj,4.vis candidates, the four-momentum of the 7j,4.vis candidate is
calculated by summing the momenta of all associated clusters and tracks. This preliminary

four-momentum estimate provides the initial energy scale for the tau candidates.

MC-based corrections

The MC-based corrections are derived from detailed simulations that model the inter-
actions of particles within the detector, accounting for various physical processes and
detector effects. The goal of MC-based corrections is to adjust the initial energy estim-
ates obtained during pre-calibration to more accurately reflect the true energy of the tau
leptons.

The energy scale correction adjusts the measured energy to account for systematic
biases in the calorimeter and tracking systems. This ensures that the average measured
energy matches the true energy over a wide range of tau energies. The resolution correc-
tion accounts for the smearing of the energy measurement due to detector resolution
effects. It ensures that the distribution of measured energies around the true energy is
correctly modelled.

The MC-based corrections are derived by comparing the true energy of tau leptons in
the simulation with the energy measured by the detector. This comparison is done as a

function of key variables like pr, ||, and decay mode. The derived correction factors are
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applied to the initial energy estimates of 7},,4 candidates. The corrected energy measure-
ments are validated by comparing key distributions (e.g., invariant mass of tau pairs) in

data and simulation.

BRT refinement

BRT refinement is a sophisticated technique used to enhance the accuracy and precision
of the energy estimates of 7p54. This method applies machine learning to correct residual
biases and improve the resolution of the energy measurements beyond what is achieved
by MC-based corrections alone.

At the core of BRT are decision trees, which are simple predictive models that split
data into subsets based on feature values. Each split is chosen to minimise the error
in predicting the target variable, in this case, the tau energy. Boosting is an ensemble
technique that combines the predictions of multiple weak learners (individual decision
trees) to form a stronger predictive model. Trees are built sequentially, with each tree
correcting the errors of its predecessors.

The energy estimates obtained from pre-calibration and MC-based corrections serve
as the starting point for BRT refinement. The BRT model is trained using the simulated
samples, where the input features (calorimeter and tracking variables) are used to predict
the true tau energy. The model learns to correct systematic biases and improve the
precision of the energy estimates. Once trained, the BRT model is applied to the actual
data. The model takes the MC-based energy estimates and the same set of input features
to produce refined energy predictions for Ty,4.vis candidates. The performance of the BRT
refinement is validated using independent test samples. Key metrics such as the energy
resolution and scale are evaluated to ensure the model’s predictions are accurate and

unbiased.
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Data-driven corrections

The data-driven method is the final step in the calibration process for Tp,4. It involves us-
ing actual collision data to further refine and validate the energy calibration obtained from
MC-based corrections and BRT refinement. This approach helps to correct any discrepan-
cies between simulation and real data, ensuring that the final energy measurements are
as accurate and unbiased as possible [108].

The data-driven method relies on reference processes to calibrate the energy measure-
ments of Th,4.vis candidates. Reference processes, such as well-understood physics decays
like Z — T, Thaq are used as benchmarks to compare data and simulation. The method
exploits the fact that the distribution of the reconstructed visible mass of the 71,4.vis and
muon system, Mmyis, in Z — T, Thaq €vents is sensitive to the differences in energy scale of
the Thad-vis candidates between data and simulation.

The 7 energy scale (TES) correction is parameterised as pr — (1 + a) pr for Thag-vis
candidates, where « is the TES correction factor. The muon energy scale is measured
with high precision with independent methods. In Run 2, the TES correction factor
is determined by minimising the difference between the m,;s distribution in data and

simulation. Specifically, « is determined by minimising

(Nldata _ le.Sig(a) _ Nlpkg)Z

2
X, f) = . ;
; Nda@ 1 f2(ANTE())2 + (AN} <8)2

data/sig/bk:
where Nl.aa SIgIbxe

is the number of events in the i-th bin of the m,;s distribution in data,
signal, or background; ANZ.Slg is the uncertainty in the number of signal events in the i-th
bin; and f is a normalisation factor that accounts for the difference in the total number of

events between data and simulation.



Chapter 5

The muon-removal method for boosted

T, Thad Yeconstruction

5.1 Introduction

The standard ATLAS TaulD algorithm is efficient unless activity from other particles is
found inside the 74eeq jet. One of these cases is when a pair of 7 leptons originates from a
highly boosted resonance and the decay products of the two 7 leptons are reconstructed
within the radius of a single 74eeq jet. The reconstruction and identification of boosted
systems in which both 7 leptons decay hadronically is achieved by searching for hadronic
7-like substructure using a boosted decision tree within a large radius seed jet [109]. In
this chapter, the decay in the 7,Thaq final state is considered.

The minimum ionising nature of the muon and the fact that the muon reconstruction
is independent of its isolation [98] prompt the idea of removing the track and clusters
produced by the muon from the 7eeq jet produced by a boosted 7, Thaq system. The kin-
ematic variables that are subsequently supplied to the TaulD algorithm are re-calculated

without the interference of the muon. The 7,4 reconstructed with this method is denoted

p

as Thad'
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The TN

had method was developed using Monte Carlo (MC) simulated events corres-

ponding to the beyond the standard model (BSM), high-mass Graviton [5] decaying into
two Higgs boson process as signal. However, before using this technique in future searches
for BSM physics, it is important to demonstrate its performance considering a standard
model process. As a benchmark for the new method, the production of two 7 leptons
originating from a highly boosted Z boson decay is used. This process is denoted as
Z — T;Thad-

This chapter is organised as follows. The data and MC samples are described in

[0

had method is described in Section 5.3. The

Section 5.2. The development of the boosted T
analysis methods for the Z — 7,Thaq benchmark are described in Section 5.4. The results
of the Z — 7,Thaq benchmark analysis are described in Section 5.5. The summary and

conclusions are given in Section 5.6.

5.2 Data and simulated samples

5.2.1 Simulated samples for development of the method

MC simulated event samples are used to model the signal and the background to develop

the ‘L'N

haq Method and to evaluate the 7 identification efficiency and background rejection

power. The signal sample consists of BSM Gravitons [5] decaying to a pair of Higgs bosons,
with the hypothetical Graviton mass ranging from 1000 GeV to 5000 GeV. To maximise
the signal statistics, the Higgs boson is constrained to decay to a pair of 7 leptons. The
signal process is denoted by G — HH — 47.

A high-pr, semi-leptonically decaying heavy flavour hadron may produce a detector
signature that has some similarities with the signal sample of boosted 7, Thaq pair systems,

since the invariant mass of the charmed hadron produced in the semi-leptonic decay of a
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B hadron is comparable to that of the 7 lepton. The ¢ process is used to model this type
of background.

The G — HH — 47 signal samples are generated using the MADGRAPH 5 [110] matrix
element (ME) generator. The production of £ events is modelled using the POWHEG BOXv2 [111-
114] generator at NLO with the NNPDF3.0NLO [115] PDF set and the hgamp parameter!
set to 1.5 myop [116].

PyTHIA [117] with the A14 [118] tuned parameters and NNPDF2.310 [119] PDF is used
for the simulation of the parton showering and hadronisation for both the G — HH — 41
samples and the ¢ samples. The decays of bottom and charm hadrons were performed
by EVTGEN 1.6.0 [120]. The effect of multiple interactions in the same and neighbouring
bunch crossings (pile-up) was modelled by overlaying the original hard-scattering event
with simulated inelastic events generated by PYTHIA 8.186 [117] with the A3 tune [121] and
the MSTW2008LO PDF set [122]. The MC samples were re-weighted so that the pile-up
distribution matches the one observed in the data. All MC samples are passed through

the ATLAS detector simulation based on GEANT 4 [123].

5.2.2 Data and simulated samples for the benchmark analysis

For the Z — 7,Thaq benchmark analysis, the full Run 2 dataset collected in pp collisions at
the LHC [3] with a centre-of-mass energy of 13 TeV and a 25 ns bunch crossing interval is
utilised. The integrated luminosity of the dataset recorded while all relevant components
of the ATLAS detector were operated in their nominal operating conditions corresponds
to 140 fb~! [124].

Simulated samples provide predictions for both signal and background processes. As

in Section 5.2.1, the simulation includes the effect of multiple pp interactions per bunch

IThe hgamp parameter is a resummation damping factor and one of the parameters that controls the
matching of POWHEG matrix elements to the parton shower and thus effectively regulates the high-pr
radiation against which the ¢7 system recoils.
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crossing, as well as the impact on the detector response due to interactions from bunch
crossings before or after the one containing the hard interaction. All MC samples undergo
detector simulation, calibration, and corrections to match the performance in data. For
all simulated samples, the next-to-next-to-leading-order (NNLO) PDF is employed for ME
calculations. The decays of bottom and charm hadrons were performed by EVTGEN [120].
The rest of this section gives details of the specific MC samples used in this study.

The dominant production channel of the boosted Z — 7,Thaq final state, a Z boson
produced in association with jets was modelled using the SHERPA 2.2.14 [125] MC gen-
erator in the Z — 77 channel; while the SHERPA 2.2.11 MC generator was used in the
Z — 1l (I = e, ) channels. The ME calculations range from next-to-leading order (NLO)
for final states with up to two additional parton emissions to leading order (LO) for up
to five additional parton emissions. The matrix elements were merged with the SHERPA
parton shower following the MEPS@LO [126] prescription and using the NNPDF3.0NNLO
set of PDFs [115]. The production of W boson with jets, and the production of WW, W Z,
and Z Z boson pairs, was simulated with the SHERPA 2.2.11 with similar configurations as
the Z+jets sample. For Z boson production, particularly for events with pTZ > 100 GeV,
comparing with the measurements of Z-boson p% and ¢, using light-lepton pair events at
13 TeV [127], the cross-section for Z boson events with high p% modelled by SHERPA2.2.11
is approximately 10% lower than in data [128]. The simulation of initial state QCD ra-
diation is expected to be similar in the SHERPA 2.2.14 sample used in this study. A 10%
correction is applied to the predicted numbers for Z — 77 events, with the full size of this
correction quoted as a systematic uncertainty.

The production of ¢ events was modelled using the same configuration as the one
used for the method development.

Single-top t-channel production was modelled using the POWHEG Boxv2 [112-114,

129] generator at NLO in QCD using the four-flavour scheme and the corresponding
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NNPDF3.0NLO set of PDFs [115]. The events were interfaced with PYTHIA 8.230 [117]
using the A14 tune [118] and the NNPDF2.3L0 set of PDFs [119].

The associated production of top quarks with W bosons (tW) was modelled by the
POWHEG Boxv2 [112-114, 130] generator at NLO in QCD using the five-flavour scheme
and the NNPDF3.0NLO set of PDFs [115]. The diagram removal scheme [131] was used
to remove interference and overlap with ¢f production. The events were interfaced to

PYTHIA 8.230 [117] using the A14 tune [118] and the NNPDF2.3L0 set of PDFs [119].

5.3 Development of the boosted rflta 4 reconstruction method

5.3.1 Muon removal and re-reconstruction of tau lepton candidate

The proximity between the Thag.vis and the muon is represented by AR™™' the AR
between the MC truth-level visible decay products of the two 7 leptons. In Figure 5.1, the
ARMHVIS gistributions of the TuThad Pairs in the G — HH — 47 samples are presented. If
the ARTVIS < .4, it is likely that the muon will be reconstructed inside the Tgeed jet.

