Measurement of D Meson Production

Probing QCD and LFV 7 decay with the ATLAS detector

Edwin Yun Sang Chow



Copyright © 2024 Edwin Yun Sang Chow
ISBN: 978-90-834422-1-1

Measurement of D Meson Production

Probing QCD and LFV 7 decay with the ATLAS detector
Thesis, Radboud University Nijmegen
Cover design: Chloe Xu

Printing: proefschriftenprinten.nl

rew
Nik]hef

This work has been performed at the National Institute for Subatomic Physics (Nikhef)
which is funded by the Dutch Research Council (NWO). The research was financially
supported by the NWO Innovational Research Incentives Scheme (Vici).




Measurement of D Meson Production

Probing QCD and LFV 7 decay with the ATLAS detector

Proefschrift ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de rector magnificus prof. dr. J.M. Sanders,
volgens besluit van het college voor promoties
in het openbaar te verdedigen

op maandag 26 augustus 2024
om 14.30 uur precies

door

Edwin Yun Sang Chow

geboren op 22 april 1993
te Hong Kong



Promotor:
Copromotor:

Manuscriptcommissie:

Prof. dr. N. de Groot
Dr. ir. P. Kluit (Nikhef)

Prof. dr. B. Krishnan

Dr. F. Filthaut

Dr. C. F. Galea

Dr. K. Vos (Maastricht University)

Prof. dr. W. Verkerke (Universiteit van Amsterdam)

ii



Contents

[Introduction

IT.

The Standard Model and Beyond|

(1.1.3. The Lagrangian| . . . . . . ... .. ... ... .. ... .. .....
(1.1.4. Open Questions| . . . . . . . . . . . . . . .. ...
[1.2. Beyond the Standard Model| . . . . . . .. ... ... .. ... ... ...
[L2.1. Neufrino Sector] . . . . . ... . ... ...

[2.1. The CERN Accelerator Complex and the LHC|. . . . . .. ... ... ...
[2.1.1. The CERN Accelerator Complex] . . . . ... ... ... ... ...

[2.2.1. Coordinate System| . . . . . . . . . .. ... L
[2.2.2. Subsystem Overview| . . . . . . . . ... ... ... ... ... ...

. Event and Object Reconstruction|

[3.2.1. Primary Vertices| . . . . . . . . .. ... ... ..
[3.2.2. Secondary Vertices| . . . . . . . . ...
3.3. Muonsl . . . .

[3.5.2. Hadronic Tau Leptons| . . . . .. ... ... ... ... .......
[3.6. Missing Transverse Momentum| . . . . . . .. ... ... ... ... ....

iii

21
21
21
23
23
24
25
26



iv Contents
[4. Motivation and Acquiring D Meson Datal 47
4.1. Motivationl. . . . . . . . .. 47
[4.1.1. Heavy Quark Production|. . . . . . . . ... ... ... ... .... 47
M.1.2. Measurements at the LHC . . . . .. ... ... 0. 49

E2 Datasetl . . . .. .. .. .. 49
421, ATLAS Datal . . . . . ..o oo o 49
4.2.2. Monte Carlo Simulationl . . . . . . ... ... ... 50
4.3. Event Selection| . . . . . . . . ... 51
4.4 COETS| o v v o e e e e e e e e e e e e e 58
[4.4.1. 'Trigger Matching| . . . . . . .. ... ... ... ... ... 61
442, Scale Factorl . . . . . . . ..o 61

5. Results for D Meson Productionl 67
[5.1. Signal Extraction| . . . . . . . ... o 67
[>.1.1. Signal Modell . . . . . . ... oo 67
[>.1.2. Background Model[ . . . . . . ... ... ... 0000 68
Hh.1.3. Combined Modell . . . . . . .. ... o 68

[5.2. Non-prompt Fraction Extraction|. . . . . . . . . . .. ... .. ... .... 72
[5.2.1. Prompt and Non-prompt Templates/. . . . . . ... ... ... ... 72
Hh.2.2. Combined Modell . . . . . . .. ... o 75
Hh.2.3. Extracted Values . . . . . . ... ..o oo 75

[5.3. Efficiency] . . . . . . . . 7
[5.4. Unfolding| . . . . . . . . . . . 82
b0, Cross Section| . . . . . . . . 85
[5.5.1. Signal Extraction| . . . . . . ... ..o 85
[H.0.2. Differential Measurement| . . . . . . .. . ... o000 89
[Hh.0.3. Inclusive Measurement! . . . . . . . .. ..o oL 89

