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ABSTRACT

A search for charged lepton flavour violating (CLFV) t��uk interactions is presented,

where uk = fu; cg, using the ATLAS Run 2 dataset at
p
s = 13.0 TeV. Observation of such a

process, which is strictly prohibited in the Standard Model (SM) of particle physics, would

be a clear indicator of new physics. The search targets t��uk interactions in both single top

quark production and tt decay, considering events with two muons, a hadronically-decaying

tau lepton and at least one jet, of which exactly one must be b-tagged. In absence of a

significant excess above the SM background, an exclusion limit is placed on the CLFV

branching ratio B(t ! ��q) < 8:7 � 10�7 at 95% confidence level (CL). Constraints are

placed on SM effective field theory Wilson coefficients ranging from c
3(2313)
‘equ =�2 < 0:10 TeV�2

for ��ut to c1(2323)
‘equ =�2 < 1:8 TeV�2 for ��ct (95% CL). The guk ! t�� process could be

mediated by a scalar leptoquark. Assuming a fixed hierarchy of couplings to lepton-quark

pairs, exclusion limits are placed on leptoquark coupling strengths 1:12 < � < 3:29 for masses

between 0:5 and 2:0 TeV. The sensitivity of the search is statistically limited and would

benefit greatly from the inclusion of future ATLAS datasets. The new ATLAS ITk detector

will be crucial to recording high quality data after Run 3; quality assurance measurements

are presented which validate the technologies employed by the ITk strip sensors.
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Chapter 1

Introduction

With the discovery of the Higgs boson by the ATLAS and CMS collaborations at theLHC [3,

4], the Standard Model (SM) provides a complete description of three of the four fundamental

forces of nature. Nevertheless, there remain a number of unanswered questions about the

nature of the universe for which theSM provides no answer. The next challenge facing

particle physicists will be to search for hints of a deeper underlying theory which can address

these open questions. One possible indication of beyond the SM (BSM) physics would be an

observation of charged lepton �avour violation (CLFV). Charged lepton �avour is strictly

conserved in theSM and, while neutrino oscillations indicate lepton �avour violation (LFV )

in neutral leptons, this does not introduceCLFV at scales to which experiments are sensitive.

One of the areas of analysis of the ATLAS experiment is the study of the top quark,

the heaviest of the known fundamental particles. Top quark pairs are produced copiously at

the LHC and their decay signature is well understood so they provide a sensitive probe for

new physics processes. According to theSM, charged leptons must be produced in association

with either their antiparticle, for example through Z ! � + � � , or with a neutrino of the

same �avour, such as viaW ! � � �� � , a condition known as lepton �avour conservation. This
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condition is not imposed, however, by manyBSM theories which could allowCLFV to be

observed at theLHC. This thesis will present an analysis searching fort ��u k interactions

forbidden by the SM. The analysis makes use of the ATLAS Run 2 dataset corresponding to

140.1� 1.2 fb� 1 of pp collisions1 at
p

s = 13.0 TeV [5].

The LHC experiments are currently taking data from the machine's third period of

operation (Run 3) which is expected to increase the total integrated luminosity collected

by the ATLAS detector to 300 fb� 1. At the end of Run 3, upgrades will begin on theLHC

machine to increase the instantaneous luminosity. The ATLAS detector will also undergo an

upgrade in this period to maintain physics performance as theLHC enters the high luminosity

phase. The upgrade to the tracking detector will increase the granularity of the detector,

to maintain tracking performance as the number of particles traversing the detector in a

given time increases. As well as this, the detector must be capable of withstanding the

harsh radiation environment it will be exposed to during this period of operation. A new

all-silicon tracking detector will be installed into the ATLAS detector for the high luminosity

LHC (HL-LHC) era. The new Inner Tracker (ITk ) will consist of a pixel detector surrounded

by a strip detector at larger radius and is currently approaching the production stage. A

rigorous programme of quality assurance (QA) is underway to ensure the sensors which have

been designed will meet the required speci�cations during production.

This thesis presents the work undertaken by the author over the course of four years

of research. Chapter 2 introduces the development and theoretical framework of theSM of

particle physics, before discussing its shortcomings and possible extensions to address these,

giving particular attention to models which introduceCLFV. Chapter 3 presents an overview

of the LHC accelerator complex and the design of the ATLAS detector. Chapter 4 describes

the working principle of silicon radiation sensors, as used in charged particle tracking detectors,

1The amount of data delivered to the LHC experiments is measured by the integrated luminosity in units

of fb� 1 where 1fb� 1 = 1043 cm� 2.
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before discussing the future upgrade of the ATLAS tracking detector. Chapters 5 to 7 present

the methodology and results of the �rst direct search forCLFV in t ��u k interactions, using

data from the ATLAS detector. Finally, Chapter 8 draws conclusions on the results of the

preceding chapters and discusses possible future studies.