For the purposes of this study, MC truth information is used to match truth-level
T, Thad Pairs with their reconstructed counterparts. This facilitates focusing on only Tseeq
jets originating from the boosted 7,Thaq pair and allows other Tgeeq jets associated with
QCD jets to be neglected. The MC truth-level visible T decay products are required to
satisfy the requirements pr > 20 GeV and |n| < 2.5, to ensure that the T4eq jets are within
the tracking acceptance of the ATLAS detector.

The loss of performance of the standard TaulD algorithm in the low AR™™ region
is illustrated in Figure 5.2, which shows the combined reconstruction and identification
efficiencies of the standard ATLAS 71,4 reconstruction algorithm and TaulD algorithm

as a function of AR™®™VS for truth “1-prong” and “3-prong” TuThad pairs. Here the “n-

prong” denotes the number of charged hadrons that originate from the 71,4 decay. The
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Fig. 5.1 The distributions of the AR™ ™V between the truth level TuThad pair in the G — HH —
47 with hypothetical Graviton mass ranging from 1000 GeV to 5000 GeV. The distributions are
normalised to unity.
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Fig. 5.2 The combined reconstruction and identification efficiencies of the standard ATLAS TaulD
for truth 1-prong (a) and 3-prong (b) 7, Thaq pairs in all working points as a function of ARETuth’ViS;
the “Seeding” line (dark cyan) shows the efficiency of a 7ceq jet that matches to a truth-level 7, Tpaq
pair being reconstructed; the “ProngCorr” line (black) shows the efficiency of a truth-level 7,4
being reconstructed with the correct number of associated charged-particle tracks.
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efficiency for a Tqeeq jet to be reconstructed from a truth-level 7,7haq pair remains high
for all values of ART™ ™S However, the efficiencies for all standard TauID working points
drop significantly in both “1-prong” and “3-prong” cases when AR < 0.4. The tighter
the working point, the greater the fractional loss in efficiency due to the presence of the
nearby muon. The performance of the standard TaulD algorithm is set as a baseline in
this study.

The muon’s nature as a minimum ionising particle, combined with the fact that its
reconstruction is independent of its isolation [98], provides a motivation for excluding the
inner detector track and calorimeter clusters associated with any nearby muon from the
the standard ATLAS 11,4 reconstruction algorithm. By removing these contributions, the
Tseed jet would better represent only the hadronically decaying 7, improving the accuracy
of TaulD. Specifically, the inner detector track and clusters associated with a reconstructed
muon that satisfies the “Medium” muon ID working point [98] is removed if the track or
cluster is found within the reconstructed 7geeq jet. After the muon removal, the standard

hadronic tau reconstruction algorithm is re-run on the 744 jet. In this way, the relevant ID

variables for the hadronically decaying 7 can be calculated without the muon component.

5.3.2 Performance of the method

Figure 5.3 shows the combined reconstruction and identification efficiencies after muon
removal as a function of AR?TUth’ViS for truth 1-prong and 3-prong 7,Thaq pairs in all work-
ing points. The reconstruction and identification efficiencies after muon removal show a
considerable improvement compared to those shown in Figure 5.2. The signal efficiency
is recovered almost completely in every working point for both 1-prong and 3-prong
Thad- For 3-prong cases, the efficiency of TaulD is limited by the accurate reconstruction

of the correct number of tracks associated with the highly boosted 11,,q (referred to as

“ProngCorr”).
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Fig. 5.3 The combined reconstruction and TaulD efficiencies after the muon removal for truth
1-prong (a) and 3-prong (b) T, Thaq pairs in all working points as a function of AR;rT“th’ViS. The extra
“MuonRM” line (green) shows the efficiency of a muon being removed from the 74.q. The slight
abnormality in the “MuonRM” line between 0.35 < ARV < 0.45 is due to limited detector
resolution in the direction of the reconstructed Thaq-vis-
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Roughly 95% of the Tseed jets have a muon removed in the region where ARV < 0.4,
This can be expected given the 97% efficiency of the “Medium” muon ID working point,
with a dip below 90% in the region |n|™®Vis < 0.1. This is illustrated in Figure 5.4, which
shows the signal efficiencies of the TaulD working points after muon removal as a function

of the | Vis for truth 1-prong and 3-prong Teeeq jets with ARTVS < 0.4,
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Fig. 5.4 The signal efficiencies of the TaulD working points as a function of the truth absolute
pseudorapidity for truth 1-prong (a) and 3-prong (b) Tseeq jets with AR < 0.4, The seeding
efficiencies and the ratio of the 74eeq jets with a muon removed are also shown.

The signal identification efficiencies in all working points of the standard ATLAS TaulD
are tuned to show minimum dependency on the thTmth’ViS and pile-up [132]. The stability
of the TaulD working point efficiencies after muon removal against these variables is
shown in Figure 5.5. To focus on the objects of interest, only truth 7,754 pairs with the
AR between the reconstructed muon and Thaq, AR;S° < 0.4 are included in the plots. For
comparison, the TaulD working point efficiencies as a function of the same variables

truth,vis

for T5eeq Objects in which muon removal is not required (AR > 0.45) are shown in

Figure 5.6. Similar behaviour is observed in figures 5.5 and 5.6. The improved performance
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and good stabilities across different working points demonstrate that, after muon removal,
the TaulD RNN sees the signal 74eeq jet as if it were a 71,4 that is free from interference of
surrounding particles (isolated 71q).

After the removal of the overlapping muon, the precision with which the four-momentum
of the Teeq jet is reconstructed improves significantly. Figure 5.7 shows the distributions
of the difference between the truth-level and reconstructed variable (residuals) in 7 and ¢
before and after muon removal. Compared to the performance before muon removal, the
root mean square (RMS) widths of the 7 residuals that correspond to the 68% percentile
(core resolution) improves by a factor of 15 for 1-prong 11,4, and by a factor of 20 for
3-prong th,q. The core resolution in ¢ improves also by a factor of 15 times for 1-prong
Thad and by a factor of 20 for 3-prong 7,4. The distributions of the Tpaq.vis transverse
energy (Et) residuals and the relative core (68%) and tail (95%) Et resolutions as functions
of Thad-vis E%“th are shown in Figure 5.8. These results align nicely with those reported for
isolated Th,q in ref. [133], demonstrating further the effectiveness of the muon-removal
technique.

Having demonstrated that the reconstruction and identification efficiencies are sig-

I

nificantly improved by the 7, _,

method, the background rejection power is now illus-
trated. The production of ¢ pairs is considered as a source of high pr heavy-flavour
jets, which represents an example background to the Tfl‘a 4 signal. The background re-
jection ratios at the medium TaulD working point, which are defined as the inverted
ratios of a mis-reconstructed Tg4eeq jet being classified as a genuine 11,49 are shown in
Figure 5.9, as functions of the reconstructed Thaq pr, Thad 7| and pile-up. For the back-
ground rejection plots, and the following receiver operating characteristic (ROC) plots,
event-selections are mostly based on the reconstructed properties instead of the truth-

level information. A Tgeeq jet reconstructed in the background sample is required to have

20 GeV < pr <300 GeV, |n| < 2.5, and to not be truth-matched to a 7y,q lepton from the
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Fig. 5.5 The stability of the signal efficiencies of the TaulD working points against the truth trans-
verse momentum (a) (b), and pile-up (c) (d) for truth 1-prong and 3-prong 74eeq With reconstructed
ARIS° < 0.4. The “Seeding” lines indicate the efficiency of a truth-level 71,4 being reconstructed
as Tgeed- The “MuonRM” lines show the efficiency of a muon being removed inside the 7geeq-
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Fig. 5.6 The stability of the signal efficiencies of the TaulD working points against the truth trans-
verse momentum (a) (b), and pile-up (c) (d) for the truth 1-prong and 3-prong 7¢eeq jets with
ARV 5 0 45, In this region, the muon removal should not affect the results. The “Seeding”
lines indicate the efficiency of a truth-level 11,4 being reconstructed as Tseeq. The “MuonRM” lines
show the efficiency of a muon being removed inside the Tgeeq-
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Fig. 5.7 The distributions of the calibrated residuals 7 (a) (b) and ¢ (c) (d) before (blue) and after
(red) muon removal. The left panel shows the 1-prong case; the right panel shows the 3-prong

case.
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bottom or top quarks semi-leptonic decay. In addition, a reconstructed muon is required
to be found inside the T4ecq jet. The 7,4 candidates in which no muon is present are not
considered in Figure 5.9, as identical TaulD results would be expected for these cases.

The background rejection power decreases slightly in the 3-prong case. After the re-
moval of the muon within the 744 in the case of background events, the TaulD algorithm
finds it more challenging to reject a semi-leptonic heavy-flavour jet. The 1-prong back-
ground rejection power increases slightly in the low pr region after removal of the muon
due to two competing phenomena. The muon being removed is often the only charged
track found inside the 74eeq jet. Thus, the number of reconstructed 1-prong 7geeq jets de-
creases significantly. For the remaining reconstructed 1-prong 7¢eeq jets, the background
rejection performance does suffer from the removal of the muon.

The signal efficiency observed in the G — HH — 4t samples, and background rejection
power observed in the ¢ sample are combined to form the ROC curves, which are defined
as the background rejection factor as a function of the signal efficiency. In addition to the
same reconstruction level selections as the background 74eeq jets discussed previously, the
signal Tseeq jets are also required to be truth-matched to the 7,744 pairs. To minimise the
bias introduced by the misalignment of the signal and background momentum spectra,
the background events are re-weighted so that the pt distribution of the background
samples matches the signal sample. The ROC curves illustrating the performance with
and without muon removal are shown in Figure 5.10. An order-of-magnitude performance
gain is seen across the spectrum in both 1-prong and 3-prong curves when muon removal

is applied.

I

To demonstrate the performance of the 7,

method in reconstructing and identifying
di-7 systems within the G — HH — 47 process, Figure 5.11 presents the combined Tpaq
reconstruction and identification efficiencies as a function of the truth-level Graviton

mass. The efficiencies shown correspond to the identification of individual di-7 systems
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Fig. 5.9 The signal rejection ratios for 74eeq jets reconstructed from jets originating from semi-
muonic bottom decays in ¢ events at medium TaulD working point, as functions of the recon-
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right panel shows the 3-prong case.
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Fig. 5.10 The receiver operating characteristic (ROC) curves with and without muon removal. (a)
shows the reconstructed 1-prong case, (b) shows the 3-prong case.

originating from Higgs boson decays. Compared to the standard ATLAS TaulD, the Tﬁa d

method demonstrates a complete recovery in the identification efficiency for both 1-prong

and 3-prong th,q decays for high-mass G — HH — 41 samples.
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Fig. 5.11 The signal efficiencies of the TaulD working points, as a function of the truth-level

Graviton mass, mg“th, for truth 1-prong (a) and 3-prong (b) Thaq with the standard ATLAS TaulD;

and for truth 1-prong (c) and 3-prong (d) Thaq with the Tﬁa d method. The efficiencies shown

correspond to the identification of individual di-7 systems originating from Higgs boson decays.
The “Seeding” lines indicate the efficiency of a truth-level 71,4 being reconstructed as Tseeq. the
“ProngCorr” line shows the efficiency of a truth-level 11,4 being reconstructed with the correct
number of associated charged-particle tracks. The “MuonRM” lines show the efficiency of a muon
being removed inside the Tgeeq.
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5.4 Validation of the Tﬁa 4 method in the Z — 7,Tpaq channel

5.4.1 The collinear assumptions and event reconstruction

The TN

hag Method was developed for searches like high-mass BSM physics, such as the

G — HH process, as described in Section 5.3. However, it is useful to test its performance
considering a SM process. The Drell-Yan production of a Z boson in association with
high- p7 jets from QCD initial-state radiation is considered as benchmark process.

