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Abstract

The Auxiliary Detector above the ATLAS Muon spectrometer (ADAM) is a proposed
particle detector. Its function is to detect the decay products of beyond the stan-
dard model (BSM) particles produced in the 14 TeV proton-proton collisions at the
Large Hadron Collider (LHC) which evade detection by the ATLAS (A Toroidal LHC
ApparatuS) experiment.

Long-lived particles (LLPs) are a feature of many BSM theories. One such model
is supersymmetry (SUSY), a theoretical framework that predicts for each boson and
fermion in the Standard Model (SM), there may exist a “superpartner” fermion or
boson, respectively. In particular, when this model is extended to also include the
theoretical graviton particle, which defines “minimal supergravity” (mSUGRA), there
is the possibility of a supersymmetric tau lepton, or “stau” with lifetimes of up to a
year.

ADAM is a low-cost addition to the existing ATLAS detector to extend its physics
reach. This thesis provides a comprehensive simulation of the production, transport
and detection of exceptionally long-lived stau particles, that come to rest in the
ATLAS detector before decaying, the subsequent decays of these particles can be
monitored in a background-free way during planned and unplanned Technical Stops.
The ADAM detector is deployed above the ATLAS detector, effectively turning the
upper region of the cavern into a 13,000 m® fiducial volume for detecting the decays of
LLPs. While a particular model and parameter set is used in this work, the resultant
heavy charged particle featured in the model is not unique amongst BSM theories,

therefore the results may extrapolate to other models. Under the specific scenario
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of mSUGRA physics at the LHC during run 4, and based on the cross-section of
the pp — 77 process in the mSUGRA model, the expected integrated luminosity
of 715 fb~! over the course of run 4, and the operational schedule of the LHC, our
experiment showed up to 132.3 + 0.9 events recorded by the ADAM detector, and at
least three events for stau masses under 148 GeV for all lifetimes, or up to 222 GeV

for one year lifetimes.
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The only place on earth where immortality is provided s in libraries. This is the
collective memory of humanity.

-Temple Grandin
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Chapter 1

Introduction

The field of particle physics has been significantly advanced by the Large Hadron
Collider (LHC), a particle accelerator that has facilitated the exploration of the fun-
damental constituents of matter. The ATLAS (A Toroidal LHC ApparatuS) exper-
iment [1] at the LHC, together with CMS (Compact Muon Solenoid) [2] discovered
the Higgs Boson in 2012 [3][4], the last piece of the Standard Model (SM) puzzle.
However, the SM, despite its success in explaining the behaviour and interactions of
known elementary particles, does not account for the fundamental parameters of the
SM [5], neutrino oscillations [6], the matter-antimatter asymmetry [7] as well as the
nature of dark matter and dark energy [8]. Additionally, the SM does not incorporate
gravity. These limitations have led to the development of theories Beyond the Stan-
dard Model (BSM), one of the most well-studied of which is Supersymmetry (SUSY)
9][10].

SUSY, in its minimal form, proposes a symmetry between fermions and bosons,
predicting a supersymmetric partner for each particle in the SM [11]. Among these
predicted particles are the staus, the supersymmetric partners of the tau leptons.
Certain SUSY models suggest that staus could be very long-lived particles (VLLPs)
[12][13][14], with lifetimes on the order of days to years. This characteristic makes
them candidates for direct detection in an auxiliary detector in the ATLAS cavern,

during operational shutdowns.



This thesis focuses on the simulation of the production of long-lived stau particles
at the ATLAS experiment and their subsequent detection in an auxiliary detector
named ADAM (Auxiliary Detector above the ATLAS Muon spectrometer), which we
are proposing would be positioned above the ATLAS experiment. The simulation is
performed using Geant4 [15], a toolkit for the simulation of the passage of particles
through matter, and FullSimLight [16], a Geant4 based toolkit used to build and sim-
ulate the ATLAS geometry and magnetic field. Geant4 is widely used in high-energy
physics for its accurate modelling of particle interactions and detector response.

The primary objective of this work is to evaluate the potential of the ADAM
detector to identify and measure the decay products of long-lived stau particles.

The thesis is structured as follows: Chapter 2 provides a theoretical background
on the SM and SUSY, with a discussion on the model parameters that could lead to
the production of long-lived stau particles. Chapter 3 describes the LHC and the AT-
LAS experiment. Chapter 4 introduces the ADAM detector and its design, presents
the Geant4 and FullSimLight toolkits and the specific methods used to simulate the
production and detection of stau particles. Chapter 5 discusses the results of the sim-
ulation and their implications for detecting long-lived particles at the LHC. Finally,

Chapter 6 provides a summary of the work and suggestions for future research.



Chapter 2

Theory

2.1 The Standard Model
2.1.1 Overview

The Standard Model (SM) of particle physics presents a comprehensive mathemati-
cal framework that describes the fundamental particles and their interactions. The
description of the SM that follows is a synthesis of the work in [17][18][5][19]. The
SM describes the matter of the universe as fermions, characterized by their distinct
spin quantum number of 1/2. Fermions then fall into two further classes: leptons
and quarks. Each of these classes consists of three generations, ordered by increasing
mass. The lepton generations encompass the electron, the muon, and the tau lepton,
each accompanied by a corresponding neutrino. The quark generations include the
down and up quarks, the strange and charm quarks, and finally, the bottom and top
quarks.

Fermions experience interactions with themselves and other particles through in-
teractions we refer to as forces. The SM describes three fundamental forces: elec-
tromagnetism which we experience as the force that binds together atoms into the
macroscopic objects we interact with on a daily basis, the strong nuclear force, which
binds together the nucleus of atoms, and the weak nuclear force, responsible for the

radioactive decay of materials. The remaining force, gravity, is not described by the

SM.
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Figure 2.1: The particles described by the Standard Model. [20]

The second class of particles in the SM consists of the bosons, which have integer-
valued spin. It is the exchange of these particles by which the forces propagate.
Specifically, eight gluons mediate the strong force, the W* and Z° bosons mediate
the weak force, and the singular photon mediates the electromagnetic (EM) force.

Finally, the most recently discovered particle is the Higgs Boson. This particle
is a scalar or spin-0 boson, separate from the above particles which are spin-1 vec-
tor bosons. The Higgs and its associated field, are responsible for the mass of all

fundamental particles. The various particles in the SM are shown in figure 2.1.

2.1.2 Gauge Symmetry

The SM presumes that all fundamental interactions are described by gauge theories.
Gauge theories are quantum field theories that are invariant under a group of local
transformations - the gauge transformations. The requirement of local gauge symme-
try leads to the introduction of new fields - the gauge fields, whose quanta mediate

the corresponding interactions.



In quantum electrodynamics (QED) the group of transformations is U(1) [17]. A
U(1) gauge transformation corresponds to a change in the phase of the wavefunc-
tion, which is a function that describes quantum states in quantum mechanics. U(1)
is the group of complex numbers of magnitude 1, and its transformations can be
represented as multiplications by a complex exponential, the wavefunction W(x) is
transformed as ¥'(z) = @ W(x), where §(x) is a function of x, this is the mean-
ing of a local transformation as opposed to a global transformation where 6 would
be a constant. This dependence could affect the absolute square |¥(x)[?, violating
probability conservation. To maintain gauge invariance, we introduce a gauge field,
the electromagnetic four-vector potential A, (x) whose transformation compensates
for changes in the wavefunction, preserving local gauge invariance. The gauge field
A, (z) mediates the electromagnetic interaction, ultimately leading to photons as its
quanta. Hence, the local U(1) gauge symmetry is not just a mathematical artifact
but is crucial for the electromagnetic force.

For each type of interaction, there is a corresponding gauge group. The gauge
group of Quantum Chromodynamics (QCD), the theory of the strong nuclear force,
is SU(3). For the weak force, the gauge group is SU(2), but it can be shown that it is
actually the unification of the SU(2) weak isospin and U(1)y weak hypercharge gauge
groups that result in both the electromagnetic and weak force and that a subsequent

mixing of its gauge fields is responsible for the photon and Z° particles.

2.1.3 Higgs Mechanism

The SM necessitates a mechanism to generate mass for particles, as experiments
confirm that most particles are massive. However, the inclusion of gauge boson mass
terms in the SM Lagrangian would compromise its gauge invariance. The solution to
this problem is the Higgs mechanism: introducing two massive, complex scalar fields
® = (41, ¢2) and a potential V = p2dTd + \ (CIﬂCI))2 which has a degenerate, non-zero

minimum when p? < 0, as shown in figure 2.2. In doing so, the electroweak gauge
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Figure 2.2: A diagram illustrating the relationship between spontaneous symmetry
breaking and the particle masses. On the left, we see the shape of the Higgs potential
illustrating the non-zero vacuum expectation value at the Higgs potential minimum.
On the right we see the SU (2), x U(1),, W* and B gauge fields which give rise to
the W%, Z° and photon particles [21]

symmetry is broken, which provides mass to the W* and Z; bosons. Fermions then
acquire mass through their couplings to the Higgs field. Figure 2.2 shows the shape

of the Higgs potential and the results of the broken symmetry.

2.2 Limitations

2.2.1 Gravity

As mentioned, the SM does not describe gravity. Although some theories propose a
graviton [22], a spin-2 particle that works within the quantized field theory framework,
it has never been observed. The SM concerns itself with the interactions of particles

on a scale in which gravity is negligible, making it inherently difficult to connect the



concepts experimentally. FoOr rererence € coupling stren Ol gravl 1S o 1mes
pts experimentally. For refi , th pling strength of gravity is 10742 ti

weaker than that of strong nuclear force.

2.2.2 Higgs Naturalness

While the SM does make predictions of physical properties such as the electron mag-
netic moment with incredible precision [23], other important values such as almost
all particle masses are parameters which must be experimentally determined [5]. The
mass of the Higgs boson exemplifies this limitation. According to the SM, quantum
corrections due to virtual particles should drive the mass of the Higgs boson up to
the Planck scale [19], which is around 10'® GeV. This theoretical prediction starkly
contrasts with the observed mass of the Higgs boson, which is only about 125 GeV.

This discrepancy suggests the existence of a delicate fine-tuning in the parameters
of the SM, causing a cancellation that brings the Higgs mass down from the Planck
scale to its observed value. However, such fine-tuning is generally considered to be
‘unnatural’. From a statistical standpoint, if parameters can take a range of values,
it seems implausible that they would have such a precise configuration that results in

this exact cancellation unless there is a fundamental underlying mechanism.

