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Search for Magnetic Monopoles and Other Highly Ionizing Particles in 13 TeV
Centre-of-Mass Energy Proton—Proton Collisions with the ATLAS Detector at the
LHC

Abstract

Among the outstanding questions of particle physics, proof of the existence of a magnetic monopole is still one
of great interest. One compelling argument that motivates the search for magnetic monopoles is Paul Dirac’s
finding that the seemingly inexplicable quantized nature of the electric charge can be explained through the
existence of magnetic monopoles. TeV-mass Dirac magnetic monopoles could potentially be produced by the
p§ = 13 TeV proton-proton collisions at the LHC. This thesis documents a search for magnetic monopoles using
a 138fb~! dataset of Run 2 proton-proton collisions at the LHC collected by the ATLAS experiment. Due
to the highly ionizing nature of the interaction of magnetic monopoles with matter, the search is extended to
include other highly ionizing particles known as high electric charge objects. Two production mechanisms are
considered as benchmark models to interpret the results, Drell-Yan and photon fusion. No spin constraints
are imposed by Dirac’s theory, and therefore both spin-0 and spin-¥2 are modeled. The collision conditions
allow for masses between 0.2 and 4 TeV to be studied. Theoretical considerations and experimental constraints
motivate studying magnetic charges jgj = 1 and 2 gp for magnetic monopoles and the range of jzj = 20 through
jzj = 100 for high electric charge objects. Detection is based on the particle’s characteristic high ionization of
matter, penetration distance in the detector and lack of calorimeter shower. A data driven method is used to
estimate the background contamination. No excess events are found in the signal region. Cross-section limits
are computed through the CLs method with 95% confidence level. The highest mass limits to date for particle

collider highly ionizing particle searches are presented.
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cHAPTER]

Highly lonizing Particles

The eld known as particle physics, which studies the building blocks of nature and their interactions,
began with the discovery of the electron and was developed extensively during the twentieth century. In
1894, Pierre Curie discussed the possibility of observing magnetic monopoles nature [1]. There have
been many methods developed to search for both naturally occurring and collider-produced magnetic
monopoles. So far, no particle with magnetic charge has been detected. With the construction of the
Large Hadron Collider (LHC) at Centre Europeen de Recherche Nucléaire (CERN)it is possible to

probe the highest-ever mass range (O(TeV)) of collider-produced magnetic monopoles.

In this chapter, | brie y introduce the current theory of particle physics and where the monopole ts
in it. Then | discuss theories of magnetic monopoles. Some of the most relevant searches and their

results are listed. Finally, an outline of this thesis is presented.

1"Magnetic monopole" or simply "monopole" will be used interchangeably throughout this thesis.



1.1 Standard Model

Figure 1.1: Particle content of the Standard Model of particle physics and their main characteristics.

The Standard Model (SM) of Particle Physics is the theory which has successfully described three of
the four fundamental forces of nature. The work done by GlashowZ], Weinberg [3] and Salam H]
describes the weak and electromagnetic interactions. The Standard Model successfully predicted the
existence of the particles responsible for mediating the weak interactions as well as the Higgs Boson.
The fundamental particles that make up the universe are classi ed into fermions and bosons. Figuré.l
summarizes the particle content of the Standard Model, their properties and the way they are classi ed

based on these.



Despite the robustness of the Standard Model, there are known physical phenomena that are not
described within it. Some examples include neutrino masses, dark energy/matter and matter-antimatter
asymmetry. Formalisms that include these phenomena are known as physideyond Standard Model
(BSM). Many BSM theories predict the existence of a magnetic monopole; therefore, evidence of their

existence may help con rm a BSM theory.

1.2 Magnetic monopoles

A magnetic monopole is a hypothetical physical object with intrinsic positive or negative magnetic
charge. Because of this magnetic charge, a magnetic monopole is a source of a positive or negative

magnetic eld, as illustrated in Figure 1.2

Figure 1.2 lllustration of positively (left) and negatively (right) charged magnetic monopoles with
magnetic eld lines radiating from/towards them. The colors in the image have no meaning.

Since magnetic monopoles were rst formally theorized to be consistent with quantum mechanics by
Paul Dirac in 1931 [5], new theories predicting magnetic monopoles and their properties have arisen.
In this section, | will summarize Dirac's theory of magnetic monopoles and list a few of the other most

relevant theories. Finally, | will describe some of the methods used to search for magnetic monopoles.



1.2.1 Generalized Maxwell's equations

In the absence of a magnetic monopole, Maxwell's equations are written as Eq§.1 1.4,

Gauss's law for electricity: r E = — (1.1
0
Gauss's law for magnetism: r B =0 1.2)
@B
Faraday's law: E= — 1.3
araday's law: r ot (1.3)
o _ _ @
Ampere'slaw:. r B = oJ+ o o@t (1.49)

where is the electric charge density, o is the permittivity of free space, ¢ is the permeability of free
space,J is the electric current density, E the electric eld and B the magnetic eld. The consequences
of an observation of a magnetic monopole would introduce a magnetic charge density,, as well as a

magnetic current density, J,, which restores symmetry in Maxwell's equations:

Gauss's law for electricity: r E = — (1.5)
0
Gauss's law with magnetic charge: r B = o m (1.6)
. : . . . @B
Faraday's law with magnetic current: r E = @t oJm 2.7)
Sra : _ @
Ampere'slaw. r B = oJ+ o O@t (1.8)

In addition, the discovery of even one magnetic monopole would explain electric charge quantization,

as described in the following section.

1.2.2 Dirac magnetic monopole

In 1931, Paul Dirac wrote a paper p] where he addressed the question of whether the theory of
guantum mechanics prohibited magnetic monopoles. His approach led him to describe the physics of an
electric chargeq in the vicinity of a magnetic charge g, and concluded that electric charge quantization

can be explained in theory by the presence of magnetic monopoles.



In classical electrodynamics, the electric force of an electric charge is described by the electric eld

E as
1l aq

E =
(‘F) 4 0I’2

f (1.9)

wherer is the distance from the source chargeay. Similarly, the magnetic eld B(¥) of a magnetic
chargeg is described as
09

B(¥) = mr’t (1.10)

In quantum mechanics, nonetheless, electromagnetic forces are described by scalar and vector potentials.
In particular, the magnetic eld is associated with the vector potential, A, as stated in equation
Eq. 1.11

B(F=r A (1.11)

Thus, a magnetic monopole of charge requires the de nition of an electromagnetic vector potential

from which the magnetic eld in Eq. 1.10can be obtained, as described in Eql.12

09
B(¥) = A= r 1.12
(M=t ir? (1.12)
One possible solution is the magnetic vector potential,
09(1 cos ) a
AP = —— 27 (1.13)

4r sin

where and are the polar and azimuthal angular coordinates. This vector potential describes the
magnetic eld of a point source of magnetic charge overlaid on the eld of an in nitely-long thin
solenoid extending fromz = 1 to the origin, where the magnetic monopole is located, as illustrated

in Figure 1.3.

This potential in Eq. 1.13is undened at = . This singularity is known as the Dirac string, a
hypothetical one-dimensional topological defect that represents a line of magnetic ux. From the
classical electrodynamics perspective, this singularity poses no problem since the observable is the
magnetic eld and not the vector potential. If the Dirac string is in nitely long and thin, then the

Dirac string is invisible in any electrodynamic interaction. In quantum mechanics, however, the Dirac



Figure 1.3 Schematic representation of the magnetic monopole of chargg at the origin, with magnetic
eld lines (blue) and the polar coordinates for a position p inside the magnetic eld. The
Dirac string (red) is represented at =



string has observable consequences because a point particle with chargén the presence of the vector
potential, de ned by Eq. 1.13 will experience a change in the complex phase of its wave equation
, ! ' when moving along a path. The phase shift, , when the electric charge makes an

in nitesimally small loop around the string, is

z
= 4 rr
z,
=3 o _cos) .Cos)rsin
~ 0 4r sin
_ ogq . ?
= 4~Il!m(l cos ) .
= o9 (1.14)

For the electric charge to remain una ected by the string, i.e., for the string to be invisible, the phase

shift, Eq. 1.14, should be a non-negative integer multiple,n, of 2 :

qu:z n! qg= 2 ~n; (1.15)
~ 0

written in Gaussian units.