The detector signature of the boosted Z — 7,Thaq process includes one hadronically
decaying T and a muon, in association with significant missing transverse momentum
(E‘Tniss) from the neutrinos produced in the two 7 decays. In this case, the hadronically
decaying T and the muon are likely to fall within the same 74eeq jet. In well measured
events, the vector sum of the transverse momenta of the three neutrinos dominates the
measured E%‘iss, which in azimuth direction should lie between the observed muon and
the Tya4. Also, on average, the EITniSS should be closer in azimuth to the muon, because the
leptonic decay produces two neutrinos and the hadronic decay only one.

Without incorporating E%liss, reconstructing the Z invariant mass is not possible. How-
ever, it is possible to approximate the momenta of the neutrinos with the collinear as-

sumptions [134] as follows:

¢ the transverse momenta of the three neutrinos dominate the measured E%“SS, and

other contributions are negligible;

* each 7 lepton is sufficiently boosted such that the neutrino (or pair of neutrinos)

produced in its decay is collinear with its visible decay products 2.

2In events in which the E‘Tniss lies outside the azimuthal angle between the visible decay products of the
tau leptons (e.g., due to detector resolution), the EITniss is projected onto the direction of the nearest visible
decay, and the neutrino momentum associated with the other tau lepton is set to zero. Furthermore, events
for which collinear reconstruction is not possible, i.e., with E‘TTliss deviating by more than 90° from the muon

or the Tflla 4 in A¢, are discarded.
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Together with the momenta of the visible decay products, this procedure allows the
momenta of the two tau leptons, and hence the momentum, transverse momentum
( p%‘l’j_ha d), and mass (mzo_lha d) of the system produced by the decay of the Z boson, to be
reconstructed. The jets recoiling against the Z boson are reconstructed using the anti-k;

algorithm with a radius parameter of 0.4, which operates on topological clusters calibrated

to the EM scale [81].

5.4.2 Event-selection

Candidate events are required to be triggered by an un-prescaled single-muon trigger or
an un-prescaled E;niss trigger. The thresholds of the pr required to fire each trigger vary for
different data-taking periods. For the single muon trigger, the pr requirement for triggers
with object isolation requirement ranges from 20-26 GeV, while the pr threshold for non-
isolated muons remains constant at 50 GeV. The E%niss triggers have a pr threshold of
70 GeV for the 2015 data-taking period and remain constant at 110 GeV for the rest of Run 2.
Approximately 97% of Z — 7,,Thaqg MC events that pass the final signal selection criteria
pass the trigger selection. For the signal-region (SR) selection, events passing the trigger
requirements are required to have at least one muon-removal 71,4 object with pr > 15 GeV
and a RNN TaulD score > 0.1, excluding pseudorapidity ranges 1.37 < || < 1.52 and
Inl > 2.5. This selection implies that at least one reconstructed muon passing “Medium”
ID is inside the cone of the selected Tﬁa 4- An additional py > 10 GeV requirement on the
corresponding muon is imposed. In this study, the overlap removal (OLR) between muons

and Ty,q candidates is turned off. The default overlap removal algorithm as described in

0

had candidates if the muon removal method is successful.

Ref. [135] would remove the T
To suppress background from events containing heavy flavour jets, events are vetoed if
they contain any jet that satisfies the DL1d based b-tagging algorithm at an 85% efficiency

working point [89]. The invariant mass, m;’lifha & of the visible 7,Tn,q system is required to
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signed
EmISS

satisfy m"‘sh 4> 5 GeV. The signed A¢ between the muon and EmlSS (A(p ) is required

signed
EIIIISS

signed
EIHISS

tobe —0.1 < A(p < 0.4 . The sign of A(/) is determined by the direction of the

Thad. If the EITnlSS is inside the opening angle of the muon and the 7y,,4 or if the E%‘iss is
outside the opening angle but closer to the muon, then the sign is positive; otherwise,

it is negative. Since the focus of the analysis is the boosted Z — 7,754 process, a loose

col

requirement m Tu—had

h 4> 40 GeV, and a requirement p. > 250 GeV are applied. To study

the QCD multijets background contributions not described by the MC, a control-region

(CR) is defined with the same selection requirements as the SR, except that the muon and

signed

mlss
T

‘y 4 have the same charge, and there is no requirement on Ac/) or number of jets

passing the b-tagging requirement. Table 5.1 summaries the event-selection requirements

for SR and CR.
Table 5.1 Summary of event-selection requirements
Object Signal-Region Selection Control-Region Selection
0<|nl<1.370rl.52<|nl<2.5 0<|nl<1.370rl.52<|n/<2.5
& Jet RNN score > 0.1 Jet RNN score > 0.1

had pr > 15 GeV
1 or 3 charged tracks

pt > 15 GeV

1 or 3 charged tracks

pT > 10 GeV pr > 10 GeV
H “Medium” ID “Medium” ID
m:’lis >5GeV
51gned mVis
_01<A¢7 Emlss<0.4 ”1h aq > 2 GeV
col me° > 40 GeV
Ty Thad System "u-had >4O Gev col 250 GeV
pﬁ} had > 250 GeV PTy-had > €

no b-tag jet at 85% efficiency working point

I
Same Sign muon and Thad

Opposite Sign muon and Thad

Figures 5.12—5.17 illustrate the distributions of selected variables in the SR and CR.
As shown in Figure 5.14, the data and MC predictions agree well for mz"_lha q>40GeVin
both the SR and CR, indicating that QCD processes not modelled by the MC simulations
contribute negligibly to the background in the selected signal sample. The collinear
mass reconstruction effectively reconstructs the di-tau system mass, as seen in the peak
corresponding to the Z boson mass in Figure 5.14(a). The shape of the mfﬁlha 4 distribution

for signal Drell-Yan events is very different from that seen in inclusive production, with a
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much larger fraction of the signal events in the region 40 < mzo_lha 4 <70 GeV relative to

that at the Z boson peak. This is a result of the sharply falling distribution in Z boson pr
for Drell-Yan production, coupled with the fact that the opening angle of boosted 7,Thaq

col

systems decreases with decreasing m”, .. Due to the the mco_lh 4> 40 GeV requirement,
p—ha p—ha

the number of events with p%‘ﬁ_ha 4 below 250 GeV is very low. This highlights the fact
that the Tﬁa 4 Feconstruction picks up Thaq only with a sufficiently high boost. An excess of
data compared to the MC prediction is observed in the pr < 35GeV region within the SR.

Further investigation has identified this discrepancy as a result of mis-modelling of the

Thad kinematics in the Z — 77 MC simulation [136].
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Fig. 5.12 The distribution of the RNN jet score for Tﬁa 4 (@ in the SR and, (b) in the CR. “Top”
represents the predicted contributions from the SM t7, single-top, and tW processes. “DiBoson”
indicates the contributions from WW, W Z, and Z Z processes. “Other” includes the contributions
from the Z — Ill+jets and W+jets background processes. “Z — t7+jets” represents the contribu-
tions from the signal process. The uncertainties shown include both statistical and systematic
uncertainties.
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Fig. 5.13 The distribution of A(/) ” s

shown in (a); the straight lines 1nd1cate the positions of the selection requirements. The same
distribution in the CR is shown in (b). “Top” represents the predicted contributions from the SM
tt, single-top, and tW processes. “DiBoson” indicates the contributions from WW, W Z, and
Z Z processes. “Other” includes the contributions from the Z — //+jets and W+jets background
processes. “Z — 1T+jets” represents the contributions from the signal process. The uncertainties
shown include both statistical and systematic uncertainties.

with all other event-selection criteria applied in the SR is
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Fig. 5.14 The distribution of the mzo_lha 4¢ (@) in the SR, and, (b) in the CR. “Top” represents the

predicted contributions from the SM ¢7, single-top, and tW processes. “DiBoson” indicates the
contributions from WW, WZ, and ZZ processes. “Other” includes the contributions from the
Z — ll+jets and W+jets background processes. “Z — t1+jets” represents the contributions from
the signal process. The uncertainties shown include both statistical and systematic uncertainties.

5.4.3 Systematic uncertainties

The dominant source of systematic uncertainty in the comparison between the observed
and expected yields in the SR is the modelling of the cross-section for Z boson production.
As discussed in Section 5.2, a +10% correction is applied to the predicted numbers for
Z — 17 events, with the full size of this correction quoted as a systematic uncertainty.
The most significant sources of experimental systematic uncertainties are TaulD and
tau energy scale (4%), jet energy scale and resolution (2%), E%‘iss (2%) [137], and luminos-

ity (0.8%) [124].
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Fig. 5.15 The distribution of the p%ﬁ_ha 4¢ (@ in the SR, and, (b) in the CR. “Top” represents the

predicted contributions from the SM ¢7, single-top, and tW processes. “DiBoson” indicates the
contributions from WW, WZ, and ZZ processes. “Other” includes the contributions from the
Z — ll+jets and W+jets background processes. “Z — t1+jets” represents the contributions from
the signal process. The uncertainties shown include both statistical and systematic uncertainties.

5.5 Results

In order to understand the performance improvement comparing to the standard ATLAS

Thad Teconstruction and identification, Figure 5.18 shows comparisons between the data

col

and MC predictions for M2 ad distributions corresponding to various signal selections;

Figure 5.18a shows the SR defined in Section 5.4.2; Figure 5.18b shows the sample SR®Y,
which uses the standard ATLAS 71,4 candidates; without the muon removal, but otherwise

corresponds to the same event-selection as SR; Figure 5.18c shows the sample SRyght,

I

which imposes an additional “tight” RNN TaulD requirement on the 7, _,

candidates, but
otherwise corresponds to the SR selection; Figure 5.18d shows the sample SRfitght, which
imposes an additional “tight” RNN TaulD requirement and uses the standard 71,4, without

muon removal.
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Fig. 5.16 The distribution of the pt of the Tﬁa d (a) in the SR and, (b) in the CR. “Top” represents
the predicted contributions from the SM ¢, single-top, and tW processes. “DiBoson” indicates
the contributions from WW, W Z, and ZZ processes. “Other” includes the contributions from the
Z — ll+jets and W+jets background processes. “Z — tT+jets” represents the contributions from
the signal process. The uncertainties shown include both statistical and systematic uncertainties.

Table 5.2 shows the event yields corresponding to the various signal selections defined
previously, and the CR. The number of events observed in the ATLAS Run 2 data are given,
as well as the SM-predicted contributions from signal and background processes.