2.2.3 Matter/Anti-Matter Asymmetry

Each particle in the SM has an anti-particle, which for charged particles is an oppo-
sitely charged particle with otherwise identical properties. There is, in principle, no
reason for the universe to not contain equal parts matter and anti-matter as far as
the formulation of the SM is concerned. This is in contrast with measurements that

show the universe is indeed primarily made of matter [7].

2.2.4 Dark Matter

Astrophysical observations show that the rotational curves of galaxies and the dy-

namics of galaxy clusters are incompatible with Einsteinian gravity, and imply the



existence of dark matter [8], which does not interact electromagnetically but does
interact gravitationally. The SM also does not provide a candidate identity for this

martter.

2.2.5 Dark Energy

Observations dating back to the 1920s have demonstrated that the universe is in
a state of expansion [24]. More recent measurements from the 1990s, particularly
those involving distant supernovae, have indicated that this expansion is not merely
ongoing, but is in fact accelerating [25]. To reconcile this accelerated expansion with
the principles of general relativity and the gravitational attraction inherent in massive
objects, a cosmological constant, denoted as A, is introduced [26]. This constant
imparts a kind of 'negative pressure’ or repulsive force to the universe. The energy
associated with this cosmological constant has been termed ’'dark energy’, as the
energy we can directly observe in the universe falls short of what would be required
to account for the observed rates of expansion. However, the SM, given its exclusion
of general relativity, remains silent on these cosmological phenomena and cannot offer

an explanation for these observations.

2.2.6 Neutrino Oscillations

Neutrinos, elementary particles that interact primarily through the weak nuclear
force, are predicted to be massless according to the SM. However, experiments observ-
ing neutrinos produced in the sun and in the atmosphere have definitively shown that
neutrinos undergo oscillations between the different generations of neutrinos [27][28].
This oscillation implies that neutrinos cannot be massless.

The neutrinos produced in specific processes, such as those in the sun (electron
neutrinos), do not have a definite mass. Instead, they exist in a superposition of mass
states [6]. As these neutrinos propagate through space, the different mass states mix

with each other, leading to a periodic change in the neutrino’s flavor. This means that



an electron neutrino produced in the sun can transform into a muon or tau neutrino
as it travels to Earth. When detectors on Earth measure the incoming neutrinos,
they observe fewer electron neutrinos than expected but find an excess of the other
flavors, confirming the oscillation process.

The discovery of neutrino oscillations has necessitated a revision of our understand-
ing of neutrino properties and is now accepted as fact, as such, physicists hope to

amend the SM to provide a comprehensive mechanism to explain neutrino oscillations.

2.3 Supersymmetry

The following description of Supersymmetry (SUSY) is a compilation of information
from the following works [29][11][30]. SUSY predicts the existence of a “superpartner”
for each particle in the SM. These superpartners differ from their counterparts by a
spin of 1/2 [11]. This means for every fermion it is proposed there is a bosonic
superpartner, and vice versa. For example, the superpartner of a quark (spin 1/2)
would be a squark (spin 0), and the superpartner of a gluon (spin 1) would be a
gluino (spin 1/2). The names of these superpartners are typically derived from their
SM counterparts with the addition of an “s” for fermions (e.g., selectron, squark) or
an “ino” for bosons (e.g., photino, gluino). In an ideal supersymmetric world, the
masses of the superpartners would be identical to their SM counterparts. However,
since we have not observed these superpartners in particle physics experiments, we
infer that SUSY must be a broken symmetry. This means that the superpartners must

be heavier than their counterparts, which is why they have not yet been detected.

2.3.1 Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is the simplest supersym-
metric extension of the SM that remains consistent with known physical laws. It
introduces a superpartner for each particle in the SM, effectively doubling the num-

ber of fundamental particles. However, the introduction of these new particles also



brings a significant increase in the number of parameters in the model. The SM has
19 free parameters, while the MSSM has over 100 [30]. These additional parameters
come from the masses of the new supersymmetric particles, the mixing angles be-
tween different generations of particles, and the parameters that govern the breaking
of SUSY.

One of the key features of SUSY and the MSSM is that it provides a solution to the
hierarchy problem without fine-tuning [31]. The quantum corrections to the Higgs
mass caused by the SM partners are counterbalanced by those of the supersymmetric
partners.

SUSY predicts the existence of not just one, but five Higgs bosons [30]. In the
MSSM, there are two Higgs doublets leading to five physical Higgs particles: two
CP-even neutral Higgs bosons (h and H), one CP-odd neutral Higgs boson (A), and
two charged Higgs bosons (H* and H™). This is in contrast to the SM which predicts

a single neutral Higgs boson.

2.3.2 R-Parity

R-parity is a concept introduced in supersymmetric theories to prevent rapid proton
decay and to ensure the stability of the lightest supersymmetric particle (LSP) [32].

R-parity is a quantum number assigned to particles [11]:
R _ (_1)3(B—L)+QS (21>

where S is the particle spin, B the baryon number, and L the lepton number. SM
particles are assigned an R-parity of +1, and their superpartners are assigned an
R-parity of -1. If R-parity is conserved, then superparticles can only be produced or
annihilated in pairs. This implies that the LSP, if it is produced in a collider or in the
early universe, cannot decay into SM particles and is therefore stable. This makes
the LSP a good candidate for dark matter [13], as it would not have decayed away

over the history of the universe.
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2.3.3 Minimal Supergravity - mSUGRA

Minimal Supergravity (mnSUGRA) extends the principle of SUSY to include gravity
and is well described in [12][33][34], which this section briefly summarizes. It is a spe-
cific version of the MSSM where the gravitational force is mediated by a spin-2 particle
called the graviton and its supersymmetric partner, the spin-3/2 gravitino. The inclu-
sion of gravity in the theory leads to the concept of grand unification, as it provides a
framework in which all four fundamental forces—gravity, electromagnetism, the weak
force, and the strong force—can be described within a single theoretical structure.

In the Minimal Supergravity (mSUGRA) model, at the grand unification scale, the
parameters associated with the breaking of SUSY (referred to as “soft” SUSY break-
ing terms) take on universal values. This concept, known as “universality,” implies
that all scalar superpartners of fermions (squarks and sleptons) and all fermionic su-
perpartners of gauge and Higgs bosons (gauginos and higgsinos) have the same mass
at the grand unification scale. The assumption of universality in mSUGRA simpli-
fies the model by reducing the number of independent parameters, making it more
tractable for theoretical and experimental study:.

In the mSUGRA framework, additional assumptions are made to reduce the num-
ber of free parameters in the model; the supersymmetric sector of the theory is de-

scribed by just five parameters:

1. The universal scalar mass, mg, which is the mass of the scalar superpartners at

the grand unification scale.

2. The universal gaugino mass, M /,, which is the mass of the fermionic super-

partners at the grand unification scale.

3. The universal trilinear coupling, Ay, which determines the strength of the in-

teractions between the scalar particles.

4. The ratio of the vacuum expectation values of the two Higgs doublets, tan 3.
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5. The sign of the Higgsino mass parameter, sgn (u).

2.3.4 Renormalization Group Equations

The mSUGRA parameters are defined at the grand unification scale. However, the
properties we observe in particle physics experiments, such as particle masses and
decay rates, are defined at the electroweak scale, which is much lower.

The connection between these high-scale parameters and the low-scale observables
is provided by the renormalization group equations (RGEs). This complex topic is
covered in detail in [11][29], and briefly summarized here. The RGEs are a set of dif-
ferential equations that describe how the parameters of a quantum field theory change
with the energy scale. In the context of SUSY, they describe how the soft SUSY-
breaking parameters evolve from the grand unification scale down to the electroweak
scale.

When a specific set of mSUGRA parameters is chosen, the RGEs can be numer-
ically solved to predict the masses of the supersymmetric particles, their couplings,
and other properties at the electroweak scale. This includes the masses of the squarks,
sleptons, gauginos, and Higgs bosons, as well as the elements of the mixing matrices
in the quark and lepton sectors. The RGEs also predict the couplings that deter-
mine the decay rates of the supersymmetric particles. For instance, the lifetime of a
supersymmetric particle is inversely proportional to the square of its coupling to the

particles it decays into.

2.3.5 Long-Lived Charged Particles

In the framework of mSUGRA, the lightest supersymmetric particle (LSP) is often
taken to be a neutralino or a slepton. However, there are regions within the mSUGRA
parameter space where the gravitino can be the LSP, this model and its consequences
are described in [12][35][36] and used throughout this thesis. In this model, if R-parity

is conserved, a principle often assumed in supersymmetric theories, as explained in
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2.3.2, the gravitino becomes stable. It is this parameter space, where the values
mo = Ag = 0, tan 8 = 10, sgn () > 0, and the value of M, is in a range from
300 — 1300 GeV, that is explored in this thesis.

The gravitino only interacts gravitationally, leading to interactions that are sup-
pressed by the Planck scale. This suppression has significant implications for the
decay of the next-to-lightest supersymmetric particle (NLSP) into the LSP. If the
NLSP is a stau, the supersymmetric partner of the tau lepton, its decay into a tau
lepton and a gravitino is also Planck-suppressed. The lifetime of the stau, denoted
by 7, can be expressed in terms of the stau mass (mz), the gravitino mass (mg), and

the Planck mass (M,) [12].

h
T = T with
4
~ - A m mé
P(7 = 76) = G (1 T 22
* G T

Additionally, mSUGRA theories predict the gravitino mass as

1 F
¢ V/3M,

me =

(2.3)

Where V/F is the SUSY breaking scale.

In this scenario, the stau always decays into a tau lepton and a gravitino. Because
the stau’s lifetime depends solely on the masses of the stau, the gravitino, and the
Planck mass, and given the relation of the gravitino to the SUSY breaking scale in
2.3, which is an open parameter, we can choose the stau lifetime, setting the gravitino
mass and SUSY breaking scale. If the superpartner mass scale is on the order of 100
GeV, the gravitino mass is also on this scale and the lifetime of the stau naturally

falls within the range of approximately 10* seconds to 10® seconds.