Under this new approach, one arrives naturally at the Charge Quantization Condition. The right-hand
side (RHS) of Eq. 1.15 states that the electric charge is always a non-negative integer multiple of the
magnetic charge (and vice-versa). The charge of the electror has been observed as the smallest

isolated unit of electric charge?. Making n = 1 and rewriting the RHS of Eq. 1.15in terms of the ne

0€?

structure constant, = 7 =

the smallest quantum of magnetic chargegp, would be

2
Ne€~ n=1;¢0=e e

= — 1 = — = .

g 2q Oo > 68:5e (1.16)

in Gaussian units.

The equivalence of the Dirac magnetic charge to an electric charge of 68.5 times the electric charge,

seen in EQ.1.16 translates to an interaction with matter resulting in a large energy loss per unit

2Although quarks are known to have smaller charges, 2=3 or 1=3 times e, they are not observed outside the hadron.



path-length, due to ionization, which will be explained in Chapter 3. This key property is exploited by

some search experiments described in Sectidh3.

Analogous to the ne structure constant, the magnetic-coupling constant for the Dirac magnetic
monopole describes the strength of the interaction between the photon and the Dirac magnetic

monopole, and is de ned by substituting e! ngp=c,

€°C, el ngp= n2g3
:~!e ngo=e Zio: (1.17)

Assuming n = 1, the magnetic coupling of a p magnetic monopole is , ' 34:25, four orders of

magnitude larger than

1.2.3 Theoretical charge and mass constraints on the Dirac magnetic monopole

Dirac's proposal of the magnetic monopole is that of a fundamental point particle. His theory, however,
does not impose any conditions on the spin or the mass of such particles. Many specialized theories of
magnetic monopoles have been developed after Dirac formalized his theory but only those fundamental
in de ning charge and mass constraints on the Dirac magnetic monopole, compatible with collider
energies, are mentioned in this thesis. Schwinger elaborated on Dirac's theory, proposing a new vector
potential solution for a magnetic monopole eld that results in the minimal magnetic charge of 25 [7].
Building on Schwinger's work, including the new de nition of the minimum value of the magnetic
charge, Cho and Maison developed a theory for electroweak magnetic monopoles, i.e., monopoles in
the mass range oftl(®> 10° GeV in the Standard Model [8]. Later, Cho, Kimm and Yoon proposed a
model (CKY model) that constrains the electroweak monopole mass betweed TeV and 10 TeV [9].
This model is incompatible with the LHC measurements of theH ! decay, but Ellis, Mavromatos
and You constructed generalizations of the CKY model compatible with the observed rate of this

Higgs decay that further constrains the electroweak monopole mass to below 5.5 Te\L(].



1.2.4 Other theories of magnetic monopoles

Parallel to the de nition of O(few TeV) magnetic monopoles, Grand Uni ed Theories (GUTs) predict
the existence of magnetic monopoles. Both 't Hooft 11] and Polyakov [12] established the necessity

for magnetic monopoles in GUTSs.

The properties (mass, size) of GUT magnetic monopoles vary from one uni ed model to another and
are determined by the uni cation scale of the theory. As Preskill indicates, the mass of GUT magnetic
monopoles can easily be expected to be extremely large, OF® GeV) [13]. An additional di erence

from the Dirac magnetic monopole de ned in Section1.2.2is that GUTs magnetic monopoles are not

point particles.

1.3 Searches for magnetic monopoles

Searches for magnetic monopoles consider two possible sources: naturally occurring (or primordial)
and collider-produced magnetic monopoles. Because this search aims to look for magnetic monopoles
produced in a collider, | will brie y describe searches for cosmic/primordial magnetic monopoles and

list a few, but this section will focus on collider searches.

Cosmic Searches

Cosmic searches for magnetic monopoles are based on the idea that GUTs predict that magnetic
monopoles were created in an abundance similar to that of baryons in the early universe and later

their concentration diluted, as explained by the cosmological in ation theory [14].

Cosmic magnetic monopoles include both very heavy GUT monopoles as well as lighter primordial
monopoles which might have survived cosmic in ation [L5]. One important characteristic of these
monopoles is that their speed, relative to the speed of light = ¢, is only about =10 3 because
they are accelerated either by gravitational attraction (in the case of GUT monopoles) or by galactic

magnetic elds (in the case of lighter monopoles). Low-velocity monopoles interact too weakly for



detection methods that rely on high ionization signatures. Moreover, in many cases these low-velocity

monopoles can pass through the Earth without interacting.

Among the experiments searching for cosmic magnetic monopoles are: the underground general-
purpose detector MACRO [16], the array of nuclear track detectors at high altitude SLIM [17] and

the balloon-borne radio interferometer ANITA [18]. There is also a group of experiments designed for
the detection of neutrinos that double as magnetic monopole detectors: ANTARES 19, IceCube RQ],
Baikal [21], Super-Kamiokande R2], NOva [23] and AMANDA [ 24]. No observation of cosmic magnetic
monopoles has been made by any of these searches. The results from these set cosmological ux limits,
for di erent mass and speed hypotheses. The most stringent ux upper limits, over a broad range,

are set by MACRO, while ANTARES, AMANDA and IceCube's results are better at near-light speeds.

Collider Searches

There have been multiple collider searches for magnetic monopoles. These have used di erent detection
mechanisms, which mostly concentrate on detecting monopoles trapped in matter (induction technique)
or recording the characteristic highly ionizing signature mentioned in Sectionl.2.2, which is the method
used in this thesis and will be explained in Chapter3. Some searches will be brie y described in this

section and a more complete review can be found in referencgq].

Collider searches for magnetic monopoles go as far back as the rst hadron collider: the CERN
Intersecting Storage Ring (ISR). Searches at the ISR and later the Super ProtonAntiproton Synchrotron
(SppS) employed both plastic track detectors P6, 27], as well as an extraction method, consisting of
exposing a material to the magnetic eld of a superconducting solenoid, to search for trapped monopoles
in beam dumps exposed to 300 GeV and 400 GeV proton beams. In the 1980's experiments CLEO
and TASSO analyzed events frome* e collisions from CESR and PETRA respectively, exploring the
detection of magnetic monopoles through their unique non-helical trajectories in uniform magnetic
elds. Unlike charged particles, magnetic monopole trajectories do not bend in the plane perpendicular
to the magnetic eld, rather they are accelerated in the direction of the magnetic eld. Later in the

90's, at LEP-1, L6-MODAL [ 28] used Nuclear Track Detectors (NDTs), which detect high ionization,
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around the interaction region to study the range of charges between 0.9 and 36 for monopole masses
up to ~45 GeV. Deployment of NTDs around the beam interaction point was also applied at other

et e colliders, such as PEP 29|, PETRA [ 30] and TRISTAN [ 31].