Compared with the the standard ATLAS TaulD, the Tﬁa d achieves around three times
more signal events in the SR, while maintaining a similar number of background events. In
the SRyjgn¢ region, the number of signal events is four times higher than using the nominal
rfltfd, again while maintaining a similar number of background events. Subtracting the
expected background yield in the SR of 230 + 5 events gives a measured yield for Z —
T, Thad Of 925 + 34 events. This can be compared to the expected yield for Z — 7,Thad
of 958 + 8 (stat.) + 115 (syst.) events. Adding all sources of statistical and systematic

uncertainty results in a total uncertainty of 12%. The ratio between the background-

subtracted data and the expected signal yields is 0.97 £ 0.12.
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Fig. 5.17 The distribution of the pr of the muon removed from the rﬁa 4+ (@ inthe SRand, (b) in the
CR. “Top” represents the predicted contributions from the SM ¢£, single-top, and tW processes.
“DiBoson” indicates the contributions from WW, W Z, and Z Z processes. “Other” includes the
contributions from the Z — [l+jets and W+jets background processes. “Z — r7+jets” represents
the contributions from the signal process. The uncertainties shown include both statistical and
systematic uncertainties.

Table 5.2 Event yields in different event-selections, as defined in the text. SR, SRgn: and CR are

with the Tﬁa d method, while SR and SRfitgh . are with the standard ATLAS TaulD. The uncertainties

quoted are statistical only. The Z — 77 contribution is scaled by +10% to account for the difference
between the MC prediction and the data.

std . std
‘ SR SR ‘ SRaghe  SRYG, ‘ CR
Data 1155+ 34 616 +£25 705+ 27 210+ 14 286+17
MC total 1188+ 10 574+8 7337 223+4 302+7
Z—1T 958 +8 339+4 646+ 6 124+2 201
Di-boson 93+1 37+1 51+1 15+£0 39+1
Top 70+3 153+5 26+2 67+3 1655
Other 66 +4 45+4 10+2 17+2 78+4
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Fig. 5.18 The distributions of mft"_lh aq corresponding to the various signal selections defined in the

SR, SRyjgn and CR are with the Tﬁa d method, while
SR and SRS are with the standard ATLAS TaulD.

text: (a) SR, (b) SR*Y, (¢) SRygny, and (d) SR,

tight
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5.6 Summary and conclusion

In this chapter, the case of a highly boosted pair of 7 leptons is considered, in which one
7 decays produce a muon and the other 7 decays hadronically, with the visible decay
products reconstructed within a single 7¢q jet. In such cases, the standard ATLAS TaulD
for hadronically decaying 7 leptons fails due to the presence of the nearby muon.

The development of a muon-removal procedure using samples of high-mass G —
HH — 47 events is described. This Tﬁa d method recovers the 1},,4 reconstruction and

identification efficiencies to the level expected for isolated 71,4 decays for all TaulD

working points. The measurement precision for the kinematic properties of the visible

[0

Thad System is similarly recovered. The Tia

4 Objects are benchmarked by selecting a sample
of highly boosted Z — 7,Thaq final states using the complete Run 2 dataset recorded by the
ATLAS detector. Good agreement is found between data and MC predictions in both the
signal Z — 7, Tpaq region and in a control-region in which the muon and 71,54 candidate

have same-sign charges. The comparison of rates in the signal region gives a ratio between

the background-subtracted data and the expected signal yields 0f 0.97 £ 0.12.

[0

The results presented in this chapter demonstrate the effectiveness of the 7, |

4 objects
in enhancing the signal sensitivity of the boosted 77,9 channel. The observed good
agreement between the data and the SM theory predictions in the signal region reaffirms

the robustness of the newly developed object.
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Chapter 6

The electron-removal method for boosted

T .Thad FEconstruction

6.1 Introduction

Similar to the 7;Thaq channel, if an electron lies within the Tgeeq jet, the standard TauReco
and TaulD algorithm is not able to reconstruct and identify the 7y,4. Figure 6.1 shows
the combined reconstruction and identification efficiency as a function of the truth-level
ARV The efficiency of the TauReco and TauID algorithms drop significantly when the
ARTUHVIS ¢ less than 0.4, as the electron begin to merge with the Tgeeq jet. As a result, the
possibility of reconstructing the correct number of 71,4 tracks is significantly reduced, and

the Th,4 identification efficiency drops significantly in all the WPs. Having demonstrated

the success of the TN

had’ We proposed a similar method for the 7,7,49 channel, the electron-

removal Tpaq (Tﬁa @

The Tﬁa 4 reconstruction is however much more challenging than the Tﬁa ¢ technically
and physically. The electron is not a minimum ionising particle (MIP) like the muon. Its
energy deposition in the calorimeter makes it much more complicated to remove. The

electron showers in the calorimeter, depositing most of its energy in the EM calorimeter. In
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Fig. 6.1 The combined reconstruction and identification efficiency of the standard TauReco and
TaulD as a function of the truth-level ARZ"™VS, The efficiency is shown for the different working
points of the TaulD algorithm. In addition, the “Reco” and “ProngCorr” efficiencies are shown,
which are the efficiency of the 71,4 being seeded, and the efficiency of the TauRec algorithm to
reconstruct the correct number of tracks in the 11,4, respectively.

very highly boosted cases, the electron can also deposit significant energy in the hadronic
calorimeter. In the context of the Tﬁa o the electron cluster can merge with the 7,4 clusters,
making the separation of the clusters difficult. The presence of the electron in the Teeq jet
can also drag the barycentre of the 7,9 to the direction of the electron. Simply removing
the electron from the 74eeq jet results in a 7,9 with a shifted axis. with some of the 7,9
decay products being outside the core-cone of the 74ccq jet. This problem severely affects
the efficacy of a simple electron-removal method.

In Section 6.2, we present an accretive method to reconstruct the Tﬁa 4 in the presence
of an electron. We also show that the accretive ‘L’ﬁa 4 c€an be reconstructed with high

truth,vis
RTT

efficiency in the region where the A > 0.2. The energy and spatial resolution of

the 7}_, are presented in Section 6.3. An initial benchmark of the 7¥_, in the Z — T,Tpaq

d

channel is presented in Section 6.4. The summary and outlook of the Tﬁa 4 feconstruction

is presented in Section 6.5.
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&

bad reconstruction method

6.2 Accretive T

For the development of Tﬁa o the G — HH — 47 MC samples as described in Chapter 5
are used. However, instead of utilising the full mass range of the G — HH — 47 samples,
only the mg = 1500 GeV sample is considered due to limitations in resources for custom
ATLAS MC production. This sample is chosen because it covers the AR™™ range from

0.1 to 0.6, which represents the most comprehensive region for Tﬁa 4 reconstruction. The

&

accretive Thad

reconstruction is a six-step process for every event:

1. The first step is to identify the electrons that satisfy the MediumLH WP, without

isolation requirements.

2. The second step is to remove the tracks and calorimeter clusters associated with the

electrons from the event.

3. Thirdly, using the remaining LCTopo clusters and tracks, the 74eq jets are re-clustered

with the anti-k; algorithm with R = 0.4.

4. In the fourth step, re-clustered electron-free 7geeq jets with AR} > 0.6 to any

identified electron are removed from the event, as they should not be affected by

the electron.

5. Then, the electron-free track and cluster collections are supplied to the TauRec

algorithm, which reconstructs the Tﬁa 4 candidates from the remaining 7seeq jets.

6. Finally, the Tfla 4 candidates are identified using the standard TaulD algorithm.

&

had reconstruction method as a

Figure 6.2 shows the TaulD efficiency of the accretive 7
function of the truth-level AR™S_ Compared to more than 90% MediumLH efficiency
for isolated electrons at high pr [72], the “ElecRM” efficiency is significantly lower, at

around 70% in ARV 5 0.2 region. Below this threshold, the electron ID efficiency
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Fig. 6.2 The combined reconstruction and identification efficiency of the accretive Tﬁa 4 Feconstruc-

tion method as a function of the truth ART™™ VIS The efficiency is shown for every working points

of the TaulD algorithm. In addition, the “Reco”, “ElecRM”, and “ProngCorr” efficiencies are shown,
which is the efficiency of the 71,4 being seeded, the efficiency of the electron-removal, and the
efficiency of the TauRec algorithm reconstructing the correct number of tracks, respectively.

drops significantly, as the electron and tp,4 clusters start to merge. The TaulD efficiency
of the Tﬁa 4 is significantly higher than the standard TaulD algorithm in this region, but not
as high as the TaulD efficiency for isolated 71,9 candidates.

If we only consider the case where the overlapping electron is identified and removed,

the performance as functions of truth-level ARirTuth’Vls, pT?Uth’Vls, and |n|™™Vis are shown

in Figure 6.3. In such cases, the TaulD efficiency in various WPs in the ARV > 0.2

region are completely recovered. The “ProngCorr” efficiency is also recovered to more

&

than 90% in the AR™®™VIS 5 0.2 region for 1-prong Tpod-

The “ProngCorr” efficiency
reaches 80% for 3-prong rfla 4 atlow-pr. In 3-prong case, higher track multiplicity makes
it more challenging to reconstruct 7,4, especially in high pt region. When the electron
is identified and removed, the TaulD efficiency behaves similarly to the standard TaulD
algorithm and the muon-removal method. The similarity shows that the accretive rﬁa d

objects can be treated as isolated T1,4 Objects. In all cases, the electron-removal, TauRec,
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and TaulD efficiencies drops significantly in the AR™'™" < 0.2 region. As the electron

and Tp,q clusters start to merge in this region, both the identification of the electron and
the reconstruction of the 7,9 becomes more challenging.

This method is much more challenging technically compared to the case for ™ due

had’
to the limitations of the event-level thinning in the ATLAS xAOD Event Data Model (EDM).
TauRec algorithms rely on the individual calorimeter cell information to function. After
the ATLAS Tier-0 reconstruction, the calorimeter cell information is discarded unless they
are associated with a reconstructed standard 7,4 candidates. The Tﬁa 4 Objects contains
different clusters than the standard 11,9 objects, in which the cells are not preserved
in the xAOD. As a result, the Tﬁa 4 reconstruction is not possible in the standard ATLAS
xAOD EDM. It can only be performed in the ATLAS Tier-0 reconstruction. The Tﬁa 4 Objects

originate from a different set of 74ceq jets, meaning that unlike the " there is no direct

had’

equivalent in the standard 11,4 collection. To save Tier-0 CPU usage and xAOD storage,

only the 7} _, objects that are within ARMUHVIS 0 6 are saved in the XAOD.

6.3 Energy and spatial resolution of the Tf; ad

Having demonstrated the TaulD efficiency of the Tﬁa 4 We now turn our attention to the

reco

Pr
ptTruth

energy and spatial resolution of the Tffla 4 The relative energy resolution ( ) of the

&

I3
Thad

bad in terms of the difference

is shown in Figure 6.4. The spatial resolution of the T
in the truth and reconstructed ¢ and 7 are shown in Figure 6.5. The rﬁa 4 Objects show
significantly better energy and spatial resolution than the standard 7,4 objects. Before the
electron-removal, the 71,4 Objects have a significant upper tail in the energy resolution,
from the electron calorimeter deposit. The energy resolution of Tﬁa 4 objects is much

improved. Order-of-magnitude improvements are observed in both 1- and 3-prong cases

in energy residuals. For the spatial resolution, without the electron dragging on the Tgeeq
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Fig. 6.3 The efficiency of the accretive rﬁa 4 reconstruction method as a function of the truth-

level pr ;ruth,ws

(a), and ||t Vis (b), where the electron is identified and removed. The efficiency

is shown for the different working points of the TauID algorithm for 1-prong and 3-prong. In
addition, the “ElecRM”, and “ProngCorr” efficiencies are the efficiency of the electron-removal,
and the efficiency of the TauRec algorithm to reconstruct the correct number of tracks in the Thyq,

respectively.
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Fig. 6.4 The distributions of the calibrated transverse energy residuals for Th,q4.vis with Tﬁa q (red)
and Th,q (blue) are shown in (a). The relative core (68%) and tail (95%) Thaq-vis P resolutions as

functi

truth,vis

ons of pr;

show the 3-prong case.

are shown in (b). The left plots show the 1-prong case and the right plots

jet barycentre, the rﬁa 4 objects have a order-of-magnitude smaller ¢ and 7 tails and

significantly higher peaks, compared to the standard 71,4 Objects.
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Fig. 6.5 The distributions of the ¢ (a) and 7 (b) residuals for Th,4.vis with Tﬁa 4 (ted) and Thaq (blue)
are shown. The left plots show the 1-prong case and the right plots show the 3-prong case.