3



Chapter 2

Theory

The SM of particle physics provides a coherent description of the fundamental particles

making up the universe and the interactions between them. The model is built upon quantum

�eld theory ( QFT) and successfully describes the behaviour of three of the fundamental forces

mediating the interactions between matter particles. The strong, weak and electromagnetic

interactions can all be shown to originate in the exchange of force particles, known as bosons.

While a theory successful in incorporating gravity and providing a uni�ed description of all

four fundamental forces has so far eluded theorists, the gravitational interaction is signi�cantly

weaker than the other three forces and can therefore be neglected up to all but the highest

energy scales.
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2.1 The Standard Model of particle physics

2.1.1 Development of the Standard Model

The particle content of theSM can be separated into two classes: fermions, which make up

the matter content of the universe, and bosons, which mediate the forces. Fermions, so-called

because they obey Fermi-Dirac statistics [6, 7], are particles with half-integer spin angular

momentum (spin), while bosons obey Bose-Einstein statistics [8�10], and possess integer

spin. A crucial distinction between these two classes arises from the Pauli exclusion principle

which states that any two identical fermions may not occupy the same quantum mechanical

state [11]. As a consequence, fermions are assigned to energy levels when placed inside a

potential, �rst occupying the lowest energy states. Electronic states within the atom are

de�ned by the three quantum numbers which specify the electron probability density within

the atom, along with the spin projection onto a given reference axis which may either be up

or down. This behaviour gives rise to the structure of atomic energy levels as described by

the Bohr model of the atom [12].

All of the matter encountered on a daily basis is made up of just three particles, which

together make up all of the chemical elements of the periodic table. Elements consist of unique

combinations of protons and electrons, with variable numbers of neutrons. The electron was

the �rst fermion to be discovered, in 1897 by J. J. Thomson [13]. Unlike the electron, the

proton and neutron were found to be composite particles made up of the fundamental up and

down quarks. Together with the neutrino, which is produced alongside the electron in nuclear

� -decay, these four fundamental particles constitute the �rst generation of fermions. These

are supplemented by two additional generations, identical in all properties except mass.

The �rst suggestions of a second family, or generation, of fundamental particles emerged

in 1947. The muon had been discovered ten years earlier [14] but was initially mistaken for
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the pion, predicted by Yukawa as the mediator of interactions between nucleons [15], due to

its similar mass. Studies in Bristol provided the �rst evidence that the muon and pion were

distinct particles [16], now recognised as the discovery of the pion. The same year saw the

observation of cloud chamber events in which two particles of opposite charge appeared with

no incoming track [17]. These were later identi�ed as originating from neutral kaon decays,

marking the �rst sighting of second generation quarks.

The observation and cataloguing of a plethora of hadrons in the following years led

Murray Gell-Mann to propose a classi�cation system known as the �eightfold way� [18], much

like that of chemical elements in the periodic table. The descriptions of protons, neutrons

and the other hadrons known at the time in terms of constituent particles, known as quarks,

proved a useful mathematical framework for explaining the eightfold way. George Zweig

similarly proposed that mesons and baryons are composite particles made up of fundamental

constituents [19], noting that the constituents may only be a useful mathematical construction

rather than physical particles. Experimental evidence for quarks �nally arrived when electron

scattering experiments at the Stanford Linear Accelerator Center (SLAC) demonstrated

inelastic scattering rates consistent with point-like constituents within hydrogen and deuterium

nuclei, as described in [20], in a manner very similar to the discovery of atomic structure

by Rutherford scattering [21]. It is now understood that the con�nement property of the

strong interaction prevents the existence of bare quarks outside of bound hadrons for any

measurable period of time. The observation of hadrons, such as the
 � baryon predicted by

Gell-Mann, consisting of three quarks of the same �avour, seemingly in contradiction with the

Pauli exclusion principle, led to the suggestion that quarks possessed an extra unobservable

charge [22, 23], now called colour charge.

Further experiments at SLAC led to the discovery of the tau lepton in 1975 [24]

through the sighting of e+ e� ! e� � � + X events, whereX represents� 2 undetected

particles, consistent with originating from the decay of a pair of particles with mass 1.6-
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2.0 GeV=c2. The top quark, discovered at the Tevatron collider in 1995 [25, 26], is the

most massive fundamental particle observed. The �rst direct observation of tau neutrino

interactions in 2000 by the purpose-built DONUT experiment at Fermilab [27] completed the

picture of the matter content of the SM. To date there is no evidence for further generations

of fermions. The reason for the existence of three copies of the matter particles is not

understood.