In the early 2000's, searches at the Tevatronp§ =1.8 TeV proton-antiproton collider employed

P s =1.96 TeV

NTDs [32]. Two more recent searches at the Tevatron collider used®5.7 ptr® of
proton-antiproton collisions: the Collider Detector at Fermilab (CDF) used a time-of- ight system; and
the E882 experiment used the induction technique to look for stopped monopoles in discarded material,
such as the beryllium beam pipe and other parts of the CDF and DO detectors33]. OPAL searched for

magnetic monopoles at thep

s =206.3 GeV LEP-2e* e collider by looking for back-to-back particles
with anomalously high ionization energy loss per unit distance in the tracking chambers34]. The only
lepton-hadron scattering search was performed by the H1 experiment at HERA, using the induction

technique [35].

Figure 1.4: Cross section upper limits on collider-based g magnetic monopole searches3f].

Recent searches for magnetic monopoles in the highest centre-of-mass energies available to date have
been performed at the LHC by the Monopole and Exotics Detector at the LHC (MoEDAL) [37]

and ATLAS [ 38], studying proton-proton collisions. While MoEDAL looks for magnetic monopoles
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Figure 1.5: Comparison of the mass lower limits obtained by LHC searches in Run 1 and complete or
partial results from Run 2 for Drell-Yan pair produced magnetic monopoles.

trapped in matter, ATLAS looks for highly ionizing particle signals. Both search for particles of mass
up to 4 TeV. Two pair production modes, Drell-Yan and photon fusion which will be described in
Section 3.1, have been considered by MoEDAL 37, 39 41]. In the past, ATLAS studied only Drell-Yan

pair-produced monopoles in the range of 0.5 to g for P s=7 TeV [42] as well asp s =8 TeV [43], and

p

a search on34.4f ! of " s =13 TeV proton-proton collisions [38] which considered magnetic charges

of 1 and 3. MoEDAL is sensitive up to 5¢p.

In the absence of an observation of magnetic monopoles, experimental cross section upper limits
are computed. These values indicate the expected maximum cross section under the experimental
parameters of the search, making it possible to fairly compare the results of di erent experimental
approaches. Figurel.4 summarizes the upper cross section limits of some of the searches discussed in
this section. Additionally, lower mass limits on the magnetic monopole can also be set. Figurd.5
compares the mass limits set by MOEDAL and ATLAS. Currently, ATLAS has the best mass limits

for Drell-Yan magnetic monopoles with charge up to 2)p.
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1.4 High Electric Charge Objects

The search method for Dirac magnetic monopoles in this thesis relies on the highly ionizing nature
of magnetic monopoles and the fact that, due to charge conservation, they do not decay into other
particles making them long-lived. The selection criteria for magnetic monopoles of a fewp in ATLAS

is designed to detect long-livedHighly lonizing Particles (HIPs) , which also include patrticles with
electric charges close tgzj = 68:5, as follows from Eqg.1.16 These are known asHigh Electric Charge
Objects (HECOs). The electromagnetic coupling of HECOs is proportional to their chargejzj. Some
examples of HECOs include micro-black hole remnants, up-down quark matter and strangelets, and

Q-balls.

1.4.1 Micro-black hole remnants

If micro-black holes exist, they may be produced in the collisions at the LHC 44]. Remnants of these
objects, such as collapsed nuclei with atomic mass A > 1 and a radius smaller than ordinary nuclei,
can have high electric charges and might be stable4p]. These objects are interesting to BSM searches

because they are considered a dark matter candidategl)].

1.4.2 Up-down quark matter and strangelets

Ordinary nuclear matter is composed of up and down quarks con ned in nucleons. Up-down quark
matter (udQM) di ers from ordinary matter in that the quarks are free to roam. Strange Quark
Matter (SQM) is essentiallyudQM with equal nhumbers of up, down and strange quarks47]. For low
baryon number, A 10?, lumps of SQM are called strangelets. These have been suggested to be dark
matter candidates [48]. Under certain conditions, strangelet matter is considered to be stable49].
Studies on the stability of SQM have concluded that they can be composed of many particles, from a
few to 10°7 baryons [50], thus carrying a large electric charge. Searches for strangelets are mostly done

in ultra-relativistic heavy-ion collisions.
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1.4.3 Q-balls

Q-balls are localized elds that are stable. They get their name because they behave like homogeneous
spheres of matter composed of many@(10)) bosonic particles with electric charge b1] (where Q

stands for electric charge). It is hypothesised that these particles existed as lumps of energy in the
early universe. These con gurations are stable because they are the lowest energy con guration of a

set of particles. Since they are composed of many particles they can carry a large electric charge.

1.5 Outline of the thesis

This thesis documents the search for magnetic monopoles and other HIPs on data collected by the
ATLAS detector from proton-proton collisions during Run 2 of the LHC (between 2015-2018). Chapterl
covered the motivation behind a search for magnetic monopoles and other highly ionizing particles
under the theory developed by Paul Dirac. Chapter2 contains a brief description of the Large Hadron
Collider and the ATLAS detector, outlining the experiment that allows for the collection of the studied
data. The production of HIPs at the LHC, including the two pair-production mechanisms considered
in this study, and the interaction of HIPs with matter are discussed in Chapter 3. This leads to a

description of the simulation of such particles in the ATLAS detector in Chapter 4.

Once the conditions of the detector response to HIPs are known, Chapteb discusses the hardware
and software triggers in place for data collection, as well as the variables used for signal selection.
The studies for optimization of the selection criteria are consigned in Chapters. Chapter 6 addresses
an attempt to improve signal discrimination with the use of machine learning which, although not
applied for this particular study, is currently being considered for the next search for HIPs in ATLAS.
Systematic uncertainties of the signal selection e ciencies are described in Chapter. The estimation

on the number of background events in the signal region is found in ChapteB and the results of the

analysis are presented in Chapte.
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CHAPTERZ

The Large Hadron Collider and the ATLAS Experiment

The HIPs described in Chapter 1, such as Dirac magnetic monopoles, in the mass range of a feleV
might be produced by proton-proton collisions in the CERN Large Hadron Collider, and the ATLAS
detector could be able to identify them. This chapter rst describes the functioning of the LHC during
the four-year period producing proton-proton (pp) collisions at a centre-of-mass energy o? s=13TeV
known as Run 2, followed by some concepts used when discussipg collisions. The ATLAS detector

is then introduced, with special emphasis on the parts of the detector used in this work to detect HIPs.

2.1 The Large Hadron Collider

The LHC is a particle accelerator designed to produce high energpp, lead ion-proton (Pb+ p) and

lead ion-lead ion collisions (Pb+Pb). This work only involves pp collisions.

Located at the CERN particle physics laboratory on the Swiss-French border near Geneva, the LHC

consists of a27 km circumference ring of superconducting electromagnets surrounding two beam pipes
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Figure 2.1 CERN's accelerator complex 2.

100 mbelow the surface. The magnets, which are kept at a temperature of 271.3°C, both accelerate
and guide particles inside the two ultra-vacuum beam pipes in which they travel. The LHC accelerates
beams of protons up to 99.9999991% the speed of light and collides them at a centre of mass energy of
P s =13TeV. Protons are extracted from hydrogen gas by stripping the electrons. Prior to entering
the LHC, protons are rst accelerated in four stages, which take place in a chain of other linear and
circular accelerators of the CERN accelerator complex shown in Figure€.l. In the rst stage, a
linear accelerator (LINAC2) accelerates the protons to50 MeV. In stage two, they reach energies of
1.4 GeV in the Proton Synchrotron Booster (PSB). The proton's energy is further increased to 25 GeV
in the Proton Synchrotron (PS) and nally they are accelerated to 450 GeV in the Super Protron
Synchrotron (SPS) before entering the LHC. These stages happen in a matter of seconds. When the

proton beams are injected into the LHC, they are kept at an energy plateau for 20 minutes before

ultimately accelerating them to 6.5 TeV, which takes 25 minutes.
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Proton beams are injected into the two rings of the LHC, where they travel in opposite directions
arranged in tightly packed groups of protons calledbunches . During the nal two years of Run 2,
beams were made up of 2556 bunches. Each bunch contained anywhere between 1 arg6 10!

protons. A linear array of bunches (approximately 144 bunches) makes up &ain [53].