6.4 Benchmark of the ¥ _,inthe Z — 7,7, channel

Since the reconstruction of Tﬁa 4 Objects runs on the ATLAS Tier-0 reconstruction, they
have only become available in the ATLAS 2024 data collection. Thanks to the exceptional

2024 operation of LHC and ATLAS, at the time of writing, ATLAS has collected a large
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amount of data in 2024 that corresponds to an integrated luminosity of 91 fb™!. For now,
the benchmark of the rﬁa 4 inthe Z — 7,Tpaq channel is performed with the data currently
available. Not all the data collected is suitable for physics analysis, but the "Good Run List"
(GRL) [69] is not available at the time of writing. From the previous Run-3 operations [75],
we estimate that around 85 fb~! of the data collected is suitable for physics analysis. A
complete Run-3 reprocessing of the 2022-2023 data is scheduled for the fourth-quarter of
2024, which will include the reconstruction of Tﬁa d objects. At the end of 2024, we will have
the Tﬁa 4 objects in the full Run-3 data, corresponding to a projected integrated luminosity
of around 160 fb~1.

The Tﬁa 4 has been scheduled for the ATLAS MC samples for 2024 data-taking condi-

&

had 18 available

tions. Unfortunately, at the time of writing, no MC sample that contain 7
due to previously unforeseen delays in the MC validation and production. In the coming
years, MC samples for the 2022 and 2023 data-taking conditions will be reprocessed with

the Tﬁa 4 objects included.

6.4.1 Event-selection

The event-selection and the 7,71,q collinear reconstruction in the Z — 7,7h,q channel is

p

very similar to the Tﬁa d benchmark, with the Tia

4 replaced by the Tﬁa - Exceptions include
the trigger requirements, the slightly tighter jet RNN score requirements, and a loose
electron-veto RNN requirement. event-selection requirements in the Z — 7,754 channel
are summarised in Table 6.1. In addition to these selections, the rﬁa d in the SR are required
to have opposite charge to the electron. The Tffla 4 in the CRis required to have same charge
to the electron. The fraction of the selected events that pass the specified triggers is 80%.

The actual trigger efficiency is by definition lower than this value, which is significantly

lower than the 97% observed in the 7,7h,q benchmark SR. The E‘Tniss trigger efficiency is



162 The electron-removal method for boosted 7,.7y,,4 reconstruction

Table 6.1 Summary of event-selection requirements for the Z — 7,7ph,q channel.

Object Selection

HLT_xe65_cell_xe90_pfopufit_L1XE50
HLT _e26_lhtight_ivarloose_L1eEM26M
HLT_e60_lhmedium_L1eEM26M
HLT_e140_lhloose_L1eEM26M

0<Inl<1370rlb52<nl <25
b Jet RNN score > 0.15
had e-veto RNN score > 0.05
pr > 15 GeV

pr > 10 GeV
“MediumLH” ID

AR(e, T} 4) <0.4
—0.1< AP T <04
T
TeThad System m< > 40 GeV
e—had

pso | 4> 250 GeV

no b-tag jet at 85% efficiency working point

Triggers

considerably lower compared to the Z — 7,Thaq benchmark, which is expected due to the

calorimeter deposit from the electron.

6.4.2 Results

Without MC samples, the exact composition of the events in the analysis regions is not
known. Instead, we rely on kinematic distributions, TaulD distributions, and event yields
in the SR and CR to understand the background level and signal purity in the Z — 7,Tphaq
channel. From the Tf’fa d benchmark, we know that the highly boosted Z — 7,759 channel
is very clean, with a high purity of 7,7haq events and minimal background. We shall
demonstrate below that the Tﬁa 4 benchmark in the Z — 7,7paq channel is expected to show
similar traits in the highly boosted Z — 7,.Th,q channel, given the similar characteristics

found during the Tfla 4 and Tﬁa 4 developments.
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Fig. 6.6 The distribution of the mg(_’lha 4: (@ in the SR, and, (b) in the CR. All requirement criteria
are applied, except the requirement on the variable being plotted. The vertical line indicates the

event-selection requirement on this variable.

col

The T,Thaq collinear mass (M2} d

col I3
), transverse momentum ( PTe—ha d), the Thad TaulD

RNN score, and TaulD eveto score distributions are shown in Figure 6.6-6.9, respectively.
The SR distributions provide an estimation of the combined signal and background level,
whereas the CR distributions give an estimation of the background level.

It is encouraging to see that the distribution of mg(_’lha 4 has the same shape as the

col

M2 ad in the Z — 7, Thaq channel, featuring a peak at the Z boson mass and a shoulder

col

in the low-mass region. The shape of the m_”, . distribution for signal Drell-Yan events

seen in Figure 6.6 is very different from that seen in inclusive production, with a much

larger fraction of the signal events in the region 40 < mg‘ilha 4 <70 GeV relative to that at

the Z boson peak. This is a result of the sharply falling distribution in Z boson pr for
Drell-Yan production, coupled with the fact that the opening angle of boosted 7,7nhaq

systems decreases with decreasing mg‘jlha 4 The p%‘:}_ha 4 distribution in the SR shows a

peak at a transverse momentum of around 450 GeV, also consistent with the p%‘ﬁ_ha d

distribution in the Z — 7,Thaq channel. The jet RNN distribution in the SR is statistically
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requirement criteria are applied, except the requirement on the variable being plotted. The vertical
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consistent with a flat distribution, in the higher RNN score region, indicating a high signal
purity in the SR. An increase in the event yield at the low RNN score region is observed in
the SR, indicating a non-negligible background contribution. This is in line with the CR
jet RNN distribution. The electron-veto RNN distribution shows a bump in the low-score
region, indicating a non-negligible contribution from electron background.

Figure 6.10 shows comparisons between the event yield for mg‘ilha 4 distributions cor-
responding to various SR definitions, each mirroring the Tﬁa 4 benchmark. Figure 6.10a
shows the nominal SR. Figure 6.10b shows the sample SRS, Figure 6.10c shows the sample
SRyigh¢- Figure 6.10d shows the sample SRfitght.

The event yields in the various SR and CR are shown in Table 6.2. Without MC samples,
the signal and background levels in the SR can only be estimated using the TaulD efficiency

and the event yields in the CR. To estimate the signal and background levels in the SR, we

make the following assumptions:
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Fig. 6.10 The distribution of the mg‘jlha 4 in the SR: (a) nominal SR, (b) SR () SRyight, and, (d)

SRﬁitght. SR, SRign and CR are with the 7, method, while SR and SRfitgdht are with the standard

ATLAS TaulD.

* The TaulD efficiency in the SR is the same as the TaulD efficiency observed when

flattening the RNN score.
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Table 6.2 Event yields in SR and CR. SR, SRiight, SRS and SRfitgdht are defined mirroring the Tﬁa d

benchmark. CR, CRyjght, CR*Y, and CRfitght are defined by requiring the same charge electron-7p,q

in the SR, SRyight, SRS, and SRfitgdht, respectively. SR, SR¢jghe and CR are with the Tﬁa 4 method, while

SR and SRfitght are with the standard ATLAS TaulD. The uncertainties quoted are statistical only.

| SR SRegne | SR SRYY,

Data | 274+17 182+13 | 46+7 15+4

\ CR CRiight ‘CRStd CRfitgdht

Data | 15+4  5+2 | 3+2 1%l

e The increase in TaulD background rejection power when moving from the Loose to

Tight WP is the same in both the SR and CR.

* The Z — 1,Tphaq signal contribution is negligible in the CR.

Based on these assumptions, the signal and background levels in the SR can be estim-

ated using the following equations:

Ndata sig T Mbkg’
(6.1)
SRtight _ all , . SRtight
data = 60% x Ngig + Mg

where:

SR
data

n is the number of data events in the SR,

SRtight . .
dat;g is the number of data events in the SRyight,

;lé is the estimated total number of signal events in the SR, before the application

n

of the selection requirement on tau RNN score.

ngﬁg is the estimated number of background events in the SR,

nSRUEN o the estimated number of background events in the SRjgpt.
bkg g



168 The electron-removal method for boosted 7,.7y,,4 reconstruction

The ratio of background events between the SR and SRygn¢ can be estimated from the ratio

of data events in the CR and CRygp:

SRtight CRtight

bkg _ ndata (6.2)
1SR - nCR 7 )
bkg data
where:
* n{R _is the number of data events in the CR,
CRtight . .
dat;g is the number of data events in the CRyjgp;.

By solving these equations, the estimated number of background events in the SR is

SR
bkg

1

ny =31 fgz, and the estimated number of signal events in the SR is ngi]; = 243f§7. Similarly,

SRtight _ 172110 and the estimated

the estimated number of signal events in the SRygp, is 71 g 190

. . SRtight _ 19 .
number of background events in the SRyjght is Mokg = 107;;. Repeating the same process

for the SRS'Y and SRstd

- regions yields signal estimations of zero events in both regions,
tight

indicating that the assumptions above may not hold in SR® and SR;tgdht, or that these

. . . . A . 12%
regions are background-dominated. The estimated signal purity in the SR is 88% 727, and

in the SRyjgne it is 95%??’% . All quoted uncertainties are statistical only.
The Tﬁa 4 Objects show a significant improvement in signal yield compared to the
standard Th,4 Objects; the background-inclusive yield is six times higher in the SR and

12 times higher in the SRyjgh.. Compared with the Tﬁa d benchmark, the Tﬁa 4 benchmark

exhibits a similar level of signal purity but a lower signal yield. Normalising to unit

0

had benchmark yields 6.8 + 0.8 (syst. + stat.) events per fb~! in the SR,

luminosity, the T
while the 7} _, benchmark yields 2.7*(3 events per fb! in the SR. This corresponds to
40%*%. of the Tﬁa 4 benchmark yield.

The difference in signal yield is entirely expected. The Tﬁa 4 algorithm has a lower
reconstruction and identification efficiency (roughly 70% of that of the Tﬁa 4 objects); the

trigger efficiency is lower (less than 80% of the Tﬁa d benchmark); the TaulD requirements
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are tighter (90% of the Tf:a d benchmark); The Z boson production cross-section increases
by 5% with the centre of mass energy change from 13 TeV to 13.6 TeV is expected (105%).
Combining these factors, the expected SR signal yield should be around 53% of the Tfl‘a d
benchmark, which is higher than the observed 40%1’%’% . The difference can be attributed

to the systematic uncertainties in the TaulD efficiency, the trigger efficiency, and the Z

boson production cross-section.