[5.6. Systematic Uncertainties| . . . . . . . . . . . ... 90
B.6.1. Sources . . . . . . .. 90
h.6.2. Vertex Refit] . . . . . . . . . .o 92
[H.6.3. Alternative Modelsl . . . . . . .. ... o000 95
[5.6.4. MC Toy Study| . . . . ... ... .. 95
[5.6.5. Combining Systematics|. . . . . . . . . ... ... ... ... ... 97
B.7_Resulsl. . . . . . . 97
[b.7.1. Theoretical Predictionl . . . . .. . ... .. .. ... ... ..... 97
.72, Measured Valued . . . .. ... .. ... ... ... ... ... 102

[5.8. Summary and Discussion|. . . . . . .. ... oo 104
16. Prospects of Searches for 7 — 3 Decay Using the DT Meson| 107
6.1. Motivationl. . . . . . . . . . . 107
[6.2. Simulation and MC Samples| . . . . . . ... ..o 108
[6.3. Reconstruction and Event Selectionl . . . . . . . ... ... ... ... ... 109
[6.3.1.  Validation Using the Dy — ¢(up)m Decay| . . . . . . . .. ... .. 109

[6.4. Expected Yield . . . . . ... 111

[6.4.1. Signal Efficiency] . . . . .. ... oo 112




Contents v

[6.5. Systematics Update|. . . . . . . . . . ... 113
[6.6. Sensitivity Estimate] . . . . . . ... ... 114
(. _Conclusion and Discussion 119
[A. Signal Extraction in Bins of Lifetime| 121
oy Study of Alternative Fit Mode 125
[Research Data Management] 135
[Samenvatting] 137
141
Bibliograp 145

[Acknowledgements| 155




vi

Contents




Introduction

Physics - perhaps that is the most ambitious dream of human beings. The word physics
comes from Ancient Greek; it means the knowledge of nature. Over the past centuries,
physics theories have been proven successful in unfolding the laws of nature. Modern
physics offers explanations for a wide range of phenomena, from tiny processes like the
neutron decay to colossal events like the merging of black holes. The development of
physics has given rise to many technologies and innovations that revolutionized the world.
Despite the success so far, humanity is not satisfied with just some knowledge of nature;
the dream is to understand everything of nature.

Particle physics is a field of study that pushes such an ambition to the extreme. Within
particle physics, matter and fundamental forces are modelled by fundamental particles
and their interaction. The ultimate objective is to build a theory that describes all matter,
all the interactions and the Universe, revealing the complete set of the laws of nature; such
theory is called the Theory of Everything (TOE).

Currently, the state-of-the-art theory is the Standard Model, which provides an excellent
description of three out of the four fundamental forces, including the strong force, the
weak force and the electromagnetic force. While the current theory offers valuable insights,
it has notable limitations, leaving questions unanswered. For instance, the Standard
Model does not account for neutrino masses, baryogenesis, or gravity. To construct a more
comprehensive theory, extensions to the Standard Model are essential. In the quest for
a theory beyond the Standard Model, experimental tests are crucial for distinguishing
between competing theories. It is especially important to test these theories in areas where
the most significant disagreements arise. Among various phenomena, neutrino oscillation
and lepton flavor violation stand out, showing some of the most pronounced deviations
between the Standard Model and extended theories.

Besides seeking extensions to the Standard Model, experimental input is also necessary
for precise description of physical phenomena. For instance, quantum chromodynam-
ics, the theory that describes quarks, suffers from large uncertainties because of the
non-perturbative nature of the strong force. Experimental measurements are therefore
particularly important to provide feedback to the theory.

In light of the motivations presented above, the D¥ meson emerges as a valuable
candidate for research. Firstly, the D¥ meson is abundantly produced in hadron colliders.
This allows for the study of quark production, hadronization and the decay of B mesons
into the D meson. Moreover, the D¥ meson also has a significant branching fraction to
the 7 lepton, serving as a reliable source of 7 lepton for lepton flavour violation searches.
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This thesis presents the work on the measurement of D* and DF meson production
using the rare decay D — ¢(up)m, and the prospect of using the D meson as a source
for 7 lepton flavour violation searches with the ATLAS experiment. This thesis consists of
five chapters as follows:

Chapter 1 describes the theoretical frameworks: the Standard Model of particle
physics and various beyond the Standard Model theories. To highlight the need for
a more comprehensive model, the limitations of the Standard Model are discussed.
Neutrino mixing, hypothetical sterile neutrinos and lepton flavour violation are also
presented.