At the four interaction points of the LHC ring, where each one of the main experiments (ATLAS, CMS,
ALICE and LHCDb) are located, collisions take place. Every25ns bunches meet at these interaction
points. In nominal conditions, interactions between bunches, otbunch crossings , continue taking
place for approximately 10 hours until proton losses due to collisions reduce the number of protons in
the beam to an amount that no longer provides su cient collisions worthy of data collection. The data
collected during the lifetime of a proton beam is called arun and the time intervals, of the order of 1
minute, within a run over which the luminosity and data taking conditions are considered constant are

called luminosity blocks

2.1.1 Luminosity

At a collider, the rate of events per secondR is given by relating the probability of a collision, known

as Cross Section ! (), and the Luminosity L of the collider:

R=L 2.1)

Luminosity (with units of m=2s™! or b1s™1) is the number of collisions that can be produced in a
unit area each second, and depends on the design parameters of the collider. The cross section depends
on the physical process taking place, in this case, gp collision. The luminosity of the LHC at the

beginning of a run is 1010%?cm™2s™ 1,

Integrating the luminosity over time results in the number of collisions per unit area, also known as
integrated luminosity L:

L= Ldt (2.2)

1The cross section is given in units of area known asbarn: b=10 % m?.
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The integrated luminosity delivered by the LHC during Run 2 was 156 flo- ! [54].

2.1.2 pp collisions

Protons are composed of three valence quarks: up, up and down. The large mass di erence between
the proton and the mass of the valence quarks is due to binding energy. Valence quarks exchange
gluons that may decay into quark-antiquark pairs; these are known as thesea quarks which can later
recombine into gluons. Valence quarks, gluons and sea quarks are callpdrtons. High energy beams of
protons, such as the ones created at the LHC, can be thought of as beams of quasi-free partons, which
share the momentum of the proton p5. High momentum transfer interactions of two partons, one
from each proton in the collision, are known as ahard scatter . The rest of the proton constituents
may participate in lower momentum transfer interactions in what is called the underlying event

(UE).

During the interaction between two proton bunches, multiple hard scatter events may happen. These
simultaneous events are known agileup . The variable that accounts for the average number of

interactions per bunch crossing across a luminosity block is average, h i.

2.2 The ATLAS experiment

The A Toroidal LHC ApparatuS (ATLAS) experiment is a general-purpose detector located at one
of the collision points of the LHC. During Run 2 of the LHC, ATLAS recorded a total integrated
luminosity of 1477 1. The h i range covered in these four years of data collection is summarized in
Figure 2.2 The ATLAS detector is a 44 meter-long cylinder with 25 m diameter end-caps. The LHC
beam-pipe runs through its centre, lengthwise, de ning the z-axis, where the nominal collision point
de nes the origin of the coordinate system, as illustrated in Figure2.3. The x-axis points towards the
centre of the LHC ring and the y-axis upwards. The azimuthal angle is measured around thez-axis,

and the polar angle is measured from thez-axis. These two angles are measured in radians. The
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Figure 2.2 Recorded luminosity over the four years of Run 2 collected by ATLAS as a function of the
number of interactions per bunch crossing $4].

Figure 2.3 Computer generated image of the ATLAS detector pg)].
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pseudorapidity?>  describes the angle with respect to a line perpendicular to the-axis ( =0 being
completely perpendicular to the beam-pipe, and = 1 in the direction of the beam-pipe). The ATLAS
detector is composed of the Inner Detector, which is the tracking system, the Calorimeter System, and
the Muon Spectrometer. Two superconducting magnet systems, one solenoidal surrounding the ID
and the other toroidal containing the Muon Spectrometer, bend the trajectory of charged particles. A
trigger system is also in place to make quick decisions on which events have characteristics that are

considered interesting for physics analysis and are worth recording.

For the purpose of this work, our attention will be mainly focused on the Transition Radiation Tracker

(TRT) , which is the outermost layer of the Inner Detector, and the calorimeters.

2.2.1 Inner Detector

The ATLAS Inner Detector (ID) provides high precision tracking of charged particles covering the
pseudorapidity regionj j < 2:5. The primary role of the Inner Detector is to determine the momentum
of charged patrticles. To achieve this, energy depositions recorded in individual detector elements,
i.e., pixels, semi-conductor sensors or drift chambers, are used to reconstruct the trajectories of
charged particles immersed in @2 T magnetic eld. The Inner Detector is able to reconstruct particle

trajectories, known astracks, with transverse momentum 3 p; > 0:5GeV.

The Inner Detector is composed of four independent subdetectors and is surrounded by a supercon-
ducting solenoid magnet. Figure?2.4 illustrates the barrel con guration of the subdetectors in the

ID and the radial range they cover with respect to the LHC beam pipe. The subdetectors are the
Insertable B-Layer (IBL) , the Pixel detector, the Semi-Conductor Tracker (SCT) and the TRT . The
IBL, Pixel and SCT detectors use semiconductor technology, while the TRT is a Xenon-based drift
chamber composed of straw tubes. A layout of the di erent components with thej j ranges covered by

each is found in Figure2.5.

The IBL was introduced for Run 2 with the purpose of observing particle signals closer to the collision

point [59]. Located only 3.35 cmaway from the beam-pipe axis, the IBL consists of 14 staves providing

2Denedas = Inftan( =2)], where is the angle with respect to the z-axis.
3The transverse momentum is the component of momentum perpendicular to the beam axis.
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Figure 2.4 Transverse slice of the structure of the barrel portion of the ATLAS Inner Detector [57].

full azimuthal coverage. Each stave supports 20 pixel sensor modules composed of pixel cells of size
250 50 m?, allowing for high track extrapolation capabilities. It was designed to resist the high

radiation conditions near the collision point.

The pixel detector consists of three concentric barrel layers and end-caps at each end. Due to its high
granularity pixel cells (50 400 m?), it provides three precision measurements for each track. The
readout electronics of the pixel sensors measu@E=dx by integrating over the time during which the

collected charge was above a threshold value, known as time-over-threshold (ToTH()].

The SCT surrounds the pixel detector and is composed of a four-layer barrel and nine disks making

up end-caps at both ends of the barrel. The SCT modules consist of two misaligned back-to-back
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Figure 2.5 Quarter portion schematic of the layout of the ATLAS Inner Detector. The Inner Detector
has azimuthal as well asz symmetry. [5§]

micro-strip sensors. The40 mrad misalignment increases precision in thez-axis. The SCT provides at
least eight high precision measurements per track, which contribute to the measurement of momentum,

impact parameter and vertex position [61].