6.5 Summary and outlook

In this chapter, we have considered the case of a highly boosted pair of 7 leptons, where
one 7 decays to produce an electron and the other T decays hadronically. In such cases,
the visible decay products are reconstructed within a single 7eeq jet.

We have described the development of an electron-removal procedure using samples
of high-mass G — HH — 41 events. We have demonstrated that this Tﬁa 4 method recovers
the Tn,q identification efficiency back to the level expected for isolated 7,4 decays for all
TaulD working points when the electron is properly removed. The measurement precision
for the kinematic properties of the visible 71,4 System is similarly recovered. We have
benchmarked the Tﬁa 4 objects by selecting a sample of highly boosted Z — 7,7paq final
states using the partial 90 fb~! Run 3 dataset recorded by the ATLAS detector in 2024 at a
centre-of-mass energy of 13.6 TeV.

We found that the rfla 4 Objects have a significant improvement in the 7,79 recon-
struction efficiency, with an event yield of 274 + 17 in the SR — six times higher than the
standard Tpaq Objects, and 12 times higher if the SRyjgp is considered. The signal purity in
the SR is estimated to be 88%*32%, and in the SRygn, it is estimated to be 95%*>%, , com-

parable to the Tflla 4 benchmark. The limited event yields in the CR highlight the success in

suppressing background contributions.
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This study, together with the Tfl‘a d benchmark, demonstrates that the lepton-removal

Thad reconstruction is ready for physics analysis at the ATLAS experiment. These lepton-
removal objects lay the foundation for future searches for high-mass BSM resonances in
the TjepThaq channel. They also open up exciting opportunities for exploring other new

physics phenomena at the ATLAS experiment.



Chapter 7

A search for the Graviton in the

HH — bbt 1 Thad Channel

7.1 Introduction

The Graviton is a spin-2 particle that mediates the gravitational force. In addition to
the RS model, the Graviton is also predicted by other models such as string theory. The
search for gravity in LHC boils down to a search for an undiscovered BSM heavy spin-2
particle (G). This type of search is sensitive to a broad range of other BSM theory, such as
the Supersymmetry (SUSY) model, Two-Higgs Doublet Model (2HDM), the Composite
Higgs Models (CHM), etc., which predict the existence of spin-0 heavy scalar particles
(X) that couple with the SM Higgs boson. Fig 7.1 shows the Feynman diagram of the
gluon—gluon production of the X and G. These production processes are predicted to
have the largest cross-section at the LHC, should they exist. The predicted cross-section of
the pp — G — HH production at the LHC centre of mass energies of 13 TeV and 13.6 TeV
as functions of the G mass are shown in Fig 7.2.

After the discovery of the Higgs boson, such searches have been performed extensively

by ATLAS and CMS collaborations using Run-1 and Run-2 data, but no evidence of new
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Fig. 7.1 Feynman diagram of the gluon—gluon production of the X and G.
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Fig. 7.2 Predicted cross-section of the pp — G — H H production at the LHC centre of mass energy
of 13 TeV and 13.6 TeV.
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heavy particles has been found yet. In the G/X — HH channel, CMS published the
combination [138] of the HH — bbbb [139], HH — bbtt [140], HH — bbyy [141], HH —
bbW*W™ [142,143],and HH — 4W /2W271/4T — 21 [144] searches using the full Run-2
data in 2024. Prior to this, ATLAS published the Run-2 combination [145] of the resonant
HH — bbbb [146], HH — bbyy [147], and HH — bbtt [148] searches in 2023, as well as
a dedicated search for the highly boosted di-Higgs production in the HH — bbThadThad

channel using the boosted Th,qThag tagger [149]. Table 7.1 summarises the latest expected

Table 7.1 Summary of the expected and observed 95% CL limits on the production cross-section of
the di-higgs (0 (G/ X — HH)) set by ATLAS and CMS. Limits are given in fb. The numbers inside
and outside the brackets are the observed and the expected limits respectively.

CMS ATLAS
Mass Channel 0(X— HH) o(G—HH) | ocX—HH) o(G— HH)
Combined 5 (3) 3(2) 6 (10) N/A
Loy HH— bl}bl‘o 7 (5) 33) 8 (7) 8 (9)
HH — bbrt 40 (22) 1(1) 10 (30) N/A
HH — bbyy 10 (5) 7 (3) 50 (50) N/A
Combined 0.6 (0.5) 0.4 (0.3) 2(3) N/A
ooy HH— bl:obl_o 0.7 (0.7) 0.4 (0.4) 2 (3) 2 (3)
HH — bbrt 140 (140) N/A 40 (50) N/A
HH — bbyy 2 (2) 2 (1) N/A N/A
Combined 0.5 (0.5) 0.2 (0.2) 1(1) N/A
sty HH— bl}bl} 0.5 (0.5) 0.2 (0.2) 1(1) 1(1)
HH — bbrt | 1400 (1400) N/A 50 (50) N/A
HH — bbyy 1(1) 1.0 (0.8) N/A N/A
Combined 0.3 (0.3) N/A 1(3) N/A
aTey PH— bbbb 0.4 (0.4) N/A 1(3) 1(2)
HH — bbrt N/A N/A N/A N/A
HH — bbyy 1(1) 0.8 (0.7) N/A N/A
Combined 0.2 (0.3) N/A 1(1) N/A
cey HH— bl:obb 0.3 (0.3) N/A 1(1) 1(1)
HH — bbrt N/A N/A N/A N/A
HH — bbyy 1(1) N/A N/A N/A

and observed 95% CL limits on the production cross-section of the di-Higgs (o (pp — G —
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HH)) setby ATLAS and CMS at 1 to 5 TeV mass points. For both ATLAS and CMS, the HH —
bbbb channel is the most sensitive channel for the heavy resonance search in G/ X — HH
channels. This channel has the highest branching ratio, and both collaborations have the
most mature reconstruction techniques tagging highly boosted bb system [150, 151]. CMS
has been taking the lead in the search in the HH — bbbb and HH — bbyy channel. On
the other hand, ATLAS currently leads the search in the HH — bbt1 channel, thanks to the
boosted ThaqThaq tagger. Compared to the predicted cross-sections, the upper limits set
by ATLAS and CMS collaborations have strongly excluded the existence of the Graviton in
the mass lower than 2 TeV. However, above 2 TeV, the limits set by the both collaborations
are still far higher than the predictions.

We choose the muon-removal 7},,4 reconstruction (‘rﬁa g as the boosted 7,Thaq tag-
ger [136, 152]. The aim of such alternative reconstruction is to improve the 7,4 reconstruc-
tion and identification efficiency in the boosted 7, Thaq channel, as discussed in Chapter
5. In the meantime, the ATLAS boosted bb tagger incorporated graph neural networks
(GNN) [92] to significantly improve the boosted bb tagging (GN2x). In this chapter, we
will present the search for the Graviton in the HH — bBT,uThad channel with the 140 fb™!
ATLAS Run-2 data. Using the Tﬁa 4 tagger and the newly developed GN2x boosted bb
tagger [92], this analysis achieves the best sensitivity in the HH — bbr7 channel to date.
The expected 95% CL limits on o (pp — G — HH) for masses in the range 2-5 TeV are
ten-times lower than the previous ATLAS search in the HH — bbtt channel, more than
100 times lower than the expected limits set by the CMS collaboration in the same channel.

Section 7.2 describes the data and MC samples used in the analysis. Section 7.3 de-
scribes the signal-region event-selection Section 7.5 describes the systematic uncertainties
considered in this analysis. Section 7.6 describes the statistical analysis and limit setting.

Section 7.7 presents the results of the analysis and discusses the future prospects.
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7.2 Dataand MC

Full ATLAS Run-2 data was used in this analysis. The data collected at /s = 13 TeV
corresponds to an integrated luminosity of 140 fb™!. For this analysis, the prediction for
the SM contributions are from the same MC samples as those used for the Tﬁa 4 benchmark
analysis detailed in Chapter 5, with the exception of the addition of the SM Higgs and
di-Higgs samples.

Higgs boson production via gluon-gluon fusion (ggF) was simulated at next-to-next-
to-leading-order (NNLO) accuracy in QCD using POWHEG Boxv2 [112-114, 153, 154].
The simulation achieved NNLO accuracy for arbitrary inclusive gg — H observables
by re-weighting the Higgs boson rapidity spectrum in Hj-MINLO [155-157] to that of
HNNLO [158]. The PDFALHC15NNLO PDF set [159] and the AZNLO tune [160] of Py-
THIA 8 [117] were used. The gluon-gluon fusion prediction from the Monte Carlo samples
was normalised to the next-to-next-to-next-to-leading-order cross-section in QCD plus
electroweak corrections at NLO [161-171]. The normalisation of all Higgs boson samples
accounts for the decay branching ratio calculated with HDECAY [172-174] and PROPH-
ECY4F [175-177].

Higgs boson production via vector-boson fusion was simulated with POWHEG Box v2 [112-
114, 178] and interfaced with PYTHIA 8 [117] for parton shower and non-perturbative ef-
fects, with parameters set according to the AZNLO tune [160]. The POWHEG prediction
is accurate to next-to-leading order (NLO) and uses the PDF4LHC15NLO PDF set [159].
It was tuned to match calculations with effects due to finite heavy-quark masses and
soft-gluon resummation up to NNLL. The Monte Carlo prediction was normalised to
an approximate-NNLO QCD cross-section with NLO electroweak corrections [179-181].
The normalisation of all Higgs boson samples accounts for the decay branching ratio

calculated with HDECAY [172-174] and PROPHECY4F [175-177].
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Higgs boson production in association with a vector boson was simulated using
POWHEG Boxv2 [112-114, 178] and interfaced with PyTHIA 8 [117] for parton shower and
non-perturbative effects. The POWHEG prediction is accurate to next-to-leading order for
V H boson plus one-jet production. The loop-induced gg — Z H process was generated
separately at leading order. The PDF4ALHC15NL0 PDF set [159] and the AZNLO tune [160]
of PYTHIA 8 [117] were used. The Monte Carlo prediction was normalised to cross-sections
calculated at NNLO in QCD with NLO electroweak corrections for qq/qg — V H and at
NLO and next-to-leading-logarithm accuracy in QCD for gg — ZH [182-188]. The nor-
malisation of all Higgs boson samples accounts for the decay branching ratio calculated
with HDECAY [172-174] and PROPHECY4F [175-177].

The ggF production of the SM Higgs boson pairs, with one Higgs boson decaying
into bb and the other one to 77~ is generated with the Powheg Box v2 generator at
NLO with finite top-quark mass, and using the PDF4LHC15NLO PDFset. Parton shower
and hadronisation are simulated using PYTHIA 8.244 [117] with the Al4 tune and the
NNPDF2.3L0 [119] PDF set.

The G — HH — bbt signal samples are generated with the same setup as the G —

I8

HH — 47 samplesinthe 7},

development, detailed in Chapter 5. To enhance the statist-
ics, the Higgs bosons in the signal G — HH — bbtt samples are forced to decay to a pair
of b-quarks or a pair of 7-leptons, in equal branching fractions. To calculate the effective

cross-sections for the G — H H production, a scale factor of

BRsm(HH — bbt1) ~0.073

— = =0.146
BRgen(HH — bbtr) 0.5

was applied to the generator reported cross-sections, where BRsy (HH — bbt1) = 0.073
is the SM branching ratio of the HH — bbtt decay, and BRgen (HH — bbtT) = 0.5 is the

generator-enhanced branching ratio for the same process.
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7.3 Event-selection

Table 7.2 Summary of signal region event-selection criteria. SR events pass at least one trigger
listed below. A control region is defined in which events fail any one or more of the cuts marked
with *, while passing every other selection. For better CR statistics, the lower bound of m¢! and
myy, is relaxed to 60 GeV for CR. “fatjet” refers to the large-radius jet clustered with the anti-k;

algorithm with R = 1.0.