Chapter 2 describes the Large Hadron Collider and the ATLAS detector located at
CERN. The design and the structure of the detector are presented layer-by-layer.

Chapter 3 describes the particle detection and reconstruction algorithms used by
the ATLAS experiment. The definition of the physics objects and the performance of
the algorithms are presented.

Chapter 4 and 5 describe the measurement of D* and DF meson production with
the ATLAS experiment. The result is also compared to state-of-the-art theoretical
predictions.

Chapter 6 describes the prospect of searches for the lepton-flavour-violating D —
7(3p)v decay with the ATLAS experiment.

The measurements described in Chapter 4 and 5 are the original work of the author;
the results have not been published in any other format at the time of writing. The
prospect study in Chapter 6 is a review and extension of the previous work in the ATLAS
collaboration.



Chapter 1.

The Standard Model and Beyond

1.1. The Standard Model

The Standard Model of particle physics (SM) [1-4] is a quantum field theory that de-
scribes the physics of the fundamental particles and their interactions. Except for the
gravitational interaction, the other three out of the four fundamental interactions (i.e.

the electromagnetic interaction, the weak interaction and the strong interaction) are well
described by the SM.

1.1.1. Fundamental Particles

The SM introduces 17 fundamental particles, which are not composed of other particles.
The fundamental particles are divided into fermions, which are the constituents of matter;
and bosons, which are the force carriers. Figure [1.1] shows all the fundamental particles
with their basic properties.

Fermions

Particles with half-integer spin are fermions (f), which can be grouped into quarks (g) and
leptons () according to their charge or the interactions that they are involved in. Both
quarks and leptons are spin-1/2 particles with different masses.

Quarks are further classified into three generations, with two flavours per generations,
for a total of six flavours. All six flavours of quarks carry color charge and electric charge.
The first-generation includes the up (u) and down (d) quarks, which are the lightest quarks.
The second-generation includes the charm (¢) and strange (s) quarks, which are heavier
than the first-generation quarks. The third-generation includes the top (¢) and bottom
(b) quarks, which are the heaviest quarks; the top quark is also the heaviest fundamental
particle in the SM.

Analogous to quarks, leptons are further classified into three generations, with an
electrically charged lepton and an electrically neutral lepton per generation. On the other
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Figure 1.1.: Fundamental particles in the Standard Model, grouped into different sectors. The
mass, electric charge and spin are also shown for each particle [5].

hand, leptons are distinct from quarks in that they carry no color charge. The electrically
charged leptons are referred to as charged leptons while the electrically uncharged leptons
are referred to as neutrinos (v); the charged lepton and neutrino pair in the same generation
have a corresponding flavour. Listing from the first-generation to the third-generation, the
charged leptons are: the electron (e), the muon (¢) and the tau (7); the corresponding
neutrinos are: the electron neutrino (v.), the muon neutrino (v,), and the tau neutrino

(vr).

Bosons

Particles with integer spin are bosons; fundamental bosons can either be spin-0 or spin-1.
In the SM, spin-1 bosons are called gauge bosons, including the gluon (g), the photon
(7), the Z boson (Z) and the W boson (W); they are the carriers of the fundamental
interactions. The Higgs boson (H), with spin-0, is the only fundamental scalar boson,
which is essential in the Higgs mechanism [6-9].
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Anti-particles

For every particle, a corresponding anti-particle also exists. These anti-particles are
identical to their counterparts, except that they have opposite charges. The anti-particle
is denoted by an overline (e.g. b, €, ). For some particles (e.g. the photon and the Higgs
boson), they are their own anti-particles; they are not denoted by an overline.

1.1.2. Fundamental Interactions

The Standard Model is based on the Yang-Mills theory [10, [11], which requires the
existence of bosonic fields to describe the fundamental interactions (excluding gravity).
For each interaction, the corresponding charges and force carrier bosons can be viewed
as a consequence of the gauge groups. The gauge group of the Standard Model can be
written as:

SU(S)C X SU(?)L X U(l)y, (11)

where the subscript "C'" denotes color, the subscript "L" denotes left-handed and the
subscript "Y" denotes hypercharge. For each interaction in a gauge group SU(N), the
number of gauge bosons is given by:

N? 1. (1.2)

The strong interaction is described by Quantum Chromodynamics (QCD) [12H15],
which is based on the SU(3)¢ gauge theory. Because of the SU(3)¢ symmetry, the force
carriers are eight independent types of gluon, each carrying different color charges; they
only interact with particles that carry color charges.