The outermost layer of the Inner Detector is the TRT. It is a drift tube tracking detector composed of
a barrel covering the rangej j < 1:07, where 73 layers of4 mm diameter straws run parallel to the
beam-pipe, and two end-caps, covering the rang8:625< j j < 2:0, composed of 160 layers of straws
arranged radially around the beam-pipe distributed along 12 wheels at each end of the barrel. The
0:625< j j < 1:07 region is called thetransition region, given that a track with a pseudorapidity in
this range would traverse both barrel and end-cap. The straws that make up the TRT are lled with

a mixture of either 70% Xenon or Argon mixed with 27% CO, and 3% O,, which is ionized when a

charged particle traverses the straw. The wall of the straw, made of Kapton, is held at a potential
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Figure 2.6. TRT readout of a signal pulse in one TRT straw. Each of the three25 nsbunch crossings
considered in the digitization of the pulse is recorded as a byte of information. The
information of the low threshold is recorded for all three bunch crossings, while the
digitization of the high threshold only considers the current bunch crossing. The high and
low threshold values shown are for Xenon gas.

with respect to a wire in its centre, making the electrons drift in the electric eld and produce a signal
that is discriminated against two thresholds: a low threshold of300 eV (100 €eV) and a high threshold
of 6keV (2keV) for Xenon (Argon), as seen in Figure2.6. Energy deposits exceeding these thresholds
are calledlow-threshold and high-threshold hits, respectively. Low-threshold (Low Threshold (LT) ) hits
are considered for track reconstruction. High-threshold High Threshold (HT)) hits are used mostly

for particle-ID purposes.

2.2.2 Calorimeter

Surrounding the solenoid magnet of the Inner Detector, the calorimeter system is responsible for
measuring the energy of particles and contributing to particle identi cation. It is composed of a Liquid
Argon calorimeter (LAr) Electromagnetic (EM) calorimeter, a Hadronic Calorimeter (HCal) and a

forward calorimeter (see Figure2.7).
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Figure 2.7: Cut away view of the Inner Detector and Calorimeters in the ATLAS Detector. The
Calorimeter components are highlighted and labelled.

The LAr Electromagnetic Calorimeter consists of a barrel (in thej j < 3:2 region) and end-caps
(covering 1:375< j j < 3:2). It is made of an accordion-shaped structure of passive lead absorbers and
cells of copper electrodes, separated by active absorption layers of liquid Argon. Energy absorption
happens when an incident particle interacts with the passive lead absorber, ionizing electrons that drift
in the LAr gap where an electric eld is applied. A signal is then induced in the readout electrodes on
the copper cells. There are 2-4 layers in the whole LAr calorimeter, depending on the region. The
granularity ( ) of the copper cells varies for each layer, as seen from Figui8. The hadronic
calorimeter consists of steel absorbers and scintillating tiles, covering the barrel region (j < 1:7) and
end-caps L5< j j< 3:2). A tower is an array of cells that are stacked up on top of each other in the

radial direction for the di erent layers of the calorimeter.

2.2.3 Muon Spectrometer

The outermost system of the ATLAS detector is the Muon Spectrometer. Muons are the only charged
particles expected to reach beyond the calorimeters. The spectrometer covers the rangejof < 1.4
with its barrel, 1.6 < j j < 2.7 with end-caps, with a transition region between 14 < j j < 1.6.
Immersed in a magnetic eld produced by the large superconducting air-core toroid magnets for track

bending purposes, it takes measurements with both separate fast trigger components and high-precision
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Figure 2.8 Schematic with granularity values of a section of the Liquid Argon Electromagnetic
calorimeter at =0 [62].

tracking chambers.

2.2.4 Trigger system

Each event recorded by the ATLAS detector takes up aroundl.7 MB of memory. Storing the information
for every event that takes place during a second would require abou®©(100) TB. The ATLAS trigger
system reduces the recorded event rate frord0 MHz to approximately 1.2 kHz (around 1.5GB of
data per second) by making quick decisions on which events are interesting for physics analysis. The
decision is made bytrigger chains, which are combinations of a Level 1 (L1) hardware trigger and
one or more software triggers known as High Level Triggers6f3. L1 triggers are hardware triggers in
the calorimeters or the muon system that reduce the rate from40 MHz to a read-out rate of 100 kHz
with a 2.5 sresponse latency. L1 also ags sets of information in the collected data known as

detector Regions of Interest (Rols), such as a group of calorimeter cells, which are relevant for further
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consideration.

The High Level Triggers (HLT) are a set of software algorithms run online that use the information
either from the Rols or the full event to make decisions about whether or not an event that passed
the L1 trigger should be kept. The physics trigger menu contains all chains and prescaling valuégor
physics analyses. The data collected by the entirety of the physics menu is limited by the bandwidth
of the output, which is 2.5GBs 1. Thus, each chain has a limit in the acceptance rate. Ultimately,

within 0.2 s the HLT reduces the rate to 1.2 kHz.

The L1 and HLT triggers used for data collection in this thesis take advantage of the signature of the

particles studied, described in Chapter3. This trigger chain will be described in Chapter 5.

“4For a prescale value of n, an event has a probability of 1/n to be kept e.g., a prescaling of ve means that one out of
every ve events that passed the L1 trigger will be considered by the HLT.
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CHAPTER3

Physics of Highly lonizing Particles

The proton-proton collisions at the LHC are compatible with two pair-production mechanisms for
highly ionizing particles, i.e., Drell-Yan and photon fusion, both of which are considered for the
interpretation of the results of this search. An explanation of the interactions of HIPs with matter, in

the kinematic regime considered in this search, is presented.

3.1 Creation of HIPs at the LHC

Two pair-production mechanisms are considered as benchmark models to interpret and compare the
results of this search. Given the strong coupling of the HIP with the photon, perturbative calculations
beyond leading order of the production cross sections are precluded. ThBrell-Yan (DY) pair-
production mechanism consists of a quark-antiquark annihilation mediated by a virtual photon, which
decays into a HIP-anti-HIP pair. The Photon Fusion (PF) mechanism is included for the rst time in

a HIP search at the ATLAS detector, and consists of a pair of photons radiated from the colliding
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Figure 3.1 Feynman-like diagrams for the DY (left) and PF (right) production mechanisms for
monopoles. The coupling strength given by the charge of the quarky, times the electro-
magnetic coupling constant and the magnetic chargeg times the magnetic coupling
constant ,m. Analogous diagrams describe HECO production.

protons fusing and producing a HIP-anti-HIP pair. Both Drell-Yan and photon fusion production
mechanisms are illustrated in Feynman-like diagrams in Figure3.1. Through the Drell-Yan and photon
fusion mechanisms, fermionic (spin¥2 ) and bosonic (spin-0) HIPs can be produced, both of which are
considered in this thesis. Two properties of these pair production mechanisms that are not illustrated in
Figure 3.1 are that the production of scalar HIPs via the photon fusion pair-production mechanism also
has contributions from a 4-point vertex and the HECO spin-%z Drell-Yan production can be mediated
by either the photon or Z boson. Magnetic monopole production through the Drell-Yan mechanism
cannot be mediated by theZ boson because they do not interact via the weak force. Additionally,
spin-0 HECOs cannot be produced byZ boson exchange because, assuming SM interactions, they only
couple with the Z boson through tri-linear or quadra-linear interactions. Furthermore, the 4-point

vertex only produces spin-0 HIPs due to angular momentum conservation.

HIPs produced at the LHC in P s =13 TeV proton-proton collisions through these production mecha-
nisms can take masses up t@d TeV [64]. Additionally, their speed is relativistic, with the bulk of them

having velocities relative to the speed of light = £ > 0:1 and a Lorentz factor < 100
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3.2 Interaction with matter

A patrticle with electric and/or magnetic charge interacts electromagnetically, experiencing a force

de ned by the modi ed Lorentz force:

F=qgE+v B)+gB+v E): (3.1

From the Lorentz force in Eq. 3.1it is seen that an magnetic monopole of magnetic chargeg, with
velocity relative to the speed of light , in the presence of the electric eldE of an electron, would
experience a force with magnitudegc e. The magnitude of the force of the electric eld E on the
magnetic monopole is almost two orders of magnitude greater than that of an electron in the same
eld, considering the electric charge equivalence given by Eql.16 i.e., go = 68:5 e. This dictates
the way in which magnetic monopoles interact with electrons in atoms, as will be described in the

following sections.