Object Selection

lowest un-prescaled single muon triggers

Iriggers lowest un-prescaled E%ﬂss triggers
0<Inl<1370rl52<|nl <25

Tﬁa d "VeryLoose" RNN jet WP
pt > 20 GeV

Found inside the Tﬁa d

Removed p pr > 10 GeV

"Medium" ID WP

fatjet GN2x score > -5.0

fatjet passes "QCD1.55%" WP  *
bb system 90 < my, < 160 GeV
PTbb > 250 GeV

ARfj_jer <0.03  *

Opposite sign p and rﬁa a

mys > 5 GeV

igned
T Thad SyStem -0.1 <A F\iEr < 0.4
m< > 90 GeV

prol > 250 GeV

Event level cut |Adpp—17| > /2

The event-selection criteria are summarised in Table 7.2. Recorded events are required

to satisfy the same triggers as the Tf:a 4 benchmark analysis detailed in Chapter 5. The

signal-region events are required to have at least one Tﬁa 4 candidate with pr > 20 GeV

and pseudorapidity satisfying 0 < || < 1.37 or 1.52 < |n| < 2.5. A “VeryLoose” RNN jet

WP is applied to the Tﬁa 4 candidate. The removed muon is required to have pr > 10 GeV
and to pass the “Medium” ID WP, The fatjet is required to have a GN2x score greater than

—5.0 and to pass the “QCD1.55%” GN2x WP [92]. The invariant mass of the bb system,
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Table 7.3 Event yields in the SR and CR regions. The uncertainties are statistical only. The signal
yields are shown with fixed cross-sections o (pp — G — HH) =1 fb.

SR CR
Data 1+1 219415
SM MC total 0.71+£0.09 2052
jets+ Z — 171 0.19+£0.05 114+1
diBoson 0.11+£0.02 16.1+£0.4
Top 0.12+0.03 46+2
Higgs 0.12+0.07 11+1
Others 0.168 + 0.005 18+2

G2TeV)— HH 0.515+0.002 0.178+0.001
G@BTeV)— HH 0.712+0.002 0.173+0.001
G@4TeV)— HH 0.748+0.002 0.196+0.001
G(5TeV) - HH 0.728+0.002 0.218+0.001

Mpp, is required to be between 90 and 160 GeV, and the pr of the bb system, pryp, is
required to be greater than 250 GeV. The AR separation between the fatjet and the closest

standard-radius jet, ARfj_jer, is required to be less than 0.03. The 7, Tpaq System is required

p

had candidate, and the visible mass of the

to consist of an oppositely charged muon and 7

T Thad System, mYis  is required to be greater than 5 GeV. The signed angular separation in

signed

LI~ MET” is required to be between

the transverse plane between the muon and the EITniSS, A¢p
—0.1 and 0.4. The invariant mass of the 77,4 System, mﬁ‘,’l, is required to be greater than
90 GeV, and the pr of the 7,Tpaq System, pre, is required to be greater than 250 GeV.
At the event level, the absolute angular separation in ¢ between the bb system and the
Ty Thad System, |A¢pp_;7|, is required to be greater than /2. For the CR, the lower bounds
of m<% and n,, are relaxed to 60 GeV to increase the statistics. Events that fail any one or
. oo A .
more of the GN2x requirements, the opposite-sign muon and 7, , requirement, or the

ARy_jer requirement, while passing all other selections, are defined as belonging to the

CR.
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7.3.1 my, and m< cuts optimisation

The myy, and m<! distributions are two powerful discriminants for the G — H H signal. To

maximise the sensitivity of the analysis, the cut values on the n1,p, and m<? distributions

are determined at pre-selection level. All other event-selection criteria are applied except

for the myy, and m<! cuts during the optimisation. The signal and background efficiencies

and the significance (Z) for different cut values on the myp, and m! distributions are

shown in Figure 7.3. Due to the low number of expected events, the p-value is calcu-
lated using an interpolated Poisson cumulative distribution function (CDF). Then, Z is
derived from the p-value using Z = o la- p), where @ is the CDF of the standard nor-
mal distribution. The optimal cut values are chosen to maintain high signal efficiencies
and high significance. The values of the optimal cuts are chosen to be looser than the
values that maximise Z, as my, and m<! are not the most powerful discriminants for the
G — HH signal. The mg‘t’)l” distribution provides better separation between the signal and

background, especially for the high-mass signals.
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Fig. 7.3 The G 3 TeV signal efficiency, background efficiency, and the significance for different cut
values on the my,y, (a), and mggl (b) distributions.
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7.4 Results

Figures 7.4 to 7.14 show the distributions of various variables in the SR and CR. “Z —
t7+jets” refers to the contributions of the Z — t7+jets processes. “Top” refers to the
contributions of the SM top quark processes, including ¢ and single top. “VV/VH/HH”
refers to the contributions of the SM diboson, V H, and H H processes. “Higgs” refers to
the contributions of the SM Higgs boson processes, including ggF and VBF productions.
“Other” refers to the contributions of the remaining SM processes, including W +jets and
Z — ll+jets. The signal processes shown in these plots are normalised to the expected
95% confidence level (CL) limits of the o (pp — G — HH). For variables used in the
event-selection, these plots display the distributions after all other event-selections have
been applied, except for the variable itself. The event yields in the SR and CR regions are
presented in Table 7.3. Good agreement between data and MC simulation is observed
in the CR, indicating that the MC prediction is reliable in this region. It also suggests
negligible QCD background contamination in both the CR and SR. Figure 7.4 shows the

distribution of |A¢pp—-;| between the two b-jets and the two 7-leptons. Figure 7.5 displays

signed
u—MET

signed

the distribution of the A¢ {i—MET

variable. The sign of A¢ is defined to be positive
if the E%ﬁss is on the same side as the Tﬁa 4 candidate, and negative otherwise. Figure 7.6
illustrates the ARy_je; distributions. This variable is utilised to reject events exhibiting
significant activity in the periphery of the fatjet, which often indicates the presence
of gluon-induced heavy-flavour jets. Figure 7.7 shows the distribution of the GN2xg
variable, which is the output of the GN2x tagger. The WP chosen for this analysis is the
“QCD1.55%” WP, corresponding to a signal efficiency of 85%. Figures 7.8 and 7.9 present
the distributions of my, and pryp, of the two b-jets derived from the fatjet. Figures 7.10

and 7.11 show the distributions of m% and pr¢% of the two 7-leptons reconstructed

col

with the collinear approximation [136, 152], incorporating the E%liss. The prpp and pr55

of Standard Model (SM) backgrounds fall sharply with increasing pr, while the signal
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processes peak at %mc;. The signal my,, and mggl distributions exhibit a clear peak at m .

SM “VV/VH/HH” processes show broad distributions in the my;, and m¢! spectra from
myz to mpy. The contribution from top quark processes is clearly visible in the my,, around

175 GeV. A clear peak at my is observed in the m! distribution from the Z — T7+jets

processes, indicating that the Z + heavy flavour jets processes are well modelled in the

high-pr region. Other SM processes display falling distributions in the my,, and m<

spectra. Figure 7.12 shows the distribution of the mf)‘f)l” variable, which is the invariant

mass of the bb system and the two 7-leptons. This variable reconstructs the di-Higgs mass

in the signal process. Non-resonant SM processes exhibit falling distributions in the mﬁ%ln

spectra, while the signal processes show a clear peak at mg. The lower tails of the mggIT ;

distributions from high-mass signals indicate poor detector resolution in the high-mass

10

region. Figure 7.13 presents the distribution of the py of the muon found inside the 7, _,

( pé‘). Figure 7.14 displays the distribution of the TaulD jet RNN score (RNN;) of the Tﬁa d

candidate. Figure 7.15 shows the distribution of the product of the 7,7haq charges.
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whilst still satlsfymg the condition AR < 0.4.
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Fig. 7.15 The distribution of the product of the 77 charges in the SR (a), and CR (b).

7.5 Systematic uncertainties

As a conservative estimation, the following systematic uncertainties are considered:

* Jet energy scale and resolution, tau energy scale and resolution, E7"** and other

experimental uncertainties (20%): These uncertainties can shift the reconstructed

col

mbbn

spectrum by altering the measured energies and momenta of jets, 7 leptons,
and the missing transverse energy. A 20% overall uncertainty is used here as a
placeholder, guided by typical variations observed in similar analyses at this stage
of development. In a more detailed study, each of these sources would be evaluated
separately through systematic variations of calibration constants, comparison to

data-driven control samples, and application of smearing and scaling factors, then

combined into a total systematic uncertainty following standard procedures.

* Theoretical uncertainties in the background cross sections, luminosity, and other
parameters (50%): The theoretical cross section calculations for background pro-

cesses come with an intrinsic uncertainty, which can be further affected by PDF
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variations, scale variations, and higher-order corrections. We also include here
uncertainties on the integrated luminosity measurement. In this preliminary search,
we assign a large 50% systematic uncertainty to cover these effects conservatively.
As the analysis matures, these uncertainties would typically be reduced using more

accurate theoretical predictions and improved luminosity calibrations.

* Theoretical uncertainties in the signal modelling, GN2x identification efficiency

p

(+15%
- had

200 T

reconstruction and identification efficiency (12%), and other paramet-
ers (20%): For the signal process, uncertainties arise from theoretical cross section
calculations and parton shower modeling, which affect the predicted event rates

and kinematics. Additional uncertainties stem from experimental efficiencies—for

I8

had reconstruction and identi-

instance, the GN2x x;, tagger performance and the 7
fication efficiency. Although each of these sources could in principle be evaluated
separately through specialized studies (using tag-and-probe methods or dedicated
control regions), we have here grouped them into a single combined uncertainty. We
assign a conservative 20% overall normalization uncertainty to account for possible
deviations in the modeling and reconstruction, while specifically quoting the GN2x
identification efficiency uncertainty as f%gg; and the 7-ID uncertainty as 12%. In the

future, once the GN2x tagger calibration is fully validated, these uncertainties can

be refined and broken down more precisely.

The final SM background yield in the signal region (SR) is 0.7 +0.1 (stat.) £ 0.3 (syst.). Again,
these systematic uncertainties are intentionally chosen to be conservative “placeholder”
values. Our preliminary investigations indicate that the largest systematic uncertainty
will come from the new GN2x x;, tagger, which is still under development and not yet
fully calibrated. Once its performance is characterised in more detail, we expect to revisit
and refine the individual systematic sources—jet and tau energy scales, cross-section

normalizations, tagger efficiencies, etc. using the standard suite of techniques. At that
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point, each source of uncertainty can be quantified more rigorously, substantially reducing

the overall uncertainty on both the background prediction and the signal acceptance.