The weak interaction and the electromagnetic interaction can be unified into the
electroweak interaction [16-18], which possesses the SU(2), x U(1)y symmetry. Given
the gauge symmetry, there are three W bosons (Wy, Wy, W3) and one B boson (B). After
the electroweak symmetry breaking (EWSB), the SU(2), x U(1)y group breaks down
to the U(1)gp group, where the subscript "EM" represents electromagnetic interaction
to distinguish itself from the U(1)y group. As a result, the W; boson and the W5 boson
mix to produce the W+ and W~ bosons. Similarly, the W3 and the B boson mix to
produce the Z boson and the photon. The weak interaction bosons (W', W™, Z) couple
to weak isospin, and therefore only interact with left-handed fermions and right-handed
anti-fermions. In the Standard Model, the weak interaction is the only interaction that
allows flavour changing via the mediation of a W* boson; to account for quark transitions
between generations, the Cabibbo-Kobayashi-Maskawa (CKM) matrix is introduced |19
20].

The electromagnetic interaction is described by Quantum Electrodynamics (QED) [21-
23|, which is based on the residual U(1)gy symmetry from the EWSB. The force carrier



6 The Standard Model and Beyond

of the electromagnetic interaction is the photon, which only interacts with electrically
charged particles.

In addition to the gauge interactions, the Standard Model also incorporates the Higgs
interaction [24-26]. Unlike gauge interactions, the Higgs interaction is not governed by
gauge theories, and there is no corresponding charge. Instead, the Higgs boson directly
interacts with all particles that have mass. With a non-zero vacuum expectation value of
the Higgs field, particles with mass experience interactions as they interact with the Higgs
field, resulting in the acquisition of mass. On the other hand, photons and gluons, which
are massless, remain massless because they do not interact with the Higgs field.

For easier visualization, the above interactions and corresponding processes can be
represented by means of Feynman diagrams. Figure shows the Feynman diagrams of
the fundamental processes in the Standard Model; each of these simple diagrams contains
one simple vertex, where the particles interact with each other.

1.1.3. The Lagrangian

The Standard Model Lagrangian |2} [28] encapsulates all the interactions and particles
discussed with Lorentz invariance and local gauge symmetry in mind. Assuming each term
implies a summation over all the gauge fields and particle types, it can be written in a
short-handed form as:

1 v
;C — _ZFNVFM

+ip Py + hec. (1.3)
+ %yw/}ggf) + h.c.
+ |DN¢|2 - V(¢)>

where [, is the gauge field tensor, v is the fermion field, D, is the covariant derivative
that consist of derivatives and gauge field tensors, I) is the slashed covariant derivative,
yi; is the Yukawa matrix, V' (¢) is the Higgs potential as a function of the Higgs field, and
h.c. represents the hermitian conjugate.

In Equation , the first line includes the sum of scalar products of all the gauge
field strength tensors F),, F'*V, which describes the field and gauge boson dynamics. The
second line, which consists of the matter fields and the covariant derivative in the form
i ID1, describes how the fermions interact with the gauge bosons. The third line consists
of the matter fields, the Yukawa matrix and the Higgs field in the form ;y;;1;¢; this
term describes how matter particles couple to the Higgs field to acquire mass. The term
|D,¢|? is called the Higgs kinetic term; it describes the propagation of the Higgs field and
how the massive gauge bosons interact with the Higgs field to obtain masses. The last
term V' (¢) is the potential of the Higgs field, which has a set of minima that allows for
spontaneous symmetry breaking. The hermitian conjugates are also added to make sure
the Lagrangian remains real-valued.
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Figure 1.2.: Feynman diagrams of fundamental interactions in the Standard Model. In addition
to the common notation introduced, X ~I* represents any electrically charged
particles, m represents any particle with mass and mpg represents any boson with
mass [27].