The modern concept of the photon as the quantised form of light originates with

Einstein in 1905 [28]. A description of photon-fermion interactions in the formalism of

relativistic QFT, known as Quantum Electrodynamics (QED), led to the 1965 Nobel Prize

being awarded to Feynman, Schwinger and Tomonaga for their role in the development of

the theory [29]. Building upon the ideas ofQED, similar theories were sought after for the

weak and strong interactions. In 1968 a uni�ed description of the weak and electromagnetic

interactions, given by the Glashow-Salam-Weinberg (GSW) theory [30, 31], was proposed. In

addition to predicting chargedW � bosons that could mediate� -decay, the model required

a neutral Z boson. In remarkable consistency with the theory, both of these particles were

discovered �fteen years later by the UA1 and UA2 collaborations with the SPSp�p collider at

CERN [32�35].

The pion, understood to mediate the interactions between nucleons, is held together

by the strong force, as is the case for all other hadrons. The strong force is in turn

mediated by the exchange of electrically neutral gluons. A description of the interactions

of quarks with eight gluon �elds coupling to colour charge forms the theory of Quantum

Chromodynamics (QCD) [36], formalised in 1973. Indirect observations of gluons were

reported in 1979 by the MARK-J experiment at the PETRA e+ e� collider [37] based on

the observation of events with three �jets� (collimated clusters of hadrons). Quarks and

antiquarks are expected to be produced in pairs so the production of an odd number of jets

is taken to result from the radiation of a high energy gluon.
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Figure 2.1: Particle content of theSM. Quarks (leptons) are shown in blue (green), gauge

bosons are shown in red and the Higgs boson is shown in yellow. The fermion generations are

denoted in grey circles at the bottom of the �gure. Electric charge and spin of the particle

are indicated in the top left and right corners, respectively.
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The particle content of theSM is shown in Fig. 2.1. In addition to the vector bosons

discussed above, the model features a single scalar, the Higgs boson, which is a consequence

of the mechanism through which the SM particles acquire mass.

2.1.2 Theoretical framework

For the description of theSM it is useful to introduce the concept of the Lagrangian. Classically,

the Lagrangian,L, of a system represents the di�erence of the kinetic and potential energies,

L = T � V. Lagrangian mechanics provides a framework for deriving the equations of motion

of the system via a set of di�erential equations known as the Euler-Lagrange equations. For a

�eld theory it is more convenient to consider the Lagrangian density,L , whereL =
R

L d3x,

which is expressed in terms of the �elds and their space and time derivatives. InQFT,

this formalism can be used to write a Lagrangian1, from which analogues of the classical

Euler-Lagrange equations provide the equations of motion [38].

The SM Lagrangian is constructed with the requirement that it is invariant under

gauge transformations. This corresponds to the requirement that the physics of the model

itself is not changed by unobservable symmetries of the underlying theory. Gauge symmetry

can be understood by looking at classical electromagnetism. The magnetic and electric �elds,

B and E, respectively, can be described in terms of vector and scalar potentials,A and � ,

respectively, by

B = r � A;

E = �r � � @tA:
(2.1)

The �elds A and � are not themselves observable and it can be shown that transformations

1The Lagrangian density L is commonly referred to as the Lagrangian in the context of QFT.
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of these underlying �elds

A ! A + r �;

� ! � � @t �;
(2.2)

where � is a scalar, can be made without changing the observableB and E �elds. Such

a transformation is referred to as a gauge transformation andB and E are said to be

gauge invariant quantities. For a constant� this is a global gauge transformation, while for

� = � (x; t) the transformation is a local gauge transformation.

It can be shown that imposing a local phase invariance ( (x) ! ei� (x)  (x)) on the

Lagrangian for a freely-propagating spin-12 particle,

L = � (i
 � @� � m) ; (2.3)

leads to the requirement of an additional term inL corresponding to the interactions with

a massless vector �eld, consistent with the photon [38]. In the context of the uni�ed

electroweak (EW) theory, the application of the gauge principle gives rise to three �eldsW (i )
�

wherei 2 f 1; 2; 3g, corresponding to theSU(2)L symmetry of weak isospin, and a �eldB � ,

corresponding to theU(1)Y symmetry of weak hypercharge. The breaking ofEW symmetry,

resulting in the familiar weak and electromagnetic �elds, is discussed later. Similarly, the

eight gluon �elds of the strong interactions are necessary consequences of imposing invariance

of L under SU(3) symmetry, corresponding to the exchange of three colour charges inQCD.