2.3.6 Cosmological Motivation

The study of SUSY and SUSY breaking can take on a myriad of forms, requiring

justification for the specific SUSY model under consideration. As in the previous
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section, references [12][35][36] as well as [37] motivate the physics case for the pa-
rameters discussed here. The mSUGRA model with a gravitino LSP and stau NLSP
is particularly interesting for several reasons. The gravitino, due to its gravitational
interactions, is a superweakly interacting massive particle (super WIMP), making it
an excellent dark matter candidate. If the gravitino is not the LSP, its late decays
would require reheating temperatures that contradict requirements set by thermal
leptogenesis [36].

Scenarios with a neutralino NLSP are possible but can lead to excess hadronic
energy in the early universe, conflicting with the successes of big bang nucleosynthesis
(BBN), unless some mechanism can highly suppress these decays.

Furthermore, while the stau lifetime naturally falls within the range of 10* seconds
to 10® seconds, constraints from the cosmic microwave background (CMB) and BBN
place an upper limit on the stau lifetime of roughly one year [12][35][36]. However,
NLSP decays that occur late enough to have their decay products thermalize ac-
cording to the CMB and BBN constraints may be able to destroy “Li, bringing the
predicted levels of “Li in the universe down to observed levels, conveniently solving
a major open problem in cosmology [36]. Thus, a stau with a lifetime of approxi-
mately 1 month is a favourable choice for the NLSP. With these factors in mind, stau

lifetimes of 7, 30, 90, 150, and 365 days are studied in this thesis.
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Chapter 3

Experimental Apparatus

3.1 The LHC

The following chapter is a compilation of information primarily found in [1][38] as
well as the ATLAS technical design reports [39-48|, the CERN public website, as
well as other sources where noted.

The LHC is a 27 km two-ring-superconducting-hadron collider about 100 meters
beneath the earth’s surface, located at the Franco-Swiss border near Geneva, Switzer-
land, at the European Organization for Nuclear Research (CERN), the geographic
layout is shown in figure 3.1. The tunnel, constructed between 1984 and 1989, which
houses it was originally built for the Large Electron Positron collider (LEP). The
purpose of the accelerator is to propel proton beams to a center of mass energy level
of \/s = 14 TeV [38]. Since its initial construction, the LHC has undergone several
upgrades and at the time of thesis operates at a center of mass energy of /s = 13.6
TeV [49].

The LHC operates in a cycle of active runs and long shutdowns. During a run,
protons are continuously accelerated and brought into collisions to generate data for a
variety of physics experiments. During a long shutdown, the LHC is non-operational,
allowing for maintenance, repairs, and upgrades of the detectors and accelerating
devices.

The proton beams are accelerated in opposite directions within the LHC tunnel
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Figure 3.1: An illustration showing the 27 km LHC rings and orientation with respect
to the local geography [50].

and then steered into collision at four distinct interaction points. These points host
the four main LHC experiments: ATLAS and CMS, the two largest multi-purpose
experiments; LHCb, focused on precision measurements of CP violation and rare de-
cays of hadrons; and ALICE, dedicated to studying the properties of quark-gluon
plasma produced in heavy ions collisions, which the LHC is also capable of produc-
ing. In addition to these four main experiments are five complementary experiments:
MoEDAL-MAPP [51][52], TOTEM [53], FASER [54], LHCf [55], and SND [56].

The accelerator complex of the LHC begins with the injection chain. The protons
used in collisions originate from hydrogen gas [57], which is stripped of its electrons
and fed into the linear accelerator called Linac4. This first step accelerates the protons
to an energy of 160 MeV. The protons are then transferred to the Proton Synchrotron
Booster (PSB), where their energy is increased to 2 GeV. The protons are then
injected into the Proton Synchrotron (PS) and further accelerated to 14-26 GeV. The
final stage of the injection chain, the Super Proton Synchrotron (SPS), brings the

protons up to an energy of 450 GeV, at which point they are ready to be injected
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Figure 3.2: A diagram of the LHC accelerator complex [60].

into the main LHC ring [58] [59]. A diagram of the LHC complex and its many
components is shown in figure 3.2.

To facilitate acceleration from 450 GeV to 7 TeV, the LHC uses Radio Frequency
(RF) cavities and bending magnets. The RF cavities provide longitudinal accelera-
tion necessary to increase the beam energy, while the bending magnets ensure trans-
verse acceleration to maintain the particles in a circular trajectory. The LHC uses
1232 superconducting dipole magnets consisting of coils of superconducting Niobium-
Titanium (NbTi) cooled down to 1.9 K by superfluid helium to generate a magnetic
field of 8.33 T. These magnets maintain the protons in orbit at the design energy
level of 7 TeV. Quadrupole magnets are used to focus the beams of the accelerator.
61][62]

The LHC’s cooling system is responsible for maintaining this ultra-low tempera-
ture. To achieve this, an extensive cryogenic system, using both liquid nitrogen and
superfluid helium, is employed.

The LHC ring is divided into eight sections or “points”. At Points 1, 2, 5, and
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8, the counter-rotating beams are brought together to yield collisions. These are the
interaction points that house the main experiments. The remaining points accommo-
date various beam service facilities, including the beam cleaning services at Points 3
and 7, which collimate the beams to prevent particles from straying from the main
beam path. The superconducting RF cavities, used to increase the energy of the
beam from 450 GeV to 7 TeV, are located at Point 4. At Point 6, the “beam dump”
facility uses “kicker” magnets to quickly redirect the beams out of the LHC ring and

into an external absorber in case of malfunctions.

3.1.1 Beam Structure

The LHC employs a sophisticated process for proton beam circulation. Contrary to
what one might imagine, the protons do not form a continuous flow. They are, instead,
batched into groups known as “bunches”. These bunches are initially organized by
the smaller machinery within the LHC’s injection chain, and their final structure is
maintained by the RF cavities.

The RF cavities generate an oscillating electromagnetic field that acts longitudi-
nally, causing the bunches, each composed of approximately 10'! protons, to undergo
what is called synchrotron oscillations around the central node of the RF oscillation.
This phenomenon happens while the bunches make their rounds through the LHC
ring. The oscillating RF field then moulds the proton bunches. If protons are lagging
or are ahead of the ones at the bunch’s center, they are either accelerated or deceler-
ated to reposition them into the bunch’s center. Figure 3.3 illustrates the shape and
position of the bunches relative to the RF waveform.

The LHC RF cavities operate at a frequency of 400 MHz, which sets the proton
bunch placements. These placements are termed “RF buckets”, and combined with
the LHC’s circumference, determine the maximum number of proton bunches that
can be accommodated in the LHC. With the LHC operational, there are approxi-

mately 35640 RF buckets available, although not all are filled with proton bunches.
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Figure 3.3: Hlustration of the RF bunching of protons in the LHC beam. The RF
voltage determines the phase deviation of the beam and therefore the structure of the
bunch. [63]

Additionally, during normal operations, as bunches are collided at the interaction
points the train of “buckets” decays and is periodically refilled.

The minimum separation between RF buckets containing proton bunches is 10 RF
buckets, implying a gap of at least 9 unfilled RF buckets following one containing a
proton bunch. This equates to a minimal 25 nanoseconds inter-bunch duration, also
known as “bunch spacing”. As of the present time, the LHC operating conditions
during run 3 are expected to reach 2808 bunches spaced 25 ns apart, with 1.8 x 10!
protons per bunch (ppb) [49]. The LHC operators and the capabilities of detectors
at points 1, 2, 5, and 8 dictate the bunch spacing and overall bunch structure. This
is because shorter bunch spacing translates to a higher intensity and multiplicity of
collisions at these interaction points. A 25 ns bunch spacing equates to a maximum
pp collision rate of 40 MHz, a limit defined by the design of the detectors at these
interaction points.

There may be instances where issues occur during the LHC filling process, which
can lead to bunches occupying incorrect RF buckets. This, in turn, can cause collisions

to happen at the wrong places within the detectors, disrupting their data acquisition
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systems. If the beam quality is unsatisfactory, the beam is dumped, and the LHC is
refilled. The beam dumping process involves the use of kicker magnets to divert the
beam out of the storage ring. The kicker magnets need at least a 3 us window to ramp
up the magnet currents. Hence, all filling schemes need to incorporate a lengthy abort
gap to allow the kicker magnets to attain full field strength. The refilling process of

the LHC takes about 3 minutes per beam [64].

3.1.2 Luminosity

Luminosity, in the context of high-energy physics and the LHC, is a measure of
the number of potential collisions that can occur. The higher the luminosity, the
more collisions there are, and hence the more data we can acquire. Instantaneous
luminosity, as the name suggests, refers to the luminosity at a given instant in time,

and is a function of the beam shape, and population, given by [65]:

Nzrev ecz
ol Jrew R=1/,/1+ 2

=P 3.1
7 4 B*e, 204y (3.1)

Here v is the proton beam energy in units of rest mass, n, = 2808 is the number of
bunches, N, = 1.8 x 10'* the bunch population, and f,., the revolution frequency.
B*, €n, 0., 0., and 0y, are all geometrical factors that describe the shape of the beam.
More specifically, the focal length, normalized transverse emittance, crossing angle,
transverse, and longitudinal r.m.s size, respectively. We can see that the luminosity
depends quadratically on the bunch population but only linearly on the number of
bunches. The instantaneous luminosity is not held constant during accelerator exper-
iments, over time the beam decays, distorts, and must be refilled; this is in addition to
any unexpected technical issues that might arise. Therefore the integrated luminosity

is used as a measure of the total number of collisions achieved.