The CKM Matrix

In the Standard Model, quark mixing arises from the Yukawa interactions with the Higgs
condensate described in the @iyijwjgb term in Equation . To describe the connection
between the mass eigenstates and the weak interaction eigenstates of quarks, the Cabibbo-
Kobayashi-Maskawa (CKM) matrix Ve is introduced. The CKM matrix can be written



8 The Standard Model and Beyond

as:
Vud Vus Vub
Vekm = (Vo Ves Va | (1.4)
Via Vis Va

where each element V; correspond to the transition of an up type quark ¢ to a down
type quark j via the weak interaction. For each possible transition, the probability of the
transition is proportional to the square of the element |V;;[?.

Although there are 9 elements in the CKM matrix, the true degrees of freedom can be
further reduced. Because of the unitarity requirement and common phases absorbed by
quark fields, the degree of freedom of the CKM matrix is reduced to 4. To address this,
one can rewrite the CKM matrix in the standard parameterization as:

C12€13 $12C13 S13€” 0P
_ i is
VekMm = | —S12Ca3 — C12523513€"°°F  C12Ca3 — S12523513€"°CF $23C13 | > (1.5)
i i
512523 — C12C23513€"°CF  —C12893 — S12C23513€"°CF C23C13

where s;; = sinb;;, ¢;; = cos0;;, 0;; are the mixing angles, and d¢p is the complex phase.
In this representation, the remaining parameters therefore become 3 mixing angles and a
complex phase. The complex phase is of particular importance, as it is responsible for all
the CP-violation in the Standard Model.

Symmetries

Other than the Poincaré symmetry and local gauge symmetry in Equation ([1.1)) that are
implemented by construction, there are other symmetries in the Standard Model |29, [30].

As a result of Lorentz invariance, the Standard Model also possess CPT-symmetry,
where CPT represents simultaneous transformation of charge conjugation (C), parity (P),
and time reversal (T). However, any individual or combination of these transformations
do not yield exact symmetry in general. One symmetry of particular interest is the
CP-symmetry; although it is not strictly conserved, the amount of CP-violation has a
direct consequence of the matter-antimatter imbalance of the universe.

The additional symmetries that are not postulated by design are called accidental
symmetries. For instance, the Lagrangian is also invariant under various U(1)x trans-
formations. By defining the baryon number B, electron number L., muon number L,
and tau number L., the Lagrangian is found to be invariant under corresponding U(1)x
transformation for X € {B, L., L,,, L, }. Therefore, the baryon number and lepton number
for each individual flavour are conserved in Standard Model processes.
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Free Parameters

Other than the well-defined symmetries and structures of the interactions of the Standard
Model, the model also requires several parameters that need to be determined experi-
mentally. There are multiple common ways to parameterize the free parameters in the
Standard Model; the choice of parameterization is a matter of convention and convenience.
For instance, one can use the fermion masses instead of the Yukawa couplings or use the
mass and vacuum expectation value instead of the parameters of the Higgs potential if
desired. Assuming the neutrinos are massless, the number of free parameters is 19; one
way to parameterize and categorize the parameters is as follows:

e 9 fermion masses: Other than the neutrinos, the masses of the charged leptons
(my) and quarks (m,) all fall into this category.

» 2 Higgs parameters: The mass of the Higgs boson (my) and the Higgs vacuum
expectation value (v), which is responsible for mass generation.

o 3 gauge couplings: These are the gauge couplings (g;, g» and g3) for the gauge
groups (U(1), SU(2) and SU(3)), which represent the strength of the interactions.

« 4 CKM parameters: These include the quark mixing angles (6;, 65 and 603) and
the complex phase (d¢p) in the CKM matrix.

+ 1 QCD vacuum angle: The QCD vacuum angle (fqcp) represents the amount of
CP-violation in the strong interaction.

1.1.4. Open Questions

Although the majority of experimental results to date align with the Standard Model,
there are also plenty of unsolved problems in particle physics that are not addressed by
the Standard Model. These problems raise open questions that show the limitation of the
Standard Model; some of them are described below.