3.2.1 lonization

As an electrically charged patrticle traverses matter, it interacts with atoms through a process known
as ionization, losing energy at a mean rate per unit length (also known as stopping power) given by

the Bethe-Bloch formula found in Eq. 3.2 [65],

dE _ 4e“z?N 2mec? 2 2
— = ° € 2 (3.2)
dx MeC? 2 I 2
where z is the electric charge of the traveling particle in units of e, N¢ is the electron density of the
material, meC? is the electron rest energy,l the mean ionization energy of the material and is the

density e ect correction.

For particles with magnetic charge g, an analogous formula to describe ionization stopping power is
needed. As mentioned above, the magnitude of the force between magnetic monopoles and the eld of
an electron is dictated by , to rst order replacing the parameter for the electric charge z with gc in

Eq. 3.2 would give approximate values for the stopping power. Steven Ahlen developed the formula
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found in Eq. 3.3 to describe the stopping power of magnetic monopoles due to ionizatiorbp]. This
formula considers both the high-momentum transfer (characteristic of close interactions) by introducing
the k(g) term known as the KYG correction [67] written explicitly in Eq. 3.4, and the low-momentum
transfer (for long distance interactions) through the Bloch correction B(g) in Eq. 3.5, arising from
low-energy collisions in which the monopole velocity approaches the orbital velocity of the electron.
According to Ref. [66], dE=dx has an uncertainty of 3% for monopoles in the energy regime studied in
this analysis.

dE _ 4e?¢’Ne 2mec® 2 2 Lk 1

X me M | > 2 2 B) (33)

8

% 0:406 jgi 10p;
k(g) = (3.4)
_§ 0:346 jgi 150p;

8

E 0:248 jgj lop;

; 0:672 jg 1:50p;
Both the stopping powers of electrically (Eq. 3.2) and magnetically (Eq. 3.3) charged particles are
directly proportional to the square of the charge. As expected, the energy losses by ionization of a

jgi = 1gp magnetic monopole are four orders of magnitude larger than those of an electrically charged

particle with charge jzj = 1. Thus, magnetic monopoles and HECOs are highly ionizing.

Figure 3.2 illustrates the ionizing stopping power of HECOs with chargejzj = 68:5 and magnetic
monopoles with chargejgj = 1go. The energy loss due to ionization of HECOs, following the Bethe-
Bloch formula, decreases with increasing . As the HECO slows down at the end of its trajectory, it
loses a larger amount of energy. The opposite happens with magnetic monopoles, due to the missing

1= 2 dependence; the larger monopole energy depositions occur at higher speeds.
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Figure 3.2 lonization stopping power of HECOs with chargejzj = 68:5 (left) and magnetic monopoles
of chargejgj = 1gp (right) as a function of the speed relative to the speed of light for
non-relativistic and relativistic particles, in various materials [ 68].

3.2.2 Bremsstrahlung

Charged particles also lose energy through the Bremsstrahlung mechanism. This energy loss occurs
through the emission of photons when the charged particle is accelerated by the eld of another charged
particle or a nucleus. The amount of Bremsstrahlung energy loss of a magnetic monopole is given by

Eq. 3.6 (for electrically charged particles it can be found in Ref. B9,

8
% 16N22ezg4
dx 3 16NZZ€’g’ 23 N '

3~Mc3 Z1¥meg

where M, g and are the mass, magnetic charge and Lorentz factor of the magnetic monopole,
respectively. N and Z are the atomic density and number of the material. The mass of the HIP in the
denominator becomes an important factor when comparing energy loss due to Bremsstrahlung and the

stopping power through ionization.

3.2.3 Pair production

The magnetic eld of fast ( 1) magnetic monopoles can induce a transverse electric eld given by

E,= ~ B: (3.7)
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Figure 3.3 Energy loss as a function of the Lorentz factor, , for 1gp, magnetic monopoles of mass
1000 GeV, traversing Argon. Three energy loss mechanisms are considered: lonization
(solid-red), Bremsstrahlung (dashed-blue) and Pair-production (dotted-green).

The equivalent photon approximation described in Ref. [/0] indicates that this eld would resemble a
beam of photons. Papageorgiu and Stodolsky argue that these quasi-photons can decay into electron-
positron pairs when interacting with matter. Nevertheless, the energy loss due to the production of
these pairs is only signi cant for ultra-relativistic particles with 1, which is not the case for HIPs

produced at colliders in the mass range considered her&]].

Figure 3.3 shows the three energy-loss mechanisms described in this chapter for a representative mass
1TeV HIP, in the range of 0< < 50. HIPs produced at the LHC would mostly have < 10, making

ionization the dominant mechanism of energy loss by two orders of magnitude.
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cHAPTERS

Signal Simulation and Data

The highly ionizing nature of HIPs creates a distinct signal in the ATLAS detector. In this chapter, the

response of the two subdetectors that record the signal relevant for identi cation of a HIP is discussed.
The simulation of HIP kinematic properties and detector signal response is brie y described. The
types of Monte Carlo signal samples generated are listed with their intended purposes. Finally, the

data sample collected is described.

4.1 Detection of HIPs in ATLAS

Figure 4.1 illustrates the acceptance of HIPs for ranges of charge and mass, allowed by Drell-Yan

spin-¥2 pair production at P

s=14TeV, in the ATLAS detector. The magnetic and electric charges
considered in this thesis are;: HECOs with charge$zj = 20; 40; 60; 80 and 100, and monopoles with
chargesjgj =1 and 2gp. The journey of a HIP with the mass and charge characteristics studied in this

thesis, in the ATLAS detector, can be roughly described as follows: the particle is created close to the
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Figure 4.1 Acceptance of spin¥2 HECOs (left) and spin-% magnetic monopoles (right) as a function
Bf electric (magnetic) charge and mass produced through the Drell-Yan mechanism with
s =14 TeV proton-proton collisions [68].

interaction point inside the beam-pipe, those with su cient energy to punch through the beryllium
tube will travel across the inner detector, most likely reaching the second or third layer of the LAr
EM Calorimeter before losing all of their kinetic energy and stopping completely. A more detailed
explanation on the penetration depth of HIPs in ATLAS can be found in Ref. [68]. Figure 4.2is an
event display of the signal left by a simulated magnetic monopole with chargelgp and mass1000 GeV
in the TRT and LAr EM calorimeter of the ATLAS detector. The information collected by these two

subdetectors is used to discriminate the signal of a HIP from other particles.

Figure 4.2 Event display of a single Ijp magnetic monopole. The ATLAS detector is seen through a
transverse slice of the detector from side A. The green segments represent energy clusters
in the LAr EM calorimeter and the white and red dots are LT and HT hits in the TRT
detector.
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4.1.1 Signal of a HIP in the TRT

Unlike some subdetectors of the Inner Detector, the TRT produces a signal for energy depositions
of any magnitude. The pulse containing the energy deposition in a straw of the TRT, described in
Section 2.2.1 and illustrated in Figure 2.6, is digitised for three consecutive bunch crossings each
represented by nine bits. The rst bit of each bunch crossing is the ag indicating whether this was a
High Threshold (HT) hit. The following eight bits indicate if the Low Threshold (LT) was passed. For
the 2016, 2017 and 2018 data collection years, only the middle bunch crossing HT ag was considered
to identify HT hits. To make the information from the data collection uniform, this same condition

was applied to the 2015 data and all the simulated samples when the analysis ntuples were made.