The SM, constructed using the principle of gauge invariance, is seen to provide a very good

description of experimental data, with symmetry groupSU(3)c � SU(2)L � U(1)Y .

The interactions in which each of the fermions take part depend on their charge under

the respective force. All of the fermions are charged under the weak interaction, carrying

weak isospin, while only quarks are charged under the strong interaction, carrying colour

charge. All, with the exception of the neutrinos, are electrically charged and take part in

the electromagnetic interaction. The charges of the SM fermions under the electromagnetic
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Table 2.1: Fermion content of theSM showing particle charges under theSM EW gauge

groups. T represents weak isospin with third componentT3, Y is weak hypercharge andQ is

electric charge.

T T3 Y Q

� L
1
2

1
2 -1 0

`L
1
2 -1

2 -1 -1

`R 0 0 -2 -1

T T3 Y Q

uL
1
2

1
2

1
3

2
3

dL
1
2 -1

2
1
3 -1

3

uR 0 0 4
3

2
3

dR 0 0 -2
3 -1

3

and weak interactions can be seen in Table 2.1. The fermions are split into left- (f L ) and

right-chiral ( f R) �elds since the weak interaction is parity-violating and couples only tof L .

The left-chiral neutrino �eld, � L , is only charged under weak isospin and as such only

participates in the weak interaction. It is unclear whether a right-chiral neutrino �eld,� R ,

exists in nature. If it does exist,� R is uncharged under all of theSM �elds and so would

only interact with other particles gravitationally. As such it is not included in the SM, hence

its omission from Table 2.1, and such a �eld is referred to as a �sterile� neutrino.

The interactions of fermions with the gauge bosons can be represented by Feynman

diagrams, with a simple example beinge� e� ! e� e� scattering mediated by a virtual photon,

shown in Fig. 2.2. The bosons themselves can also be charged and interact with one-another

or even self-interact; such is the case for the gluon which itself carries colour charge. The

self-interacting behaviour of the gluon results in the short-range interaction of the force it

mediates.

Each vertex has an associated coupling strength which determines the probability

for a given interaction to occur. In the case of the photon-electron interaction, shown in
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(c)

Figure 2.2: Leading order (a) and next-to-leading order (b-c) Feynman diagrams fore� e� !

e� e� scattering demonstrating the photon-electron vertex. In (b) and (c) the coupling labels

have been dropped.

Fig. 2.2a, this isgQED = e. Feynman rules provide prescriptions for how the so-called complex

matrix element, M , for a process arises from interaction vertices, represented in the form of

Feynman diagrams. The probability of interaction, or the cross-section of a process, is then

proportional to jM � Mj with a proportionality factor which takes into account phase-space

considerations. This formulation is Lorentz-invariant and allows for measurable quantities,

such as interaction and decay rates, to be calculated.

Each of theQED vertices in Fig. 2.2 contribute a factorgQED to the matrix element,

M . Fig. 2.2a is a leading order (LO) diagram for the e� e� ! e� e� scattering process since it

contains the smallest number of coupling factors. Higher order diagrams, featuring additional

particle exchange between the electrons or corrections to the photon, also contribute to

e� e� ! e� e� scattering, as shown in Fig. 2.2. The matrix element calculation therefore takes

the form of a series in increasing powers of the coupling constant which is only convergent if

the coupling constant is less than unity.

In general, the loops introduced by higher order diagrams, whose internal momenta

are not constrained and must be integrated over, introduce divergences into the calculations.
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These can be treated by a process called renormalisation which involves rede�ning the bare

physical quantities of the Lagrangian to absorb the divergences. The diagram in Fig. 2.2c,

along with all higher order corrections to the photon propagator, can be replaced by an

e�ective propagator with a coupling gQED (� ) where � represents the energy scale of the

photon propagator [39]. This leads to a scale dependence for the coupling, which is no longer

constant. Since the coupling constant can be measured experimentally and is seen to be

�nite, the value at a given scale� 0 can be related to the strength at a di�erent scale.

While the QED coupling is seen to increase at larger energy scales,� QCD exhibits

the opposite behaviour, growing rapidly as the energy scale decreases. Since perturbative

calculations can only be made in regimes where the coupling constant is small enough that

the power series converges, calculations in QCD can only be made at higher energy scales.