Strong CP Problem

CP-violation in the Standard Model is only observed in processes governed by the weak
interaction; the level of violation is dictated by the complex phase dcp [31, [32]. In the
Standard Model, CP-violation is theoretically also permitted via the strong interaction,
through a non-zero QCD vacuum angle (fgcp). However, no CP-violation is observed in
the strong sector, as this angle is measured to be smaller than 1071, The mechanism by
which this angle acquires such an unnaturally small value, or the reason CP-violation is
forbidden in the strong sector, is not explained by current theories.
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Baryogenesis

Astronomical observations have shown that the universe is dominated by matter; the
proportion of anti-matter is of the order 107 compared to matter [33]. For such level of
imbalance to exist, a set of three necessary conditions known as the Sakharov conditions [34]
must be satisfied. These conditions are:

o Baryon number violation.
o C-symmetry and CP-symmetry violation.
e Non-thermal equilibrium

However, in the known processes, matter and anti-matter are produced equally to conserve
the baryon number. Moreover, the level of CP-violation in the weak interaction is still
limited. Therefore, new mechanisms and processes that introduce baryon number violation
and/or CP violation are needed to explain the large level of imbalance.

Neutrino Masses

In the Standard Model, the masses of the neutrinos have been assumed to be zero. However,
neutrino experiments have shown that the neutrinos can oscillate, meaning that neutrinos
can transform into neutrinos of another flavour when they travel through space [35-37].
For this to happen, it has been theorized that the neutrinos must have flavour eigenstates
that are different from their mass eigenstates, which implies that their mass cannot be
zero [38-40]. From the neutrino oscillation frequency, the mass differences of the neutrinos
are calculated, which provide constraints on the neutrino mass. Such masses are not
permitted nor explained by the Standard Model, therefore an extension of the Standard
Model in the lepton sector is needed.

Generation of Fermions

While the number of gauge bosons is dictated by the gauge symmetry, the number of
generations of quarks and leptons is assumed to be three in the Standard Model; the
existence of additional fermions is not ruled out. Moreover, the large differences in the
masses of various flavours are not accounted for. Together with the CKM matrix, the
origins of a total of 13 free parameters are unexplained.

Grand Unified Theories

In the Standard Model, the coupling constants g for each interaction are different; such
difference is not explained. A Grand Unified Theory (GUT) is a model that merges the
three gauge interactions into a single force [41-43], suggesting that the coupling constants
converges to a single value at high energy. Besides, the quantization of electric charge in
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%e is also not explained by the Standard Model. A single interaction can also combine the

different charges into a single charge, reducing the necessary input and assumption of the
model.

Dark Matter

By measuring the velocities of celestial objects and their distances from their rotation center,
the rotation curves of the Milky Way and the other galaxies have shown deviation due to
missing mass [44H46]. Astronomical observations have shown that this large proportion of
missing matter does not interact electromagnetically; they are referred to as dark matter.
Although no electromagnetic radiation from dark matter has been detected, it is believed
that dark matter interacts gravitationally. Through the observation of gravitational lensing
- bending of light as it traverses a gravitational field, direct evidence for the existence
of dark matter has also been established [47-49]. Despite the Standard Model has been
successful in describing ordinary matter, no particle serves as a good candidate of dark
matter. It is therefore likely that new particles and new forms of interaction, which are
not described by the Standard Model, exist in a "dark sector" that is yet to be discovered.

1.2. Beyond the Standard Model

The Standard Model has been proven a successful theory in various experiments. In the
past decades, it has been tested by a wide range of experiments at different scales, such
as the particle collider experiments, cosmic-ray experiments and even molecular physics
experiments. However, the Standard Model does not offer answer to all the phenomena.
It is believed that the Standard Model is not a complete theory of particle physics, but
modification or extension of the model is needed to build a theory beyond the Standard
Model (BSM). In particular, the lepton number has been observed to be violated; based
on the observation, several theories are highly motivated. This section describes a number
of BSM theories with focus on resolving the neutrino masses and LE'V decays.

1.2.1. Neutrino Sector

Since neutrinos have been proven to have mass, a natural extension of the Standard Model
is to include neutrino masses as free parameters. This introduces additional complexities
in the neutrino sector, such as neutrino mixing and the absence of right-handed neutrinos,
which suggests the presence of new physics.

Neutrino Mixing

Neutrino mixing occurs because the mass eigenstates and the flavour eigenstates of the
neutrinos do not coincide; the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix Upyns
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Figure 1.3.: Neutrino mass hierarchies for normal ordering and the inverted ordering [2].

is therefore introduced to connect the eigenstates [39, [50]. The PMNS matrix connects
the eigenstates as following:

Ve 1%}
vl = UPMNS Vol (16)
Uy V3

where v; denotes the mass eigenstates and v, denotes the flavour eigenstates for o = e, i, 7.
The PMNS matrix can be explicitly written as:

Uel UeQ UeS
Upmns = (U Uz Uus| (1.7)
UTl U7'2 UT3

where for a neutrino of flavour «, the probability of it collapsing to a mass state m; is
|Uyil?. Similar to the CKM matrix, the PMNS matrix can be parameterized in the same
algebraic form as in Equation , but with different 6;; and dcp. As a result, 4 PMNS
parameters need to be added to the Standard Model to incorporate neutrino mixing.