The energy deposition of a HIP in a straw of the TRT is three to four orders of magnitude larger than
that of minimum ionizing particle. Additionally, the energy deposited is large enough to eject electrons
from the inner orbitals of the atom. These electrons, known as -rays, have energies that can ionize
the material further. The energy of the -rays, which account for 30% of the energy lost by HIPs 2],

is given by
Evip, kin - EHIP, kin

E max =2Me
’ Muip Muip

+2 4.1)

For the HIP masses considered in this search and corresponding kinetic energids;max ranges from
0.1 MeV to over 100 MeV. The trajectory in the TRT is de ned by the 2T eld, which in the energy
ranges described, can produce a radius of curvature on the order of a few millimeters. Consequently,
the -rays can reach an adjacent straw. Although a single -ray, which typically deposits 2keV in
each straw, will not produce an HT hit, a combination of several -rays can deposit enough energy
to produce HT hits in neighbouring straws to the path of the HIP. Hence, the signature of HIPs is
de ned by numerous HT hits within a few millimeters of the path of the HIP. On average, 70% of the
straws within an 8 mm-wide road around the HIP trajectory will have HT hits, while the probability

for minimum ionizing particles to produce a HT hit in a straw is around 10% and for electrons it is

between 30 to 40% T3].
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4.1.2 Signal of a HIP in the LAr EM calorimeter

As HIPs traverse the electromagnetic calorimeter, they ionize the argon atoms and the liberated
electrons are detected. Since HIPs produce a high ionization, there is a possibility of electron-ion
recombination, reducing the observed energy deposition in the calorimeter. At londE=dx the energy

recorded considering this recombination e ect is described by Birks' law 74, 75|,

1+ A%=Ep
%1+ k=(E p)dE=dx’

Evs = E (4.2)
whereE ;s is the detected energyEq the true energy deposited, A = 1:51is a renormalization parameter
speci ¢ to the ATLAS detector [ 76], dE=dx is the energy deposited per unit length, is the density of
liquid argon and Ep is the voltage of the drift electric eld: 10kVcm™1. Birks' constant, k, is taken
to be k = 0.0486 (kv/cm)(g/cm2)(1/MeV) [ 77]. For large dE=dXx, as is the case with HIPs, this law
requires a correction de ned in Ref. [f2]. This correction is included in the simulation of HIPs in the

ATLAS detector.

The dominance of ionization over Bremsstrahlung and pair production results in a lack of electromagnetic
cascades from the HIP in the LAr EM calorimeter. Thus, the energy deposition in the LAr EM

calorimeter has a characteristic narrow lateral dispersion.

The reconstruction of information in the ATLAS calorimeters is done in di erent ways, most of which
lead to objects known as clusters. These objects are sets of calorimeter cells that are grouped based
on proximity and energy deposition. For the purpose of this study, clusters are processed through a
topological cell clustering algorithm which creates calorimeter cluster objects known as topological
clusters, or topo-clusters, based on cell proximity and removes cells that are deemed to have large

noise-to-signal ratios or very low energy deposition7g].
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4.2 Monte Carlo signal samples

In high energy physics Monte Carlo Monte Carlo (MC)) signal samples are vital. Regardless of their
limitations in this analysis due to the non-perturbative nature of the production of HIPs, they are
used to compute the production cross sections of the production mechanism and to understand the

signal of a HIP in the detector, ultimately leading to the computation of signal selection e ciencies.

Three types of signal samples are produced: model-independent fully simulated samples, Drell-Yan
spin-¥2 fully simulated samples and generator-level signal samples. Additional model-independent
fully simulated samples with parameter variations are generated to compute systematic uncertainties.
Each of type of signal sample will be described in Sectiod.2.1. The model-independent, Drell-Yan

spin-%2 and model-independent for systematics MC samples are fully simulated. The steps of the full

simulation are described in Sections4.2 and 4.2.4

4.2.1 Event generation
Model-independent fully simulated samples

The detector response to a speci ¢ particle (of a given mass and charge) is only dependent on the
kinematic properties of the patrticle, i.e., all magnetic monopoles of a given mass and charge combination
with the same kinematic properties will produce the same signal in the detector, barring random
uctuations. Therefore, the signal selection e ciencies for any production mechanism can be computed
from model-independent fully simulated signal samples. Model-independent MC signal samples are
composed of single particle events with uniform kinematic distributions of kinetic energyEx and
pseudorapidity . The range of these samples is limited by the TRT acceptance region,2< < 2,
and the kinetic energy range is de ned by the maximum allowed pair-production energy,10 GeV
< Ekin < 4000GeV. These samples are produced in this HIP search for two reasons. First, it is
possible to determine the minimum values of transverse momentumpy, at which a HIP of a given
mass and charge is able to re a trigger and consequently use computing resources more e ciently by

only simulating particles with enough transverse momentum to be recorded by the detector. This is
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computed in Section5.1.3 Second, signal selection e ciencies for any production mechanism can be
estimated from model-independent signal selection e ciency maps. This will be further explained in

Section5.3.

The production of model-independent HIP MC samples is done through the ParticleGun generator
ATLAS software (particularly, AtlasProduction 19.2.5.38, tag €7852). MC samples with 120 000 events
were created for the 56 mass and charge combinations considered in the analysis. To better represent
the conditions of the data collected across the di erent years of Run 2, three conditions pro les, known

as campaigns, are used: MC16a for 2015 and 2016, MC16d for 2017 and M16e for 2018. Each sample
has 30 000 events in MC16a, 40 000 events in MC16d and 50 000 events in MC16e.

The remaining three stages of MC sample production (simulation, digitization and reconstruction) will

be explained in Sections4.2 and 4.2.4.

Systematic uncertainty signal samples

MC samples with variations of the simulation parameters are necessary to assess systematic e ects on
signal e ciencies. These model-independent signal samples are created with 10 000 events and the
extrapolation method described in Section5.3 is used to estimate signal e ciencies in these modi ed
conditions to ultimately assign systematic uncertainties to the signal e ciency, as will be explained in

Chapter 7.

Generator-level signal samples

The MadGraph5_aMC@NLO [79] leading-order matrix element generator is used to compute production
cross sections and generate particle four vectors [B. The Al4 tune [80] is applied and two Parton
Distribution Functions (PDFs) are used: NNPDF23LO B1] for the Drell-Yan pair production and
LUXqed [82] for the photon fusion pair production samples. Di erent PDFs are used considering the
Drell-Yan pair production occurs when quarks interact and the photon fusion occurs when photons

interact. Transverse momentum cuts, derived as will be explained in Sectiorb.1.3 are applied. The
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four-vectors are processed by the Monte Carlo generator Pythiag3], which adds momentum smearing,
parton shower and hadronization e ects, and decays of the byproducts of the simulated proton-proton

collisions.

Theoretical production cross sections are computed for the four production mechanisms for all 56

mass and charge combinations, as seen in Figu#e3. Truth kinematics properties for particles of all

Figure 4.3 Theoretical cross-sections as a function of mass, for Drell-Yan (top) and Photon Fusion
(bottom) production mechanisms for spin-0 (left) and spin-% (right) before pr cuts.

four production mechanisms are extracted from the output produced by MadGraph and stored in at
ntuples. These include transverse kinetic energﬁ#‘”, pseudorapidity , kinetic energy Ek, relativistic

velocity , transverse momentumpr, and relativistic factor  distributions. Plots for these kinematic
distributions are found in Appendix A. The information contained in the ntuples is used to estimate

signal selection e ciencies via the extrapolation method explained in Section5.3.

Other than the model-independent samples, only the Drell-Yan spin¥z pair production mechanism
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is fully simulated. Samples were produced for each mass and charge combination containing 10 000
events from MC16a, 20 000 events from MC16d and 30 000 events from MC16e, for a total of 60 000
events (with the exception of HECOs chargejzj = 100, which contain 10 000 events per campaign for
a total of 30 000 events.). Generator-level samples for alternative production mechanisms, Drell-Yan

spin-0 and photon fusion spin-0 and spinYz, contain 50 000 events.