2.1.3 Electroweak symmetry breaking

Mass terms for the fundamental particles are forbidden in theSM by the gauge symmetry of

the Lagrangian. Considering the simple case of the freely-propagating electromagnetic �eld,

A � , the Lagrangian is

L EM = �
1
4

F�� F �� ; (2.4)

whereF �� = @� A � � @� A � . It can been seen that gauge transformations such as Eq. (2.2)2

leaveL EM unchanged. A mass term of the form� 1
2mA A � A � , however, would not be invariant

under the same transformation. A �eld mediated by massless gauge bosons should give rise

to long-range interactions, as is the case for the electromagnetic interaction, mediated by the

massless photon. This is clearly not the case for the weak interaction, implying these forces

must be mediated by massive force particles, as con�rmed by the discovery of theW � and Z

bosons.
2A � ! A � + @� � in four-vector notation, where � 2 f t; x; y; z g.
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The mechanism needed to explain this mass generation while respecting gauge invari-

ance was proposed in 1964 [40�42] and is commonly known as the Higgs or Brout-Englert-

Higgs (BEH) mechanism. It requires the addition of a new scalar �eld,� , which is required

to be colourless but charged under the weak interaction, forming a weak isospin doublet

� =

0

B
@

� +

� 0

1

C
A =

1
p

2

0

B
@

� 1 + i� 2

� 3 + i� 4

1

C
A (2.5)

and is required to be complex to satisfy gauge invariance. Two scalar �elds,� + and � 0,

are needed to give masses to theW � and Z bosons. The mechanism describes how the

scalar �eld, the Higgs �eld, acquires a non-zero expectation value; that is, the lowest-energy

con�guration of the �eld corresponds to a non-vanishing �eld presence. The �nite vacuum

expectation value (vev) of the Higgs �eld is in contrast to the other �elds of the SM which

all have zero vacuum expectation. The presence of this �eld in the vacuum state then has

the e�ect of endowing mass on the particles which interact with it.

The requirement that the vev is non-zero can be satis�ed by a potential of the form,

V(� ) = � 2(� � � ) + � (� � � )2; (2.6)

where � and � are constants taking real and complex values, respectively. If� 2 < 0, this

potential has a minimum for j� j2 = � � 2=� , which takes the form of a ring. The symmetry

of the potential is spontaneously broken since the �eld must select a minimum value. Since

the broken symmetry corresponds to theSU(2)L � U(1)Y group, this process is known as

electroweak symmetry-breaking (EWSB).

By choosing the vacuum state to be� + = 0, � 0 = � , where � = � � 2=� is the vev,

mass terms arise for the four gauge boson �elds of theEW interaction, W (i )
� and B � , in terms

of their respective couplings,gW and g0. Perfoming a diagonalisation of the resulting mass

matrix to identify the physical gauge boson �elds, it can be shown that theEW bosons gain
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the following masses:

mW =
1
2

gW � m Z =
1
2

q
g2

W + g02 � m 
 = 0 (2.7)

where the physical bosons are mixtures of the massless bosons corresponding to the broken

SU(2)L and U(1)Y symmetries [39]:
0

B
@

W +
�

W �
�

1

C
A =

1
p

2

0

B
@

1 � i

1 i

1

C
A

0

B
@

W (1)
�

W (2)
�

1

C
A (2.8)

0

B
@

A �

Z �

1

C
A =

0

B
@

cos(� W ) sin(� W )

� sin(� W ) cos(� W )

1

C
A

0

B
@

B �

W (3)
�

1

C
A (2.9)

The angle� W is known as the weak mixing angle. The mechanism also predicts the existence

of a massive scalar with a massmH =
p

2�� 2, the Higgs boson. Since theSM does not

predict the values of� 2 or � , the masses of the weak gauge bosons and the Higgs boson itself

must be measured by experiment.

2.1.4 The generation of fermion masses

Fermion masses are not generated in the same manner as those of the gauge bosons, but arise

through their interactions with the non-vanishing scalar �eld afterEWSB. As was the case

for bosons, a mass term for fermions does not respectSU(2)L � U(1)Y symmetry. However,

terms describing the interactions of the Higgs �eld,� , and its conjugate ~� , with a left-handed

fermion SU(2)L doublet and the corresponding right-handed singlet do meet this requirement

and can be written

L Yukawa = � yd
ij

�di
L �d j

R � yu
ij �ui

L
~�u j

R � ye
ij �ei

L �e j
R (+ h:c)3; (2.10)

where the indicesf i; j g 2 f 1; 2; 3g represent the three generations of fermions. AfterEWSB,

using the same choice of gauge as in Section 2.1.3, terms with� gives rise to masses for the
3+ h:c: indicates that the Hermitian conjugate term must also be considered.
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lower parts of the fermion doublets (ei and di ) while terms with ~� impart mass to upper

parts (ui ) [39]. Since theSM contains no right-handed neutrino term, the neutrino remains

massless. The fermion masses are given by

mf
ij =

�
p

2
yf

ij ; (2.11)

where the indexf represents the separate matrices for the up-type quarks, down-type quarks

and charged lepton �elds, respectively, The values ofyf
ij , the Yukawa matrices, are not

predicted by the SM so the fermion masses have to be measured experimentally, as was the

case for the bosons.