Lt = / Lt (3.2)
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Then, the number of events of a given quantum process is given by the product of

the integrated luminosity and the cross section o for that process
N=L o (3.3)

3.1.3 High Luminosity LHC

The LHC started its research activities in the spring of 2009. As of the present
moment, the LHC has completed two runs; Run 1 from 2009 to 2012 and Run 2 from
2015 to 2018. During Run 1, the collider was set to operate at center-of-mass energies
of 7 TeV and 8 TeV with a bunch spacing of 50 ns. It yielded 5.61 fb=! of 7 TeV data
and 23.3 fb~! of 8 TeV data in 2011 and 2012, respectively. In the course of Run
2, the LHC was set to function at a center-of-mass energy of 13 TeV and a bunch
spacing of 25 ns. Owing to the heightened instantaneous luminosity, 156 fb~! of data
was collected during these years. [66]

The LHC has, at the time of this writing, initiated Run 3, which is projected to
continue until the close of 2025. A minor increase in center-of-mass energy to 13.6
TeV has been made, while the integrated luminosity is expected to be double that
delivered so far. This is achieved by changing beam parameters such as the bunch
population and beam emittance as seen in 3.1 [49]. Following Run 3, the benefits
of operating the accelerator without a substantial increase in luminosity will become
minimal. Consequently, to ensure the continuity of scientific advancement, the LHC
will undergo an upgrade to operate at 14 TeV and up to 10 times higher instantaneous
luminosity, with an expected accumulated dataset of approximately 3000 fb~! by
2039 [67]. This initiative is known as the High Luminosity LHC (HL-LHC) and is
anticipated to commence operations in 2029. The HL-LHC is expected to deliver
about 715 fb~! of data during its fourth run [68], which is the period explored in this

research.
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3.2 The ATLAS Experiment

ATLAS (A Toroidal LHC ApparatuS) is a general-purpose detector, situated approx-
imately 100m below ground at Point 1 on the LHC ring. The detector is cylindrically
symmetric around the beam axis, as well as forward-backward symmetric with respect
to the interaction point, effectively covering nearly the full 47 solid angle around the
interaction point. At an impressive scale of 44m in length, 25m in diameter, and
a total mass of about 7000 tons, ATLAS stands as one of the most complex and
extensive scientific experiments ever constructed [1].

The detector structure consists of concentric cylindrical sub-detectors, which en-
velop the interaction point (IP). These sub-detectors are layered about the interaction
point and extend into two end-cap structures where the detector layers form disks.
The design reflects the fact that the proton-proton (pp) interactions in the LHC have
no preferred direction in the plane transverse to the beamline, thereby making it
necessary for the detector to cover all possible directions of particle flight.

The innermost part of the detector, the Inner Detector (ID), is responsible for
reconstructing the trajectories of charged particles and locating them with respect to
the interaction point. Encased in a 2 T axial magnetic field from a solenoid magnet
that surrounds it, the ID measures the momentum of these particles by observing the
bending of their tracks in the magnetic field. The ID features a silicon pixel detector,
a semiconductor microstrip detector, and a straw-tube tracker capable of detecting
electron transition radiation.

Outside the solenoid lies the calorimeter system, composed of an electromagnetic
subsystem (ECAL) and a hadronic subsystem (HCAL). The ECAL is designed for
the identification of electromagnetic showers, while the HCAL performs energy mea-
surements of jets and missing transverse momentum.

The outermost subdetector, the Muon Spectrometer (MS), identifies muons and

measures their momentum. This system is installed inside and around a set of toroidal

23



magnets, providing a precise muon momentum measurement. Additionally, the AT-
LAS detector contains subdetectors that are designed specifically for the measurement
of luminosity.

Data acquisition, including triggering mechanisms, are integral parts of the ATLAS
infrastructure. The detector subsystems are designed to withstand high-intensity
radiation doses from the LHC, employing fast, radiation-hard, or shielded electronics
capable of providing distinct readouts for a 25 ns bunch-crossing rate. However, due
to the enormity of data produced, a selective trigger system is required to filter the

most interesting events for further offline analysis.

3.2.1 Coordinate System

The ATLAS experiment uses a specific coordinate system to accurately describe the
positions and directions within the detector. The coordinate system is based on a
right-handed Cartesian system with the origin at the interaction point in the center
of the detector.

The axes are defined as follows: the x-axis points towards the center of the LHC
ring, the y-axis points upwards, away from the center of the earth, and the z-axis
points along the beam axis, in the counter-clockwise direction when viewed from
above. This Cartesian system is also converted into a polar coordinate system with
radial distance z still pointing in the direction of the beam pipe, the polar angle 6
which points along the positive z axis when 6 = 0, and the azimuthal angle ¢ which
rotates through the x-y plane and is along the positive x axis when ¢ = 0.

To describe the motion of particles within the detector, a few other measures are

commonly used, the pseudorapidity () and the rapidity (y).

1 E+p.
:—1 -4
y 2“<E_pz) (3.4)

Where E is the energy of the particle and p, is the longitudinal momentum. This is

a Lorentz-invariant quantity under boosts along the beam direction, and a difference
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in rapidity gives an invariant measure for such boosts. Its convenience is also due
to the fact that it can be calculated from geometric quantities without knowing any
particle properties.

Pseudorapidity is often preferred over the polar angle 6 as the particle flow is

approximately uniform per unit in 7 [69]. It is defined as:

n = —In (tan (%/2)) (3.5)
For ultra-relativistic particles (particles moving very close to the speed of light),
where the mass rest energy is negligible relative to the total energy, the pseudorapidity
coincides with the rapidity. For reference, ATLAS has a coverage of |n| < 4.9.
Another measure often used is the angular distance in pseudorapidity-azimuthal
angle space, defined as AR = \/m, which helps to quantify the angular
separation between two objects.
Transverse quantities such as the transverse momentum (pr), transverse energy
(E7), and missing transverse energy (Er,;ss) refer to the projections of these quan-

tities onto the x-y plane, perpendicular to the beam direction.

3.2.2 Magnet System

The ATLAS experiment is equipped with a complex magnet system that facilitates the
detection and analysis of charged particles. The system is maintained at an operating
temperature of approximately 4.5 Kelvin. By means of the Lorentz force, charged
particles will travel along a curved path within a magnetic field. The curvature
of this path varies with the particle’s momentum and the strength of the applied
magnetic field. This fundamental relationship is exploited by ATLAS to provide
accurate momentum measurements of the particles produced.

Mathematically, the relationship is expressed as:

pr = qBr (3.6)
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Here, pr represents the transverse momentum of the particle, ¢ is the charge of the
particle, B is the magnetic field, and r is the bending radius.

The ATLAS magnet system, shown in figure 3.5 comprises four superconducting
magnets: an inner solenoid, a barrel toroid, and two end-cap toroids, all of which are
cooled with liquid helium [39].

The inner solenoid magnet encloses the inner detector (ID) and produces a 2 Tesla
(T) axial magnetic field. This field influences the trajectories of charged particles to
curve within the transverse (x-y) plane. The solenoid is designed to minimally inter-
fere with particles, ensuring high-resolution energy measurements in the calorimeters.
Constructed from superconducting wire, the solenoid shares a vacuum chamber with
the electromagnetic calorimeter to avoid adding additional material. The solenoid ex-
tends 5.8 meters along the z-axis, covering a diameter of 2.56 meters, with a thickness
of 4.5 centimetres.

The toroid magnet system is divided into two main sections like much of the inner
sections, a barrel region and an end-cap region to cover different regions of pseudora-
pidity (n). The large barrel toroid covers the range |n| < 1.4, while the end-cap toroid
systems handle the range 1.6 < |n| < 2.7. The magnet system offers an average field of
4 Tesla, maintaining a nearly constant bending strength across the ranges, excluding
the transitional region between the barrel and end-cap toroids (1.6 < |n| < 2.7).

The barrel toroid magnet and the two end-cap toroids are part of the outermost
layer of ATLAS, the muon spectrometer, and are equipped with eight evenly spaced
superconducting coils. These create an azimuthal magnetic field, which influences
the muons’ trajectories to bend within the transverse and z directions. The magnetic
field within these toroids varies, exhibiting a complex structure. In the barrel, the
peak field is 3.9 T, while in the end-cap toroids, the peak field is 4.1 T. The barrel
toroid magnet system measures 9.4 meters in inner diameter and 20.1 meters in
outer diameter, spanning 25.3 meters along the beam direction, making it the largest

toroidal magnet ever produced.
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Figure 3.5: A diagram that shows the magnet systems contained in the ATLAS
experiment. [39]

Field sensors map the complex structure of the magnetic field. These precise
mappings are crucial for the accurate measurement and analysis of the particles’

paths and momenta.

3.2.3 Inner Detector

The Inner Detector (ID) of the ATLAS experiment, the component closest to the
collision point, is designed for the tracking and measurement of charged particles. Its
momentum resolution is critical for both primary and secondary vertex identification.
The ID is housed within a cylindrical envelope with a length of 7.02 m and a radius
of 1.15 m. It’s composed of three independent and complementary sub-detectors:
the Pixel Detector, the Semiconductor Tracker (SCT), and the Transition Radiation
Tracker (TRT) [44], which are illustrated in figures 3.6 and 3.7.

The Pixel Detector is the closest component to the LHC beam line, situated at just
3.3 cm. It comprises four layers of silicon pixels, each smaller than a grain of sand.
When charged particles emerge from the collision point, they deposit small amounts
of energy in the Pixel Detector. These signals are measured with a precision of nearly
10 pm, providing data on the origin and momentum of the particles. The compact

Pixel Detector houses over 92 million pixels and almost 2000 detector elements within
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' End-cap semiconductor tracker

Figure 3.6: A computer generated image of the ATLAS inner detector system

an area of approximately 1.9 m?, consuming around 15 kW of power. The pixel size
is 50 x 400 pm? for the external layers and 50 x 250 um? for the innermost layer
(IBL). The Pixel Detector is structured with four barrel layers consisting of 1736
sensor modules, and three disks in each end-cap, with 288 modules.

Surrounding the Pixel Detector is the Semiconductor Tracker (SCT), employed
to detect and reconstruct the tracks of charged particles produced during collisions.
The SCT is composed of more than 4000 modules, containing 6 million “micro-strips”
of silicon sensors. It is designed such that each particle crosses at least four layers
of silicon, enabling a precision of up to 25 pm in measuring particle tracks. The
SCT includes 4,088 two-sided modules and over 6 million implanted readout strips
distributed over 4 cylindrical barrel layers and 18 planar end-cap discs.

The third component of the ID is the Transition Radiation Tracker (TRT). Unlike
the two previous sub-detectors, the TRT consists of 300,000 thin-walled drift tubes,

or “straws”. Each straw, with a diameter of 4 mm, contains a 30 ym gold-plated
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tungsten wire at its center. The straws have a strong electric field applied within
them and are filled with a gas mixture, which gets ionized when charged particles
pass through them, causing electrons to drift toward the wire, inducing an electric
signal. The TRT features 350,000 read-out channels within a 12m3 volume. Precision
measurements of 0.17 mm are achieved by relating the particle drift time to the wire.