4.2.2 Simulation

The simulation of HIPs in ATLAS is done through the use of the Geant4 toolkit [84]. Geant4 contains
a simulation of the material in the ATLAS detector and propagates the particle in steps to simulate
the interaction with the material. Interactions between the detector and other particles in the event
are also simulated. A special package for the simulation of particles with magnetic charge designed in
previous iterations of this analysis B5, 86] is used (Simulation/G4Extensions/Monopole). This package
includes the HIP propagation and ionization, the simulation of -ray production and propagation, and

the e ect of the magnetic eld on the magnetic monopole.

4.2.3 Digitization

The simulated energy depositions are converted into simulated digital signals in the ATLAS detector,
through the use of the ATLAS software. This includes the digitization of the TRT pulse, as described
in Section 4.1. Additional collisions, known as pile-up, are overlaid in this step. The pile-up depends
on the number of collisions per bunch crossing. A simulation of these additional collisions is designed
to re ect the conditions in data as closely as possible. Since this is not possible to predict a priori, an
event based pile-up reweighing step is performed on the MC samples at the analysis level to account

for the discrepancies.
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4.2.4 Reconstruction

The simulated digital signals are processed by the ATLAS software to reconstruct information such as
particle tracks and calorimeter clusters. Ultimately, this would lead to the identi cation of particles,
jets and missing transverse kinetic energy. There are no speci ¢ reconstruction packages for the HIP
analysis, rather, it relies on low-level variables from the calorimeter cells and the TRT straws for signal

identi cation.

In this stage, TRT hits with a pulse that begins too late (> 60n9 or ends too soon (<11ng are
rejected as out-of-time pile-up. Hits which are not rejected are considered TRT LT hits. If the HT bit

is agged, then the hit is also counted as a TRT HT hit.

The calorimeter topo-clusters discussed in Sectior.1.2 are also reconstructed in this stage. The
reconstruction of topological clusters consists of two general steps. In the rst part, a cell with a
signal-to-noise ratio above four is selected by the algorithm and neighbouring cells in all directions
with a signal-to-noise ratio above two are added to the cluster. If one of these cells is a neighbour to
two clusters then the clusters are merged. All cells adjacent to the ones in the cluster are added as well
to include tails of electromagnetic cascades and jets. The second part consists of splitting the newly
created clusters. This is done because it is common that a cluster actually contains the signal from
more than one particle. To do this, the algorithm nds local maxima in the cluster locating cells with
energy depositions of at least500 MeV and at least four other cluster cells with energies less than that
of the local maxima. The new cluster is split from the original one and a new iteration of the clustering
described above is performed. Local maxima are only selected from the presampler and rst layer of

the LAr EM calorimeter if they do not overlap in  and with maxima found in the other two layers.

Trigger reconstruction

Hardware-trigger emulations are also done at this stage. The same trigger algorithms for software-based
triggers applied online are run on the MC samples. Hence, trigger response can be validated and

trigger e ciencies computed.
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4.3 Run 2 data

The complete dataset collected by the ATLAS detector from P s=13TeV proton-proton collisions [87]
during Run 2 for the HIP analysis contains an integrated luminosity of 138 fb 1, with an uncertainty

of 0.83%. Only 1.33 fb * comes from the collisions delivered during 2015 because the algorithm for
HIP data collection (which will be described in Section5.1.2) was deployed late in the year. The
dataset is ltered by using the Good Run Lists [88], which indicate the luminosity blocks satisfying

quality requirements of stable beam conditions and optimal functioning of the ATLAS subsystems.

The data collected by the ATLAS detector goes through reconstruction as described in Sectiod.2.4.

4.4 Analysis tuples

The reconstructed lower level variables described in Sectiod.2.4 are further processed by the HIP
analysis Ntuple Maker Code (Ntuple Maker Code (NMC)). The NMC uses the calorimeter topo-clusters
and the TRT hit information from the reconstruction output les to create higher level variables, which
will be described in Chapter 5. These are stored in at ntuples along with the trigger ags, TRT hit

and LAr EM calorimeter cluster information.
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CHAPTERD

Signal Selection

With the knowledge of the signature of HIPs in the ATLAS detector from Chapter 4, the next step
is to design the selection criteria that will distinguish an event with a HIP from events with other
particles. The chain of selection starts with the triggers that indicate the event should be recorded.
After, a set of preselection cuts are applied to remove events that do not have good quality conditions
for further consideration. Finally, a pair of signal selection variables and corresponding signal selection
cuts are de ned such that HIP events are discriminated from all other events. This chapter describes
the triggers used as well as the preselection and selection criteria. It discusses the discriminating
power of the selection variables and the optimization of the signal selection cuts. Finally, it reports
the e ciency in selecting signal for all combinations of mass, charge, spin and production mechanism

considered in this thesis.
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5.1 Triggers

As explained in Section2.2.4, only events that are considered interesting are saved. In order to be
recorded, HIP events must re two triggers: the LLEM22VHI hardware-based level 1 trigger and a

bespoke high-level trigger developed for this analysis: HLT g0 _hiptrt LIEM22VHI.

5.1.1 L1 trigger

The L1EM22VHI trigger is the lowest energy threshold un-prescaled hardware-based single elec-
tron/photon level 1 trigger. It was chosen for this analysis because, as explained in Sectiofi.1, while
HIPs deposit a portion of their energy in the inner detector, there are no track-based level 1 triggers
available in ATLAS. Thus, it is necessary to rely on a low-threshold hardware-based trigger from
the LAr EM calorimeter. The L1EM22VHI trigger requires an energy deposition of 22 GeV in the
EM calorimeter. The trigger also applies a Hadronic Veto (VH), which means that it discards events
in which energy depositions greater thanl GeV but smaller than 50 GeV are found in the Hadronic
Calorimeter. This signi cantly a ects the jzj = 20 HECOs, as seen in Figure5.1 where there is an

e ciency loss of the L1 trigger for transverse kinetic energies below 2 TeV.
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Figure 5.1 L1 trigger e ciency as a function of the transverse kinetic energy for all magnetic monopole
and HECO mass and charge combinations considered. These plots are obtained from the
model-independent MC samples.
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5.1.2 HLT trigger

The High Level Trigger (HLT) designed for the HIP analysis, HLT _gO_hiptrt L1EM22VHI, decides
if an event may have a HIP, considering the number of low-threshold hits,nLT yig. , the number of
high-threshold hits, nHT g, , and the fraction of high-threshold hits f 1 ig. iIn a wedge of the TRT

based on a Rol de ned by the L1 trigger.

Figure 5.2 HIP High Level Trigger algorithm centering of the TRT wedge around the path of the
particles [89].

The de nition of this 11 mrad wedge is illustrated in Figure 5.2 and happens in two steps. In the rst
step, the Region of Interest (Rol) from the L1 trigger, which is a 0.2 rad wedge, is located and divided
into 14 bins. The TRT hit counting algorithm is used in the second step, which consists of locating the
bin with the largest nHT yig. , and the two bins adjacent to it, and subdividing each into 14 bins. Each
of the 42 bins is roughly 1 mrad. An 11 mrad wedge is de ned by the bin with the maximum nHT gig.
and ten neighbouring bins. This wedge goes fron® mm to 12 mm in width, or in other words one and

a half to three TRT straws wide with increasing radius from the beampipe. Thefyr g is de ned as

nHTtrig. .

fHT trig. = (5.1)

where both the nHT yig. and nLT ig. are counted in the newly de ned wedge. An event will re the

trigger if NHT g, > 30and f yr, 4ig. > O:5.
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