2.1.5 Flavour in the SM

With the exception of the Yukawa terms coupling the fermions to the Higgs �eld, theSM

Lagrangian exhibits �avour universality. The coupling strength of the fermions to the Higgs

�eld is expressed in terms of the complex Yukawa matrices which must be diagonalised to

obtain the physical fermion masses. The matricesyf
ij can be diagonalised by transformations

of the fermion �elds [43] such that

ŷf
ij = A f y

L yf
ij A f

R ; (2.12)

is diagonal, with

 j
L ! A f

L  j
L ;

 j
R ! A f

R  j
R :

(2.13)

The majority of L SM is invariant under such transformations with the exception of

the charged-current weak interaction which couples up and down components ofSU(2)L

doublets. The rotations of the fermion �elds induce a �avour-violating term which allows

mixing between di�erent generations in the interactions of theW � boson [44]:

L cc =
1

p
2

gW ( �ui
L 
 � (Auy

L Ad
L| {z }

� VCKM

)dj
L + �� i

L 
 � (A � y
L Ae

L| {z }
! 1

)ej
L ) (+ h:c) (2.14)
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In the quark sector this gives rise to the Cabibbo�Kobayashi�Maskawa (CKM ) matrix,

VCKM � Auy
L Ad

L , which encodes the mixing between di�erent quark generations. In the lepton

sector, however, the absence of a right-handed neutrino �eld allows a choice ofA �
L = Ae

L

which does not introduce mixing between generations. The consequence of this is that lepton

�avour is expected to be conserved in theSM, while �avour-changing interactions involving

quarks are permitted in charged-current interactions.

2.2 Beyond the Standard Model

The discovery of the Higgs boson at theLHC [3, 4], and the subsequent evidence that its

properties are consistent with those predicted by theSM, marks a profound shift in the �eld of

particle physics. TheSM now stands validated and is yet to be proven wrong; however, there

remain outstanding problems which it cannot explain. It o�ers no candidates for the origin

of dark matter and, in its original form, no mechanism for the observed �avour oscillations

of neutrinos [45�47]. Additionally, the SM contains a signi�cant number of free parameters

which must be extracted from experimental data, such as the masses of the fundamental

particles. All of this hints that the SM is an e�ective model of a more complete theory and

motivates searches for new physics which could explain the questions it leaves open. As such,

the focus of the �eld is now on further precision tests ofSM, including in the Higgs sector,

and on direct searches for BSM physics.

2.2.1 Neutrino mass and oscillation

In the SM, which does not contain a� R �eld, neutrinos are massless and lepton �avour is

conserved in all interactions. However, the observation of neutrino oscillations demonstrates

the existence of neutrino masses. Furthermore, it demonstrates that for the neutrinos, as is
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the case for the quark �elds, there is a misalignment between the mass eigenstates, which

determine the propagation behaviour, and the ��avour� eigenstates, which take part in the

weak interaction.

It is common to label the mass states by� i wherei 2 f 1; 2; 3g and the �avour states

by � � where� 2 f e; �; � g. The rotations between these two bases can be described by a3� 3

unitary matrix known as the Pontecorvo�Maki�Nakagawa�Sakata (PMNS) matrix:
2

6
6
6
6
4

� e

� �

� �

3

7
7
7
7
5

=

2

6
6
6
6
4

Ue1 Ue2 Ue3

U� 1 U� 2 U� 3

U� 1 U� 2 U� 3

3

7
7
7
7
5

| {z }
UPMNS

2

6
6
6
6
4

� 1

� 2

� 3

3

7
7
7
7
5

(2.15)

Since the neutrinos only interact weakly, their production and subsequent detection are

always via the weak interaction. For production via the charged current weak interaction, the

resulting neutrino will be in a mass state� i with probability U�i , where� is the �avour of the

associated charged lepton. However, the mass state in which the neutrino is produced cannot

be resolved experimentally. Instead the neutrino is detected in a given �avour state with a

probability again given by UPMNS . The propagating neutrino is therefore a superposition of

the three mass eigenstates which interfere, resulting in oscillation probabilities which depend

on the squared mass di�erences� m2
ij = m2

i � m2
j , the propagation length and the neutrino

energy. In the simpli�ed case of oscillations between two �avours, the probability is [39]

P(� � ! � � ) / sin2
�

� m2
ij

L
4E

�
; (2.16)

where L is the distance of propagation andE is the energy of the neutrino. It is this

interference which gives rise to the observed oscillations. It can be seen that in the absence

of a mass di�erence between the� i there would be no oscillations.