In addition to the gas mixture used inside the straw tubes, the TRT uses mate-
rials outside the straws that cause transition radiation to occur when particles pass
through. The transition radiation is in the form of X-rays and the amount is depen-
dent on the Lorentz gamma term v = £/m, allowing for particle identification because
of the mass term.

The inner detector TRT consists of a barrel region that covers a pseudorapidity
range from 1.0 < |n| < 2.0 with 1.5m straws that lay parallel to the beam pipe, as
well as 2 end-caps covering pseudorapidity |n| < 1.0 with 0.4m straws perpendicular

to the beam pipe.

3.2.4 Calorimetry

The ATLAS detector includes a series of calorimeters designed to measure the energy
of particles as they pass through the detector. Calorimeters absorb most of the
particles coming from a collision, forcing them to deposit their energy and halt within
the detector. The calorimeters in the ATLAS detector include both electromagnetic
and hadronic calorimeters, each of which has a barrel and end-cap region. Figure 3.9
shows the layout of the various calorimeter sections.

The ATLAS electromagnetic calorimeter (ECAL) is contained in the Liquid Argon
calorimeter (LAr) and surrounds the ATLAS Inner Detector. The barrel and end-cap
regions of the electromagnetic calorimeter feature layers of lead that absorb incom-
ing particles, transforming them into a “shower” of lower energy particles. These
secondary particles then ionize the liquid argon sandwiched between the layers, gen-

erating charges. An electric field is applied within the ECAL, causing the generated
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Figure 3.7: A cutaway view of the 3 main regions of the inner detector. [70]

charges to drift towards an anode, where the charge is collected and transformed into
an electric current. The detected currents are summed to determine the energy of the
initial particle that hit the detector. The structure features several alternating layers
of these materials in a distinct accordion geometry, shown in figure 3.8, to reduce
azimuthal cracks that particles could pass through without interacting [71].
Electrons and photons entering the electromagnetic calorimeter initially lose energy
via pair production and bremsstrahlung until they no longer have enough energy
to initiate these processes at which point other interactions such as ionization and
excitation take over. The objective of the electromagnetic calorimeter is to measure
the intensity of EM showers produced in the liquid argon while eventually stopping
the primary particles via the dense lead. As such, electromagnetic calorimeters are
often described in terms of their radiation length (X;), a material property which is

defined as the distance which a particle must travel through a material to lose /e 37%

30



Figure 3.8: An image of the accordion patterned layers of copper-clad lead inside the
electromagnetic calorimeter. [71]

of its initial energy. The electromagnetic calorimeter’s thickness in units of radiation
length is 24 and 26 X in the barrel and end cap regions, respectively. In geometric
terms, the transverse radius of the electromagnetic calorimeter barrel and end-cap
covers the region 1.15-2.25m from the interaction point [46]

Particle showers are produced in the hadronic calorimeters, like in their electronic
counterparts, but undergo more complex processes due to strong force interactions
with the material’s nuclei. Interactions such as spallation, nuclei de-excitations, in-
tranuclear cascades, and neutron capture, can produce electromagnetic secondaries in
the form of gamma rays, but also non-electromagnetic showers when nucleons (jets),
or smaller nuclei are ejected. The proportions of energy deposited into these differ-
ent fractions are not consistent, and some cannot be measured, therefore hadronic
calorimeters require careful calibration [72].

Hadronic calorimeters are characterized by a nuclear interaction length \;,,;. This is

the mean length a hadron may travel before interacting with a nucleus in the material
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it is traversing. This length may be several times larger than the radiation length,
this allows for differentiation between electrons and hadrons but requires hadronic
calorimeters to be larger in size. The thickness of the different hadronic calorimeter
elements have thickness in units of interaction lengths of between 9-12\;,; [46][47].

The liquid argon calorimeter also contains part of the hadronic calorimeter. After
the accordion structure of the electromagnetic calorimeter in the end-cap region, there
are conventional planar layers of copper and liquid argon, which work by the same
principle as the ECAL, and form the hadronic end-cap.

The final section of the liquid argon calorimeter is the forward calorimeter. This
section is nested within the inner radius of the end-caps and surrounds the beam pipe,
the region that sees the most intense particle flux, and with this in mind is designed
for radiation hardness. Similar to the hadronic end-cap it features copper and argon
layers but also includes additional tungsten argon layers.

In terms of dimensions, the LAr calorimeter barrel is 6.4m long and 53cm thick with
110,000 channels. The LAr end-cap includes the forward calorimeter, electromagnetic
(EM) and hadronic end-caps. EM end-caps each have a thickness of 0.632m and radius
of 2.077m, while the hadronic end-caps consist of two wheels with thicknesses of 0.8m
and 1.0m and a radius of 2.09m. The forward calorimeter consists of three modules
each with a radius of 0.455m and thickness of 0.450m.

The Tile Hadronic Calorimeter surrounds the LAr calorimeter, measuring the en-
ergy of hadronic particles which do not deposit all their energy in the LAr Calorimeter.
It comprises layers of iron (steel) and plastic scintillating tiles. As particles hit the
steel layers, they generate a shower of new particles. The plastic scintillators then
produce photons, which are converted into an electric current proportional to the
original particle’s energy. The Tile Calorimeter includes approximately 420,000 plas-
tic scintillator tiles read out by 9500 photomultiplier tubes and weighs close to 2900
tonnes, making it the heaviest component of the ATLAS experiment. The central

barrel is constructed from 64 wedges, each 5.6m long, and two extended barrels each
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with 64 wedges, each 2.6m long. Geometrically it occupies a transverse radius from
2.28-4.25m from the interaction point. A summary of the calorimeter properties can

be found in table 3.1.

Calorimeter Material Pseudorapidity | Thickness
LAr EM barrel lead-LAr In| < 1.5 24 X,
LAr EM end-cap lead-LAr 1.4 < |nl <32 26 X,
LAr hadronic end-cap | copper-LAr 1.5 < |n| <32 12 A
LAr forward copper/tungsten-LAr | 3.1 < |n| < 4.9 9\
Tile barrel iron-scintillator In| < 1.0 11 A
Tile extended barrel | iron-scintillator 0.8 <|n| < 1.7 11 A

Table 3.1: The ATLAS Calorimeter’s subsection’s properties. Common to each sub-
section is a composition of: a metal to induce showers and an excitable layer to collect
energy from the showers. [73][46]

3.2.5 Muon Spectrometer

Situated around the calorimeters, the Muon Spectrometer (MS) measures the mo-
mentum of muons by detecting their deflected tracks, caused by the magnetic field of
the large superconducting air-core toroid magnet system described in section 3.2.2.

The MS houses four types of gaseous radiation detectors, arranged according to
the structure of the toroid magnet and is segmented into 16 parts in azimuth. These
detectors can be categorized into two groups: precision and trigger chambers. Preci-
sion chambers, comprising Monitored Drift Tube (MDT) and Cathode Strip Cham-
ber (CSC) detectors, allow for precise measurement of the muon tracks as they pass
through the MS. This precise measurement in the bending plane of these tracks en-
ables accurate determination of the muon momenta via their curvature.

The trigger chambers, made up of Resistive Plate Chamber (RPC) and Thin Gap
Chamber (TGC) detectors, facilitate fast signal formation and readout times. This

rapid readout assists in accurately associating a passing muon with a specific proton-
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Figure 3.9: A diagram of the ATLAS calorimeters. The liquid argon barrel, end-
cap and forward calorimeters form the inner layer (gold) and are surrounded by the
hadronic tile calorimeter (grey). [74]

proton bunch crossing. Both types of detectors exist in the barrel and end-cap sections
of the MS, with at least three layers of precision-type chambers spread over the entire
|n| range of the MS. The general layout of the MS is shown in figure 3.10.

The precision chambers in the barrel section of the MS are rectangular, arranged
in three concentric cylindrical shells around and parallel to the beam axis at radial
distances of 5, 7.5, and 10.5 meters [75]. These precision chambers consist of MDT
chambers with tubes perpendicular to the beam axis and parallel to the toroidal
magnetic field, providing precise measurements along 7.

The end-cap muon chambers, located in 1 < |n| < 2.7, extend radially in four rings
or “wheels”, arranged concentrically with the beam axis at different distances from
the interaction point. Like in the barrel section, the primary precision measurement
in the end-caps is given by MDT chambers which are located in all four wheels of
the end-cap. However, in the region 2 < |n| < 2.7, which experiences the highest

background rates, precision muon measurement is provided by CSC chambers [76].
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These chambers can resolve spatial information in both 1 and ¢, and due to their high
granularity readout structure, can sustain higher background rates in this forward
region of the detector. A summary of the regions covered by the different components
of the muon spectrometer can be found in table 3.2.

The MDT chambers use a gas mixture of 93% Argon and 7% CO2, with a single
tungsten-rhenium wire operated at 3 kV. When a minimum ionizing particle (MIP)
passes through the tube, it ionizes the gas, the charge from which is read out as the
signal. The MDT chambers are designed as multi-layers of these tubes, helping to
improve the spatial resolution down to 50 pm.

The CSC detectors in the end-cap are multi-wire proportional chambers, operating
with a gas mixture of Argon, CO2, and CF4. They are structured with cathode strips
perpendicular to anode wires, providing spatial information in both 1 and ¢ directions.
CSC chambers can achieve a spatial hit resolution of approximately 60 pm due to
their multi-layered structure.

In both barrel and end-cap sections, the trigger chambers play a vital role in
forming muon trigger decisions. The RPC chambers serve this purpose in the barrel,
while the end cap’s trigger chambers consist of the TGC detectors. RPC chambers
work with a gap of 2mm filled with tetrafluorethane (C2H2F4), lined with parallel
plate electrodes operated at a potential difference of 9.8 kV. This setup allows a
timing resolution of 2 ns. TGC detectors, on the other hand, function as multi-
wire proportional chambers with a gas mixture of CO2 and n-pentane (n-C5H12).
Operated at a potential difference of 2.9 kV, TGC detectors are able to read out

signals with a timing resolution of 4 ns [48].

3.2.6 Trigger System

The LHC produces collisions at a high frequency of 40 MHz during its operational
cycle. Due to the complex nature of the detector systems, including all subsystems

of ATLAS, a single collision event generates approximately 1.5 MB of data. Conse-
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Figure 3.10: A cutaway diagram of the ATLAS detector that labels the various sub-
sections of the muon spectrometer [1][77].