Experimentally, it is measured that v is heavier than v, and their mass difference is
much smaller than that of v3 and vy [51H53]. However, it is uncertain whether v, or v is
the heaviest among the three states, as neutrino oscillation experiments are only sensitive
to the mass difference of the neutrinos. Therefore, there are two commonly assumed mass
hierarchies: normal ordering and inverted ordering. Normal ordering assumes the relation
my < mg < mg, while inverted ordering assumes ms < m; < my. Figure shows the
diagram which illustrates the mass difference and the hierarchy of the masses. Table
shows 0;;, dcp, and the difference of mass squared Amfj for each assumed ordering. To
date, there is no precise measurement of the neutrino mass, but the best upper limit on
the neutrino mass is set to sub-eV [54].
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Parameter Normal Ordering Inverted Ordering
015 (degrees) 33.411078 33.41797

03 (degrees) 422158 49.0175

015 (degrees) 8.581511 8.577011

dcp (degrees) 232156 27613
Am3, (1075 eV?) 7411038 7411030
Am2 (107%eV?) 425077005 —
Am2,(1073 eV?) - —2.48670 058

Table 1.1.: Neutrino sector parameters extracted by fits to global data for normal ordering and
inverted ordering of the neutrino masses |55].

Sterile Neutrinos

In the Standard Model, the neutrinos cannot acquire Dirac mass via interaction of the
Higgs field, because no right-handed neutrinos exist in the model. One way to incorporate
neutrino masses, while retaining gauge symmetry and renormalizability, is to introduce a
number of m right-handed sterile neutrinos v, in addition to the three neutrinos in the
Standard Model. With the added sterile neutrinos, the Lagrangian mass terms for the
neutrino sector (after electroweak symmetry breaking) can be written as [4]:

1
_['My == MDﬂSVL + éMNDsV;: + h.C., (18)

where Mp is a complex matrix of dimension (m, 3), My is a symmetric matrix of dimension
(m,m), vy, is neutrino field for the three flavours {e, u, 7}, v, is the sterile neutrino field
for the m added neutrinos and the superscript ¢ denotes the charge conjugated field. The
first term in Equation ([1.8)) is the Dirac mass term that is similar to the other particles
in the Standard Model. The second term in Equation is the Majorana mass term,
which allows for the existance of Majorana neutrinos.

To concatenate the neutrinos into one vector, one can rewrite Equation (1.8]) as:

1 0 ML
—Lan, = = [ﬂg 175} [ P

VL - -
+h.c.=veM, V. (1.9)
2 MD MN Vg

In this representation, 7/ is a vector of dimension 3+m and M,, is of dimension (3+m, 3+m).

Seesaw Mechanism

With added sterile neutrinos and corresponding mass terms in the Standard Model, the
seesaw mechanism provides an explanation of the neutrino masses. To find out the masses
of the neutrinos, the matrix M, is diagonalized such that the Lagrangian mass terms can
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H H H H
" ' H H ' "
: : A : :
v, Np Ngp VL VI VL vy S YXr VL
See-saw type | See-saw type 11 See-saw type 111

Figure 1.4.: Feynman diagrams showing the additional interactions in different types of seesaw
mechanisms, where H indicates the Higgs field, vy, is a left-handed neutrino, Nr
is a sterile neutrino, A is a scalar triplet and X i is a neutral fermion triplet [56].

be written as [4, [56]:

1 1
—,CM,/ = éllell/l —|— élthth, (110)
where M'! and M" are the diagonalized sub-matrices of M,,, v; are the light neutrino fields
in mass basis and v, are the heavy neutrino fields in mass basis. Assuming the eigenvalues
of My in flavour basis are much greater than the electroweak scale, M, in the mass basis
can be diagonalized with some matrices V and U as:

~VITMEMN' MpV 0

M, —
0 UTMyU

0 M"

= [Ml 0 ] : (1.11)

where M! and M" are diagonal matrices with dimension (3,3) and (m,m) respectively.