The SM can be extended to incorporate neutrino oscillations by the inclusion of the

sterile neutrino �elds and subsequent generation of mass followingEWSB. If neutrino masses
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are introduced via Yukawa interactions with the Higgs, as for the rest of the fermions, then

the PMNS matrix arises from Eq. (2.14) in exactly the same manner as the CKM matrix.

2.2.2 Charged lepton �avour violation

Lepton �avour conservation is not imposed by the gauge structure of theSM and is instead

a consequence of the particle content of the model, from which a right-handed neutrino

�eld is absent. With the discovery of neutrino oscillations, lepton �avour violation (LFV )

has been observed in the neutral lepton sector. Neutrino oscillations already provide a

mechanism for charged lepton �avour violation (CLFV) via loop processes, such as that

shown in Fig. 2.3; however, the cross-section for such a process at theLHC is far beyond the

expected sensitivity of current or planned future experiments. Such processes are suppressed

by the large di�erence between the neutrino andW boson mass scales with the branching

ratio for the decay� ! e
 predicted to be of the order10� 55 [44]. An observation of charged

lepton processes generatingLFV would therefore provide unambiguous evidence ofBSM

physics.

� �

W �

U�k Uy
ke

e�

q q

� k




Figure 2.3: Feynman diagram demonstrating CLFV via a neutrino oscillation.

In general, new physics which introduces additional terms involving lepton �elds in

the Lagrangian is likely to lead to sources ofLFV by allowing processes which permit mixing

between lepton generations. A variety of new physics models are expected to introduce
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CLFV, some at rates which could already be within the experimental sensitivity of theLHC

experiments [48]; some of these models are discussed below.

Extended Higgs sectors

The BEH mechanism requires the existence of at least one complex scalar doublet. The

idea of extended Higgs sectors containing additional scalar �elds are popularBSM theories,

proposed to explain some of the shortcomings of theSM. In particular, extensions involving

an additional EW doublet, known as two Higgs doublet models (2HDMs), have been proposed

as possible sources of additional charge-parity violation (CPV) needed to explain the observed

matter-antimatter asymmetry of the universe [49]. Type-III2HDMs introduceCLFV because

both doublets couple to the lepton �elds such that o�-diagonal couplings cannot be avoided [50].

The Higgs boson discovered at theLHC shows good consistency with the hypothesis of a

single scalar doublet but extended Higgs sectors have not yet been ruled out.

Grand uni�ed theories

Above the scale ofEWSB, the electromagnetic and weak interactions are combined into

a uni�ed interaction as described by theGSW theory. This raises the possibility that at

an even greater energy, there is a single interaction which uni�es this description with the

strong interaction. The prospect of a grand uni�ed theory (GUT) is further motivated by the

observation that the running of theSM coupling constants, as governed by the renormalisation

group equations, should become equal in strength at� GUT � 1015 GeV [38].

In 1974 a model capable of describing such a uni�cation with gauge groupSU(5)

was proposed by Georgi and Glashow [51]. The model predicts 24 gauge bosons, of which

half couple the lepton and quark �elds and are known as leptoquarks (LQs). Such particles
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Figure 2.4: Corrections to Higgs boson self-energy.

necessarily introduce quark-to-lepton interactions which violate both lepton number as well

as baryon number. Such transitions, however, render the proton unstable, which poses a

problem for minimal GUT models. A number of other models propose the existence of

LQs [52] and current constraints, summarised in Ref. [53], are highly model-dependent.

An additional problem with such models is the di�erence between theEW scale

and the energy scale of theSU(5) theory. The masses of theLQs are produced in the

SU(5) ! SU(3)c � SU(2)L � U(1)Y symmetry breaking process, analogously to the generation

of the weak boson masses byEWSB, and are therefore expected to be of the order� GUT .

As a scalar particle theSM Higgs boson receives corrections to its mass from quantum loop

diagrams such as Fig. 2.4, the size of which depend quadratically on the momentum exchanged

within these loops [39]. If there is no cut-o� to the momentum scale of these corrections

then the Higgs boson mass should be driven towards� GUT . Aside from a ��ne-tuning� of

the higher-scale physics, a mechanism is required to protect the Higgs boson mass from such

corrections.

Supersymmetry

The large discrepancy betweenmH and � GUT is known as theEW hierarchy problem since

there is no known mechanism to explain why the mass is not in�ated by these corrections

to very large values. In the absence of aGUT being realised in nature the same argument
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applies to the Planck mass,MP . Above the Planck mass it is expected that the strength of

gravitational interactions matches that of the other fundamental forces, meaning the e�ects

of quantum gravity can no longer be ignored.