Detector Function Coverage Chambers | Channels
MDT Precision tracking In| < 2.0 1150 354000
CSC Precision tracking | 2.0 < |n| < 2.7 32 31000
RPC Triggering In| < 1.05 606 373000
TGC Triggering 1.05 < |n| < 2.4 3588 318000

Table 3.2: Summary of the ATLAS muon spectrometer subsections.
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quently, considering the collision frequency, ATLAS would have to handle data rates
in the range of 60 TB per second if every event were to be recorded.

Such an overwhelming amount of data is not just technically challenging to manage
and store, but also unnecessary for scientific research, as the majority of the collision
events are classified as soft parton scattering occurrences. These events typically do
not contain significant physics phenomena worthy of detailed study.

To combat these challenges, the ATLAS experiment utilizes a system known as the
trigger to selectively identify and store potentially interesting events. This system
aims to reduce the data rate to a more manageable level that can be processed for
further analysis.

The ATLAS trigger system comprises two distinct levels: the Level 1 (L1) trigger
and the High-Level Trigger (HLT). The L1 trigger is a hardware-based system that
rapidly screens collision data using coarse measurements collected from the calorime-
ters and the muon spectrometer. It is designed to make a preliminary event filtering
decision within 2.5 ps of the bunch crossing.

The main task of the L1 trigger is to identify events that involve high transverse
momentum (pr) leptons, photons, jets, and significant total or missing transverse
energy, while also filtering for events that originate at the interaction point. It achieves
this by defining Regions of Interest (Rol) in the detector where unusual or intriguing
features have been detected. The L1 trigger’s decision-making process is performed
by the central trigger processor (CTP), which also has the capability to perform
prescaling, reducing the rate of events passing a nominal L1 decision by a constant
factor. Overall, the L1 trigger aims to decrease the event rate from the LHC’s crossing
frequency of 40 MHz to a target rate of 100 kHz.

Events that are successfully selected by the L1 trigger are then passed to the High-
Level Trigger (HLT). The HLT is a software-based system that performs more detailed
filtering of the data by reconstructing physics objects in a rudimentary manner. To

achieve this, it utilizes all of the available detector data within the Rol’s identified by
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the L1 system, operating at full granularity and precision.

The HLT significantly reduces the rate of events written out to approximately 1
kHz, which corresponds to roughly one out of every 40,000 collision events being
saved. These selected events are subsequently transferred to the Tier-0 computing

facility at CERN for offline reconstruction and analysis [78].
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Chapter 4

The Proposed ADAM Detector
and Its Simulation

In order to make predictions within the framework of the SM or alternative theoret-
ical frameworks we must make detailed models of the events being studied and the
detector output expected when these events occur. To do this we must first gener-
ate events according to the model in question using a monte carlo event generator.
Pythia [79] is a general-purpose event generator capable of simulating hard scattering
events as well as soft parton showering events. For this simulation, I use Pythia 8.3
[79][80] to generate hard scattering events, which describe the collision of partons to
generate the process of interest, an outgoing stau / anti-stau pair (pp — 77), ignoring
hadronization as it is not relevant given the nature of the scenario considered where
the stau decays long after the generating event.

Pythia requires a spectrum of masses of the supersymmetric particles under a given
set of model parameters. As explained in section 2.3.4 the masses of SUSY particles
can be obtained by numerically solving the renormalization group equations. This is
done using SoftSUSY 4.1 [81][82] and then provided to Pythia in the form of a SUSY
Les Houches Accord 2 (SLHA2) file [83].

The next stage in the simulation chain involves modelling the passage of the particle
through the matter that makes up the ATLAS detector. This modelling is accom-

plished with the Geant4 toolkit [15], which simulates the passage of particles through
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matter and is the standard for detector simulation in high-energy physics. Geant4
is a general-purpose detector simulator and requires the user to define the detector
geometry, materials, and/or applied fields.

The ATLAS collaboration maintains detailed databases of the detector geometry
[84] in the form of SQL-lite databases. In this simulation, the database with tag
geometry-ATLAS-R3S-2021-03-02-00 was used. Geant4 however, does not include a
means to read this database file. To construct a Geant4 simulation using the database
the tool FullSimLight [16] was used. FullSimLight is a submodule of the GeoModel
[85] suite of tools, a standalone, detector-agnostic version of tools used by the ATLAS
collaboration in their official software Athena [86]. FullSimLight also facilitates the
implementation of the ATLAS magnetic field map and any functionalities contained
in Geant4 via “plug-ins” that can be defined by the user.

Figure 4.1 shows the level of detail of the simulation, which contains 117,922 ob-
jects, ranging from steel and aluminum support structures down to layers of Kapton
tape.

In this simulation, the FTFP_BERT [87][88] Geant4 physics list was used along
with modifications to define the supersymmetric stau and gravitino particles. In the
implementation of the stau particle, it is assumed that it will interact with matter
similarly to how a SM heavy charged particle (eg. tau) would, depositing its energy

in the detector via scattering [89] and ionization [90].

4.1 The ADAM Detector

The proposed Auxiliary Detector above the ATLAS Muon spectrometer (ADAM) is
the detector studied in this simulation. Its purpose is to detect the decays of very
long-lived stau particles (7 = 7-365 days) that have been produced in 14 TeV proton-
proton collisions and subsequently become trapped in the ATLAS detector material.
This detector would be monitored during times when the LHC beam is off, such as

annual shutdowns or intermittent technical stops during normal operations. By doing
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Figure 4.1: A close-up, cutaway view of the model of the ATLAS inner detector and
calorimeters in GeoModel Explorer showing the level of detail.
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this the primary source of backgrounds due to SM particles from the IP is eliminated.
Since the lifetimes considered in this simulation are so long, provided enough events
are produced, decay signals would be present during beam-off periods.

The ADAM detector is pictured in figure 4.2 and would consist of two regions of
three, 12.5 mm thick planes of plastic scintillator spaced 30 cm apart with wavelength
shifting fibres embedded in an x-y pattern, which would be read out by silicon pho-
tomultipliers (SiPM). The pitch of the fibres in either direction will be 1 cm, Figure
4.3 shows a close-up rendering of the three-layer structure and fibre layout. As par-
ticles pass through the plastic scintillator and cause scintillation light, this light can
then enter the fibres where secondary scintillation occurs isotropically, ensuring some
light undergoes total internal reflection in the fibre and is delivered to the SiPM.
By taking the strongest signals produced in any x-y fibre pair we can assume the
incident particle travelled closest to this fibre pair giving a 1 c¢m resolution. This
provides the minimum resolution case as much finer granularity may be possible by
interpolating a position based on the relative intensity in the highest intensity pair’s
nearest neighbours or beyond.

The first region of the ADAM detector sits closest to the ATLAS detector at a
radius between 13.0-13.6 m (measured from the panel center) consisting of 3 subre-
gions, each 7.2 m in width, one normal with the y-axis and 2 at —36°. The second
region, which would be mounted on the ATLAS cavern ceiling and would occupy a
radius from 22.9-23.5 m, with 9 subregions, each with a width ranging from 3.8-3.9
m, the center region being normal to the y-axis and each successive flanking panel at
—11.25° to the last. The length of all the panel subregions in the z direction is 45.0
m for a total area of 7612 m?, which implies 39584 wavelength shifting fibres with a
total linear length of 38.3 km, or double this number for dual fibres in each channel.
Although not studied here, of note is that, by using two separate regions, this creates
a decay volume of approximately 12,980 m? to explore other scenarios such as neutral

particles decaying in flight.
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Particles passing through the panels at close to the speed of light will take more
than 1 ns to traverse the 30 cm panel spacing, a timing resolution that is achievable
with SiPMs, allowing for a directional track to be created from hits on the panel. By
doing this, we can differentiate between upwards-going tracks originating in ATLAS
from downward-going tracks caused by cosmic rays. Given the ability to isolate
cosmic muon signals, this may also provide a second use case for ADAM as a device
to study cosmic muon showers, or to trigger the ATLAS detector to study comic muon
events which do not point at the interaction point. However, the focus of this study
is to evaluate ADAM as a detector for very long-lived charged particles and in this
scenario identifying cosmic muon events serves the purpose of effectively eliminating
background, leaving only very rare upward-going muons induced by neutrinos passing
through the earth [91].

To construct the simulation of ADAM a Geometry Description Markup Language
(GDML) [92] file is created to contain the measurements of the individual panels in
the detector as well as their placement in space, and the materials they are comprised
of. This file is then converted to an SQL-Lite database and concatenated with the
official ATLAS geometry using tools in the GeoModel toolkit. The detector geometry
is reviewed in figure 4.2.

Customized plugins for the tracking of particles in the Geant4 simulation and the
instantiation of ADAM as a “sensitive detector” within Geant4 were written and used

within FullSimLight.

4.2 Event Timing

In this simulation, the LHC run 4 and long shutdown 4 are the target window for the
study. Given the possible lifetimes of up to one year, the distribution of events in time
is a crucial aspect of this study. The premise of making measurements according to
the LHC’s beam-off times given by the LHC schedule in figure 3.4 requires generating

events sequentially in time, however, Geant4, by default, generates events with a
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Figure 4.2: A 3D model of the ATLAS detector (blue) and the ADAM detector (dark
grey) placed above.

Figure 4.3: A 3D CAD model of a module containing 3 horizontal plastic scintillating
panels, wavelength shifting fibres and a support structure. These modules would be
combined to form the panel subregions shown in Figure 4.2.
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global time of ¢ = 0 for each event, and then allows particles like the stau to decay
at a later time which is sampled from an exponential lifetime distribution.

To correct the times, distributing them along the LHC schedule, we first use Pythia
to determine the cross-section for the pp — 77 process at a given M, /2 parameter.
This cross-section is then used in equation 3.3 with the projected run 4 integrated
luminosity of 715 fb=! to determine the total number of events. A “map” of the
LHC schedule is created where the proton physics, ion physics, beam commissioning
and shutdown times are divided, and the events are then randomly distributed in the
proton physics portions. More specifically, the output data of the Geant4 simulation,
which includes the creation time and decay time of trapped staus, and thus of the
daughter tau and gravitino, are shifted by this time. For example, if Geant4 produces
a stau which decays after 7 days, that event is then assigned a random time during
the proton physics windows, for ease assume this is 1 month into the first block of
time, then this particle will have a creation time of 1 month and a decay time of 1

month and 7 days.