7.6 Interpretation

A statistical model is used to interpret the results, performing a binned likelihood fit to
the data. The likelihood model is constructed with the pyhf package [189]. Given the low
number of events in the signal-region, the asymptotic approximation in the likelihood
model is not reliable. Instead, the five-bin SR mg‘l;lr , histogram is used as the probability
density function (PDF) for the signal and background. Using this PDE we generate 10000
toy-based experiments with and without signal contributions to estimate the empirical
CLs;p and CLy [190] distributions, respectively. From these distributions, the expected
95% CL limits on o(pp — G — HH) are calculated based on the 95th percentile of the
empirical CLg distribution. The limits obtained using the asymptotic approximation are
included to illustrate the disagreement between the two methods in the low-statistics
regime. The expected 95% CL limits on o(pp — G — HH) at various mass points are
shown in Figure 7.16. The expected limits are shown as the dotted black line. The +10 and
+20 bands are depicted as shaded regions around the expected limits. The black solid

lines show the observed limits. The expected and observed upper limits, as well as the

predicted cross-sections, are presented in Table 7.4.

Table 7.4 The expected and observed 95% CL limits on the 0 (G — H H) on various mass points.

Mass [GeV] -20 [fb] —1o [fb] Exp. [fb] +1o [fb] +20 [fb] Observed [fb]

2000 4.6 5.5 6.1 8.9 13.2 5.8
3000 3.0 4.3 4.5 4.9 6.8 4.0
4000 3.5 3.7 4.0 4.7 6.1 3.8

5000 3.2 3.6 4.0 4.9 6.0 4.0
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Fig. 7.16 The expected 95% CL limits on the o(pp — G — HH) on various mass points. The
expected limits are shown as the dotted line. The +10 and +20 bands are shown as the shaded
regions around the expected limits. The marked solid lines show the observed limits.

7.7 Conclusion

In this analysis, we have conducted an investigation into the G — HH — bbt1 process
using the full ATLAS Run-2 dataset, collected at /s = 13 TeV with an integrated luminosity
of 140 fb~!. The search benefits from advancements in the ATLAS Combined Performance,
particularly the GNN-based bb-jet tagging algorithm and the muon-removal technique
for 11,4 identification. The event-selection was optimised to enhance signal sensitivity
while maintaining a near zero background level.

Our results demonstrate good agreement between the data and the MC simulations in
the CR, indicating negligible QCD background contamination in the SR. Statistical and
systematic uncertainties were evaluated and incorporated into the final upper limits.

The 95% CL limits on o (pp — G — HH) are derived for mass points ranging from 2 to
5 TeV. Notably, the limits from this search are more than ten times better than the previous
ATLAS search in the bbtt channel. For instance, at a resonance mass of 3000 GeV, we

obtained a limit of 3.8 fb, compared to the previous limit of approximately 55 fb in the
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HH — bbThagThaq channel. However, our limits are less stringent than those obtained
in the bbbb channel, primarily due to the lower branching ratio of the HH — bbt uThad
process. With the two lepton removal reconstruction methods, boosted di-tau systems
can now be reconstructed for all three channels — 7,Thad, TeThad and ThadThad. These
algorithm advancements could position ATLAS to approach the 1 fb limits set by the
HH — bbbb channel with all three sub-channels, especially considering the significantly

lower background in the HH — bbt final state.



This page intentionally left blank



Chapter 8

Conclusion

In this thesis, we have explored multiple facets of tau lepton reconstruction and identifica-
tion within the ATLAS detector framework, as well as conducted a detailed search for the
Graviton in the bbtrt decay channel.

The muon-removal method developed for the boosted 7,7haq4 reconstruction has
demonstrated significant improvements in the identification efficiency of hadronically
decaying taus in the presence of a nearby muon. This method recovers the 71,4 identi-
fication efficiency to levels expected for isolated 71,4 decays across all TaulD working
points, ensuring that the measurement precision for the kinematic properties of the vis-
ible Th,q system is maintained. This advancement was validated through benchmarking
with a highly boosted Z — 7,Thaq sample from the complete Run-2 dataset recorded by
the ATLAS detector. The results showed good agreement between data and Monte Carlo
simulations, highlighting the robustness of the method.

The electron-removal method for boosted 7,7p,q reconstruction similarly displayed
significant improvements. This method accurately reconstructs the visible decay products
within a single 7¢eeq jet, addressing challenges posed by the presence of nearby elec-

trons. This advancement enhances the signal yield, and in the mean time suppresses
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the background contamination. The method’s effectiveness was benchmarked using the
Z — T,Thad channel.

In our search for the Graviton in the bbtt channel, we utilised the full ATLAS Run-2
dataset, collected at /s = 13 TeV with an integrated luminosity of 140 fb~!. This search
benefited from the advancements in ATLAS combined performance, particularly the GNN-
based bb-jet tagging algorithm and the muon-removal technique for 7,4 identification.
Our results showed good agreement between data and Monte Carlo simulations in the
control region, indicating negligible QCD background contamination in the signal region.
Statistical and systematic uncertainties were evaluated and incorporated into the upper
limits.

The expected 95% confidence level (CL) upper limits on the o(pp — G — HH) were
derived for mass points ranging from 2 to 5 TeV. The limits obtained from this analysis
significantly outperformed previous ATLAS searches in the bbtt channel. For instance, at
aresonance mass of 3000 GeV, we achieved an limit of 3.8 fb, compared to the previous
limit of approximately 55 fb in the HH — bbtphaqThad channel. Despite the 20-times
lower HH — bbt 1 Thad branching ratio, our limits were only 5-times less stringent than
those obtained in the HH — bbbb channel. This highlights the performance of the
muon-removal technique in the 71,4 identification, and the success of this analysis in
suppressing the SM background contamination.

In conclusion, the advancements in tau lepton reconstruction presented in this thesis
open up a new final state in the search for new physics phenomena. The results of the
Graviton search in the bbtt channel demonstrate the potential of these advancements
to significantly enhance the discovery potential of the ATLAS experiment in the highly

boosted di-7 channel.
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Appendix A

Investigation for truth 3-prong 7.4

reconstructed as 2-prong

Introduction

The reconstruction efficiency of the particle-level 3-prong 71,49 decreases with increasing
pr of the T4, particularly in the high-mass region of this analysis. When the 3-prong Thaq
is not correctly reconstructed, it is most often reconstructed as a 2-prong Thag, typically
due to the failure to identify one of the charged pions. For visible pr of the 71,4 around 1
TeV, the probability of correctly reconstructing a 3-prong 11,4 can be as low as 45% [99], as
reported in Chapter 5. In such cases, the probability of it being reconstructed as a 2-prong
Thad (3-t0-2p migration) is approximately 30%, while the probability of being reconstruc-
ted as a 1-prong (3-to-1p migration) Thaq is around 15%. The remaining probability is
attributed to reconstruction as a 4-prong (3-to-4 migration) or 0-prong (3-to-0 migration)
Thad, both of which are negligible compared to other types of migration.

From the perspective of this analysis, the 3-to-1p migration is not problematic, as
reconstructed 1-prong Thaqs are included in the signal region (SR). Likewise, the 3-to-4 and

3-to-0 migrations are not concerning, as these rarely occur. By including reconstructed
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2-prong Thags in the SR, the signal acceptance for the high-mass G — HH signal can
potentially increase by 10%. However, the background composition must be carefully
analysed to ensure that the inclusion of 2-prong 71,45 does not significantly increase

background contamination.

Event-selections

Table A.1 shows the event yields in the SRz, and CRyp, regions. The selection on the charge
of the muon and 7y,4 is loosened to g, x gz, ,, <0, as the charge of the 2-prong 7p,q can
only be 0 or +2. The prongness selection is set to 2-prong, ensuring that these regions
are orthogonal to the SR and CR regions in the main analysis. The TaulD jet RNN score
cut moves up from 0.05 to 0.15 to suppress the top background contamination. All other
selection criteria for the SRy, and CRy) regions remain identical to those used in the SR
and CR regions of the main analysis.

The same set of distributions as shown in the main text is presented in Figures A.1 to
A.12. Good agreement between data and MC is observed across these distributions in CRyp,

indicating that the 2-prong 71,4 selection is also well-modelled in the MC simulation.

Results

As expected, the signal efficiency in the SRy, is roughly 10% of the signal efficiency in
the main analysis for G(3 -5 TeV). The SRy}, signal yield for G(2 TeV) is roughly 7% of
the signal yield in the SR, indicating that the 3-to-2 migration is less prominent for the
lower pr Thaq. The SM MC predicted 0.11 events in the SRz, the composition of which
is different from the nominal SR, with the ¢ being the dominant background. Other
major backgrounds appeared in the nominal SR, such as Z — 77 and diBoson, are sources

of genuine 7,Thaq, Which are suppressed by the 2-prong 7paq selection in the SRyp. In
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Table A.1 Event yields in the SR 2p and CR 2p regions. Apart from the different selection criteria
for prongness and charge, the SR 2p and CR 2p regions are identical to the SR and CR regions in
the main analysis. The uncertainties are statistical only. The signal yields are shown with fixed
cross-sections o(pp — G— HH) =11b.

SR 2p CR2p
Data 0 47+7
SM MC total 0.11 46+ 3
jets+ Z — 17T 0.01 6.3+£0.3
diBoson 0.01 1.5+0.1
Top 0.10 31+1
Higgs 0.00 0.03+0.02
Others 0.01 7+2
G(2TeV) - HH 0.0343 0.0114
G(3TeV)— HH 0.0598 0.0129
G4 TeV)— HH 0.0725 0.0162
G(bBTeV)— HH 0.0731 0.0188

the CRyp, genuine 7,7h,4 backgrounds are also suppressed for the same reason, the ¢7

contribution is promoted to be the dominant background.

Discussion

In exchange of the 10% signal acceptance increase, the SRy, region see a 10% increase
in the background contamination. We required a slightly tighter 71,,4 jet RNN score cut,
which has the effect that the background contamination is reduced significantly, without
sacrificing much signal acceptance. Given that the SR and SRy, regions are essentially
background-free, and the fact that this analysis is heavily bottle-necked by the signal yield,
the increase in the background contamination is acceptable.

This analysis is the first in ATLAS to use the 2-prong 11,4 in the signal region. With
the 10% increase in signal acceptance, the sensitivity of this analysis is expected improve
roughly linearly with the increase in signal acceptance. The expected upper-limits, in-

corporating the SRy, contributions, are shown in Table A.2. The Brazil band plots are
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shown in Figure A.13. The limits are obtained with a 10-bin counting experiment, with the

2-prong analysis concatenated to the main analysis.

Table A.2 The expected and observed 95% CL limits on the o (G — H H) on various mass points.
Limits are obtained with the 2-prong analysis concatenated to the main analysis.

Mass [GeV] -20 [fb] —1o [fb] Exp. [fb] +1o [fb] +20 [fb] Observed [fb]
2000 4.3 5.1 5.7 8.0 11.9 5.4
3000 2.9 3.5 4.1 4.7 6.5 3.8
4000 3.1 3.2 3.6 4.1 5.3 3.5
5000 2.9 3.4 3.8 4.3 5.4 3.8
0.0 Asymptotic limits 0.0 Toy based limits

Expected limits +20 Expected limits +20
175 Expected limits +10 175 Expected limits +10
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Fig. A.13 The expected and observed 95% CL limits on the (G — H H) on various mass points.
Limits are obtained with the 2-prong analysis concatenated to the main analysis.
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