One such theory, which is proposed to be capable of addressing this problem, is

supersymmetry (SUSY) which posits the existence of a corresponding supersymmetric part-

ner to eachSM particle. In the case of an exact supersymmetry, in which particle and

supersymmetric partner masses are equal, the loop contributions fromSM particles are

perfectly cancelled by those of the correspondingSUSY partners [39]. SUSY models typi-

cally introduce CLFV through the introduction of couplings between the leptons and their

supersymmetric partners [44]. Additionally, models ofSUSY require a second Higgs doublet.

As well as addressing the hierarchy problem,SUSY provides possible dark matter candidates

whose absence from the the SM is another shortcoming of the theory.

The absence of evidence forSUSY following Runs 1 and 2 of theLHC strongly

constrains the model space and rules out an exact supersymmetry. Nevertheless, the theory

is not completely excluded and the latest constraints are summarised in Ref. [53].

2.2.3 E�ective �eld theory

When considering processes for which the energy scale,� , of the process is much greater than

the experimental sensitivity, an e�ective �eld theory (EFT) framework can be employed. A

familiar example of anEFT is the Fermi theory of � -decay [54]; at energies much less than

mW the processd ! ue� �� e can be treated as a point-like four fermion interaction. In the

context of the SM, the strength of this method is that it allows for calculations of the rates

and kinematics of BSM processes without knowledge of the high-energy theory.

A useful framework for probing new physics extensions to theSM is the Standard
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Model e�ective �eld theory ( SMEFT) which extendsL SM with all possible contractions of

the SM �elds which respect the gauge symmetry of the SM [55]:

L SMEFT = L SM +
X

i;n

c(n)
i

� n� 4 O(n)
i : (2.17)

Here O represent the terms introducing new interactions betweenSM �elds, c are complex

numbers known as Wilson coe�cients which control the coupling strength of the new in-

teraction, and � is the energy scale of the new physics process. The indexn denotes the

dimension4 of the new interaction whilei denotes a given new operator. The implication

of the construction is that � may correspond to some new particle which introduces the

BSM coupling. The new operators introduced are ordered by dimension since operators of

higher dimension are suppressed by higher powers of� . The SMEFT framework will be used

to interpret the results of the search fort ��u k CLFV interactions discussed in Chapters 6

and 7.

4Dimension here refers to the mass dimension, equivalent to 1
length in natural units of c = ~ = 1 .
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Chapter 3

The ATLAS experiment

3.1 The Large Hadron Collider

The LHC is the largest particle collider constructed and collides beams of protons at centre-

of-mass energies of up to
p

s = 13.6 TeV with a maximum design energy of 14 TeV [56].

It is installed in a tunnel under the French-Swiss border near Geneva at the European

Organization for Nuclear Research (CERN). The machine uses two rings to accelerate proton

beams which are forced to collide at four interaction points around the ring. The proton

collision programme provides studies of a wide variety of physics processes at the highest

energies probed. TheLHC is currently in its third running period (Run 3) at
p

s = 13.6 TeV,

which began in 2022. Previous running periods at 7-8 TeV (Run 1), from 2009-2013, and

13 TeV (Run 2), from 2015-2018, have also been completed and data from all of these runs

continue to be analysed. Fig. 3.1 provides a summary of past and futureLHC and HL-LHC

running periods along with their energies and the integrated luminosity, which provides a

metric for the number of collisions and is discussed below.
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Figure 3.1: Planned LHC/HL-LHC run schedule as of January 2022 [57].

Before entering theLHC ring, protons are accelerated up to 450 GeV in a series of

increasingly powerful accelerators, shown in Fig. 3.2. Once this energy is reached, the protons

are injected into theLHC where they are further accelerated to the peak energy using radio

frequency cavities which subject the protons to a rapidly oscillating electromagnetic �eld.

Protons are injected in discrete clusters known as bunches to ensure the e�ect of the oscillating

�eld is always to accelerate the protons. Superconducting dipole electromagnets are used to

guide the beams around theLHC ring while quadrupoles are used to focus the beams. Bunches

of protons circulating in opposite directions are then steered into collisions at four interaction

points around the ring at which large detectors are installed. The largest two detectors,

named A Toroidal LHC ApparatuS (ATLAS ) [1] and Compact Muon Solenoid (CMS) [58],

are general purpose detectors. The Large Hadron Collider beauty (LHCb) experiment [59]

focuses on the interactions ofb-quarks to measure the rates ofCPV e�ects. The LHC is also

capable of accelerating and colliding beams of heavy ions which are studied primarily by
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