4.2.1 Magnetic Field

The simulation is run using the ATLAS magnetic field map. This is important since
the stau is a charged particle and the strong magnetic fields in the solenoid and toroid
magnets will influence its trajectory.

These magnets are active systems that require cryogenic cooling and as such are not
in operation during long shutdowns. To model this change in the magnetic field over
the course of the operational schedule we first record the stopping position of trapped
staus in the ATLAS detector, the time they decay at, and the direction of momentum
of the resulting tau lepton. Due to technical limitations, Geant4 cannot change the
magnetic field in the simulation according to an irregular pattern. Therefore, we
allow the simulation to run to completion with the magnetic on, and then run a

second simulation with the magnetic field map off, starting from the production of
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the tau lepton using the same momentum generated in the first run.

4.3 Event Acceptance Criteria

In the Geant4 simulation, the ADAM detector is defined as a “sensitive detector”
allowing for an action to be taken when a particle is present in the volume the detector
occupies. In our case this results in a printout of a particle’s coordinates, its energy,
and the amount of energy it has deposited in the detector. If the particle does not
deposit any energy in the detector, which is the case with neutrinos and can be the
case with some photons, they are not recorded. Figures 4.4 and 4.5 show two example
events.

Because staus may come to rest in the outer edges of ATLAS, and then decay
isotropically, it is possible that the decay products, either because of angle or range,
may travel through one region of the ADAM detector but not both. If the recorded
data satisfies the condition that a coordinate is generated in either all three bottom
layers, or all three top layers, and these are not separated in time by more than
100ns, this is accepted as an event. As mentioned in section 4.1, the ADAM detector
is multi-purpose and can be used to study other types of events such as the decay of
neutral non-interacting particles in flight, this is achieved via the large decay volume
it establishes, however, for the study of decays coming from below, i.e. within the
ATLAS detector, the decay volume is not necessary, the tri-layer construction of each
of the two regions of ADAM make either capable of independently reconstructing a
pointing track based on the timing of hits on the three panels, hence why we only

require that decay products interact with all three panels of one region.
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Figure 4.4: The track of a detected event is shown in the GeoModel Explorer. Part
of the geometry is cut away to show the origin of the particle tracks somewhere in
the tile calorimeter. In this instance the decay products are minimal, the stopped
stau will have decayed to a SM tau particle which decays rapidly into its second most
common branching (10.82%), a charged pion (magenta) and tau neutrino (black).
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Chapter 5

Analysis

5.1 Model Parameters

As mentioned in sections 2.3.5 and 2.3.6, the parameter space of the mSUGRA model
in which the stau is the NLSP includes the range of parameters where mg = Ag =
0, tan3 = 10, sgn(x) > 0, and the value of M/, is in a range from 300 — 1300
GeV. Using these parameters, and incrementing the value of M/, by 100 GeV, the
calculator SoftSusy returns a stau mass between 112-477 GeV. Within each of these
mass spectra, the gravitino mass is calculated by solving equation 2.2 for mg with
lifetimes of 7, 30, 90, 150, and 365 days which results in a Gravitino mass of 4-27 GeV
at the lowest M/, value and 135-327 GeV at the highest, a graph of the relationship
between the M/, parameter, the lifetime, and the resulting particle masses is shown
in figure 5.1.

The increased mass of the stau in the higher M, ; range is correlated with a lower

cross-section and number of events as shown in figure 5.2.

5.2 Stau Trapping

After generating events via Pythia, FullSimLight passes these events to Geant4 where
the detector geometry is built and the stau particle’s passage through the detector
material is simulated. In the Geant4 simulation, when particles have ~ 0 MeV of

energy their tracking is “killed” and data such as the particle’s coordinates, and the
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Figure 5.1: Top: The resulting stau masses for given values of M, /5 in the mSUGRA
model. Bottom: Each line shown represents a lifetime of the stau particle, which sets
the gravitino mass in the model. At M;,, = 1300 GeV and the lifetime 1 year, the
combined mass of the stau and gravitino is over 800 GeV.
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geometric volume it is contained can be recorded. In our simulation, if the material
of the containing volume is not air, the particle is considered trapped and is entered
into the dataset.

In figure 5.3 we can see the angular distribution of the produced staus. Most staus
that are produced follow a path in the direction of the beam pipe and do not stop in
the detector, however, those that have proportionally more of their momenta in the
transverse direction also have a low energy which often results in them being trapped.
Figure 5.4 shows the distribution of energies for the produced staus. We can see from
figure 5.3 that most of the stopped staus have a momentum direction between 7/4 -
/2, which corresponds to between the diagonal and completely transverse. As well,
once in this region, the distribution of momenta is mostly flat.

The proportion of stopped staus is dependent on the model used. In figure 5.5
we can see that at the lower mass values the particles are more likely to be stopped,
even when normalized according to the number of staus produced. We know from
figure 5.2 that the production rate falls off exponentially with the M/, parameter,
however, the fraction of stopped staus also follows an (albeit less steep) exponential
decay, that quickly levels off. An additional table of the fraction of staus which stop,
per M, value is shown in table A.1. At a M/, of 500 GeV there is an anomalous
drop in the number of trapped staus, which remains true even when 10° events are
run.

The ATLAS calorimeters are described in section 3.2.4, where their material com-
position and purpose of stopping particles are explained. With this in mind, it is easy
to predict that most staus will stop within the calorimeters, which is the case.

In particular, the vast majority of staus stop in the iron/steel of the hadronic tile
calorimeter. Table 5.1 shows that ~ 75% stop here. As well, in figures 5.6 and 5.7

this is illustrated.

92



4000 1
3000 -
w
=
c
3
2000 -
1000
0_
0.0 0.5 1.0 15 2.0 2.5 3.0
Polar angle (rad)
80

Counts

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Polar angle (rad)

Figure 5.3: Top: The angular distribution of all produced stau momenta. Bottom:
The angular distribution of starting momenta for those staus which have stopped
in the detector. These graphs show the example case when M/, = 300 GeV and
the lifetime is 30 days. For higher values of M/, fewer staus are produced, but
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Figure 5.4: The initial energy of produced staus. The left axis corresponds to the
initial energy of all staus produced, and the right axis, scaled for illustration, corre-
sponds to the initial energy of those staus which later stopped in the detector.

Material Staus Stopped (%)
Iron/Steel 749 £ 04
Aluminium 103 + 0.4
Scintillator 3.7+£0.2
Liquid Argon 3.6 £0.2
Lead 1.95 £ 0.09

Table 5.1: The five most common materials staus come to rest in. The values are
averaged over all values of Mj ;.
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Figure 5.5: The population of staus that come to rest in the detector for each of the
evaluated model parameters. Top: The total number of stau stopped. We know from
figure 5.2 that the production rate falls off exponentially and therefore the stopped
population does as well. A table of values can be found in appendix A. Bottom: The
fraction of produced staus that stop also appears to follow an exponential decrease,
independent of the cross-section.
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Figure 5.6: Using the parameter M/, = 300 GeV with lifetime 30 days as an example,
the penetrating depth of the staus based on their initial energy is shown. The plot
has been cropped to show with clarity where the majority of staus stop. At very high
energy there are just a handful of outliers that also stop in the calorimeters. For the
energy range that mostly comes to rest in the muon spectrometer, a small number of
staus actually come to rest in the ADAM detector itself.
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Figure 5.7: A symmetric plot of the stopping positions in the x-y plane. For illus-
trative purposes, this plot is created using the M/, = 500 GeV parameter with 108
events. The positions trace out the hadronic calorimeter where most staus stop, with
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57



80 4

60

204

Population of undecayed staus

Beam off time
I lon Physics
Beam Commissioning

0 50 lll)O léO 200 2%0 300 35IO
Time [days]

Figure 5.8: A graph of the population of trapped, undecayed staus in the detector
over time in this example with the parameters M, , = 300 GeV and a lifetime of 30
days. The technical stop or “beam off time” is highlighted in light green.

5.3 Decay Detection

As mentioned in section 4.1 the ADAM detector will monitor for the decays of trapped
particles during year end shutdowns and intermittent technical stops. Working under
this assumption, and with the timing schedule of event generation and decay described
in 4.2 we can filter out stau decays that occur during times where there will be
background present, e.g. during proton-proton collisions, ion collisions and beam
commissioning.

Nomillay, each period of proton-proton physics is followed by one month of ion
physics, as shown in figure 3.4. During these times various configurations are used,
such as lead-lead collisions at energies of 2.75 TeV /nucleon [93]. Given the energy
level, we assume that no staus are generated during these times, however, these events
do produce significant radiation which would be a background for the decays we wish

to measure. Therefore, we exclude these times from the times we expect to be able
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to monitor the ADAM detector for decay signals. When the stau lifetime is short,
this severely limits the number of observable events, since most staus decay during
the month of ion physics. This is illustrated in figure 5.8 which shows the population
of trapped stau particles in the ATLAS detector over the course of a year.

In the first year of run 4, based on our model with the parameters M;,, = 300
GeV and a lifetime of 30 days we expect 107,102 staus to be produced and there to
be 915 trapped, of these 32 will decay during the first long technical stop between
Dec 2029 - Feb 2030. We will discuss the number of these we expect to detect below
but first, we would point out that when the lifetime is 7 days, this drops to 0 decays

during the shutdown.

5.3.1 Detecting During Normal Operations

As mentioned in section 3.1.1 the LHC beam is not a continuous stream of particles
but consists of a train of particle bunches. With each revolution about the LHC ring,
a portion collide at the interaction points. Over time, the population of bunches
decreases and the beam needs to be refilled. The refill times offer an opportunity to
make measurements of stau decays outside of the regular long technical stops.

Publicly available beam intensity data in figure 5.9 shows the pattern of beam fill-
decay cycles. Each cycle has an activity period that is, by rough approximation, 2/3
of one day and is followed by a short period of inactivity, about one hour in length,
though the activity periods are often shorter and followed by much longer inactivity
periods. Therefore, a conservative estimate of the inactive periods is three one-hour
periods, every two days.

During these times, the solenoid and toroid magnetic fields will still be on as
the process of cryogenically cooling the magnets happens on a scale of days, and
therefore it is not practical to switch off for short periods of time (see: figure B.1).
This has implications for our simulation, however, as explained in section 4.2.1. As

a consequence of the program structure of Geant4, we are required to simulate each
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Figure 5.9: Top/Middle: LHC Beam intensity data from the weeks of July 02-15 2023
(Run 3). These plots show that the beam is off periodically. Bottom: a close-up of
the width of the smallest window of beam off time, which is approximately one hour.
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stau decay’s daughter particles twice: once with the ATLAS magnetic field on and
once with it off.

With this in mind, we expand our window of acceptance conservatively to include
randomly distributed windows of one hour occurring on average three times per two
days. Events during these times are tagged as events with the magnetic field on. When
including these periods, the number of stau decays occurring during background-free
periods increases markedly; in the case of M/, = 300 GeV with a 7-day lifetime, the
increase is from zero to 99.7+ 0.4 events over the course of run 4, on average. A table

of the separated year-end vs intermittent stop decays can be found in table C.1.

5.4 Acceptance of the ADAM Detector for Stau
Physics at the LHC

After accounting for the cross-sections predicted by the model and the expected run
4 integrated luminosity, along with a random production rate during the run 4 pro-
ton physics windows, and based on the operational schedule for the LHC with the
adjustments described in section 5.3.1 we are able to report in table 5.2 the expected
number of recorded events with the ADAM detector during background free moni-
toring, under the different parameter scenarios considered.

This analysis involves choosing both random times for the staus to be produced
within the proton physics windows of the LHC schedule and choosing random short
intervals for monitoring, in addition to the periods during year-end shutdowns. This
choice of random times was repeated 1000 times for each of the 55 model parameter
points studied and the results averaged.

From table 5.2 we can see the range of expected events recorded by the ADAM
detector. The value of 0 at some of the parameter space reflects the fact that at high
values of M, the number of events produced is very low (as shown in figure 5.2),
and less than 1% of those produced stop in the ATLAS detector. Those which are

produced may then decay during the proton-proton, ion physics, or beam commis-
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7 30 90 150 365
My

300 11.7+ 05 | 148 £0.5 | 526 £ 0.7 | 75.7 £ 0.8 | 132.3 £ 0.9
400 39+04 | 56 £05 | 128 £0.5|25.7+ 0.5 | 420+ 0.6
500 0.7+04 | 0.7£04 | 2604 | 79£05 | 10.0 £ 0.5
600 0.7+04 | 0.7£04 | 3705 | 3.7T£04 7.2+ 0.5
700 02+04 | 02£04 | 03+£03 | 1.4£04 24+04
800 01+£05 | 0204 | 02+£03 | 0.3£0.3 0.3 £0.3
900 01+05 | 01£04 | 04+£04 | 0.8£0.5 1.1 +£04
1000 0003 | 00£04 | 0606 | 0.3£04 1.1 £0.5
1100 0004 | 00£03 | 0.1 +£03 | 0.4£04 1.6 = 0.6
1200 0004 | 0004 | 0002 | 0.4£0.5 04+04
1300 0 0 0 0 0

Table 5.2: The expected total events recorded with the ADAM detector over the

course of run 4, during background free times.

sioning periods which are not background-free. Even with these restrictions, we see
that at longer lifetime values and lower values of M/, the ADAM detector is sensitive
in this area of the parameter space, with greater than 3 events detected for all of the

M /=300, 400 GeV space and much of 500 and 600 GeV, which correspond to stau

masses of 112, 148, 185, and 222 GeV respectively.
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Chapter 6

Conclusion

In this work, we have performed a simulation of the production of supersymmetric
particles, staus, under a minimal supergravity scenario, at the High Luminosity LHC
during run 4. Using the full ATLAS geometry and magnetic field we have simulated
the passage of these particles through the detector and estimated that for stau masses
between 112-477 GeV that 0.89 - 0.22% of the produced particles will become trapped
in the detector.

We have proposed the construction of an Auxiliary Detector above the ATLAS
Muon spectrometer (ADAM) to detect the subsequent decays of these stau particles
which may have a lifetime between 7-365 days. Our study is conducted under a specific
scenario which includes the production of stau particles as predicted by a minimal
supergravity model at the High Luminosity LHC. Here we account for the predicted
cross-section of the pp — 77 process, the expected run 4 integrated luminosity, and
the operating schedule of the LHC. We find that for some areas of the parameter
space studied, we may expect up to record 132.3 £+ 0.9 events with the detector, and
that for all lifetimes studied with stau masses less than 148 GeV we would achieve at
least 3 detections. This may extrapolate to other BSM theories which predict a heavy
( O (100) GeV), charged, scalar particle. Additionally, our cosmological constraints
on the lifetime of the stau, restricting it to less than 1 year, may be alleviated in

other scenarios. Our results indicate a higher sensitivity to longer lifetimes, therefore
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a more model-independent search in the future with greater lifetimes may produce
even stronger results.

In this thesis, we have also alluded to other possible applications of the ADAM
detector. As mentioned in 4.1 it creates a 13,000 m® decay volume for the detection
of neutral particles decaying in flight, which is a suggested scenario of study for future
works. The results from our analysis show a strong possibility for the detection of
charged scalar particles below 100 GeV. Other models that also feature an excep-
tionally long lifetime and have masses below this threshold would be of interest for

further study as well.
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Mo GeV % Stopped
300 3689/413757 = 0.89%
400 982/142370 = 0.69%
500 192/61957 = 0.31%
600 144/31062 = 0.46%
700 46/17145 = 0.27%
800 27/10133 = 0.27%

900 16/6315 = 0.25%
1000 /4105 = 0.27%
1100 6/2757 = 0.22%
1200 71907 = 0.37%
1300 3/1351 = 0.22%

Table A.1: The percentage of produced staus that are trapped in the ATLAS detector
in simulation. The number of produced staus is based on the maximum cross section
provided by pythia for that parameter value and the expected run 4 integrated lumi-

nosity of 715 fb~!
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Appendix B: LHC Cryogenics
During Beam Fill
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Figure B.1: The cryogenic status at the LHC, for the time period shown in figure 5.9.
Cryogenic cooling is maintained during short periods of beam inactivity.
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Appendix C: The Total Detected
Events in the ADAM Detector
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! 7 30 90 150 365
M12
300 117+ 05114 £04 | 11.8 £0.2 | 10.7 £ 0.2 | 11.05 £ 0.08
400 15 £ 2 16 £ 2 108 +£04]133£03| 134+£0.2
200 14+£7 10 £ 5 10 = 2 19 £ 2 154 £ 0.7
600 20 £ 20 14 £8 22 £ 3 13 £ 2 15.1 £ 0.9
700 20 = 30 20 + 30 7TE£6 17+ 5 17+ 3
800 20 = 60 20 £+ 50 10 = 20 7TE£8 4+3
900 30 = 100 20 £+ 60 20 £ 20 20 £ 10 18 £ 7
1000 10 £ 90 0 £ 200 40 £ 50 20 £ 20 30 £ 20
1100 0 £ 300 0 £ 50 10 £ 20 20 £ 20 40 £ 20
1200 0 £ 200 0 £ 200 0 £ 20 20 =+ 30 12 £ 10
1300 0 0 0 0 0

Table C.2: The percent efficiency of the ADAM detector for detecting decays which
have occurred during background free periods under different M, and lifetime (7)
values. For low M/, the results indicate the ADAM detector would be successful
at detecting the decays of stau particles. At high M/, in many cases there are zero
events, and due to the low statistics, the uncertainty “blows up” encapsulating the
entire scale. This is due to the low cross section for these parts of the parameter
space as shown in figure 5.2.
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Appendix D: Uncertainty
Calculations

D.1 Binomial Distribution

In our study, we encounter scenarios where the outcome of an event can be categorized
into success or failure. This includes: whether a particle stops, decays within a time
window (i.e., in-time decays), or is detected. These outcomes can be modelled using
the binomial distribution.

Let p be the probability of success (e.g., a particle stopping), and n be the number
of trials (e.g., the total number of particles). Then, the probability mass function of

the binomial distribution is given by:

PX =)= ()= D.1)

where k is the number of successes.

D.2 Standard Deviation and Standard Error of the
Binomial Distribution

The standard deviation of a binomial distribution is given by:

oc=+/n-p-(1-p) (D.2)
where n is the number of trials, and p is the probability of success. This represents

the spread of the distribution.
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Considering three successive binomial processes: stopping, in-time decay, and de-

tection, we define the following variables:
e N: Total number of particles produced.
e S: Number of particles that stop.
e T: Number of particles that decay in time.
e D: Number of particles detected.

The probabilities for each process are given by:

S T D

€s=—, €r=—, €p=—
S N ) T S ) D T
Using the probability of a particle stopping as an example we can substitute p =

€s = 5/N into equation D.2.

oo, = /S(1— S/N) (D.3)

The standard error (SE) for a standard deviation (¢) and number of trials (n) is
given by
o

SE = 7 (D.4)

Using this with equation D.3 we get the standard error on the number of particles
which stop in the ATLAS detector
S(1—-S/N)

Similarly, the uncertainty for the probability of a stopped particle S to decay during
a monitoring time window T is
T(1-T/S)

E  =4/— 177 D.
S €T S ( 6)
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and the probability of a detection D, given a decay occurring during a monitoring
time window T is
D(1—-D/T)

SBey =\~ (D.7)

D.3 Standard Deviation of the Mean

As described in sections 4.2 and 5.4, the particle creation times and short monitor-
ing windows are assigned randomly 1000 times and the resulting number of in-time
decays and detections are averaged. For these processes, there is also a random error

associated. The standard deviation of the mean for these quantities is given by

7= |- ! 1 ;(x )y (D.8)

where n is the number of trials, x; the random variable and z the mean. The

standard error is then given by equation D.4.

D.4 Propagation of Uncertainties

The uncertainty on a multivariate function f (A, B, C) is

sy (SEY (S8 (St DY

When applying this to the total recorded events from those decays which have

happened during a monitoring time window (as shown in table 5.2), which requires a
produced particle to 1. stop in the detector 2. decay during a monitored time window

and 3. be detected by ADAM, we have:

SE2  SE2  SE?  SE2  SE?
SEe = D\/ €s €T €D € Cd
overall <%) 52 T2 D2 + 10002 10002

(D.10)

where the terms SE,, and SE,, represent the standard deviations of the aver-

age number of in-time decays and the average number of particle detections when
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randomly assigning the particle creation times and monitoring windows 1000 times.
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