It can be seen that the mass of the heavy neutrinos has a dependence of My, which is
assumed to be much greater than the electroweak scale. On the other hand, for the light
neutrinos, there is a dependence of M ;,1, which greatly suppresses the neutrino masses.
Therefore, with the simple addition of the heavy sterile neutrinos and the corresponding
Majorana mass terms, the heavier the neutrino mass, the lighter the three generation of
neutrinos; such mechanism is called the type-I seesaw mechanism.

Note that the above mechanism is not the only way to construct or explain neutrino
masses; neutrino masses can also be constructed by other types of seesaw mechanisms. For
instance, the type-II seesaw mechanism introduces additional heavy triplet scalars to model
the mass generation, while the type-III seesaw mechanism introduces new triplet fermions
that couple to the neutrinos. Figure [1.4] shows the Feynman diagrams of additional
interactions in different types of seesaw mechanisms that are responsible for the neutrino
masses.
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V;

Figure 1.5.: Feynman diagram of LF'V decay I; — [;l;l; induced by a light neutrino v; that
changes flavour through a W loop [61].

1.2.2. Lepton Flavour Violation

Although the masses of the neutrinos are tiny compared to other Standard Model particles,
this has significant implications. Due to the flavour changing property of the neutrinos,
lepton-flavour-violating (LFV) decays for tau leptons and muons are allowed, which
contradicts the Standard Model. These processes violate the lepton numbers for individual
flavours, breaking the accidental flavour symmetry.

Examples of LFV decays include u — eee, p — ey and 7 — ppp. Figure [1.5] shows a
Feynman diagram of I; — [;1;/;, where a lepton [;, which is heavier than lepton [;, changes
flavour via a W boson loop. Because of the W loop, the neutrino v; changes flavour, which
breaks the flavour symmetry; the subsequent lepton also mediate a Z/~, which decays into
[;1;. This diagram can also account for [; — [;y decays, where the only difference is that
the photon does not decay into a pair of leptons.

While adding massive neutrinos to the Standard Model allows for LE'V processes, these
processes are highly suppressed. For the LF'V processes via neutrino mixing, the neutrino
transition probability is typically associated with a suppression factor Amfj /ME, 57,158,
which leads to a tiny branching ratio smaller than 107°°. Over the past decades, many
measurements have been done in various LFV decay channels as shown in Figure [I.6] most
of the upper limits on branching ratio are about 1078 [59] 60]. With new experiments
upgrade of current experiments in the coming decade, most of the limits can be improved
by a factor of ten times. However, experimental sensitivity is still hopelessly far from the
predicted values that are smaller than 107°°. Although such small values are entirely out
of reach, the branching ratio is very sensitive to new physics; any enhancement in the
branching ratio is a sign of new physics beyond the Standard Model.

1.2.3. Potential Theories

Among the potential BSM theories, most of them extend the Standard Model by adding
new fields and new forms of interaction in the Lagrangian, including heavy sterile neutrino
fields. The existence of such new terms can lead to a significantly enhanced rate of LFV
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Figure 1.6.: Tau LFV branching fraction upper limits summary plot .
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e 4

(a) (b)

Figure 1.7.: Feynman diagrams of LF'V decay [; — [;l;l; enhanced by the sterile neutrinos
vs through (a) a W loop and (b) a box diagram. The BSM sterile neutrinos are
indicated by red color [61].

decays compared to that induced by light neutrino mixing; several theories [62] even
predict branching ratios in the order of 107!, Such level of LFV, if detected, is a clear
deviation from the Standard Model, as it cannot be explained even with the introduction
of neutrino mixing. Some proposed theories and their mechanism to incorporate LF'V
decays are described below. In particular, the LE'V decay of I; — [;{;1;, where a lepton [;
decays into three leptons of different flavours [;, is taken as an example for illustration.

Heavy neutral lepton

As motivated in Section sterile neutrinos, if assumed to be heavy, can naturally
explain the small masses of the active left-handed neutrinos. The sterile neutrinos, with
a finite mass, can mix with the three active neutrinos through neutrino oscillations and
induce charged LFV processes [58] (63, 64]. Figure shows some of the additional LFV
diagrams induced by the addition of heavy sterile neutrinos in l; — {;{;{; decays. For such
decay, it is predicted that the branching ratio can be in the order of 1071 to 10713 [64].

Leptoquark

In the Standard Model, there is no vertex containing a quark and a lepton; the direct
interaction of quark and lepton is forbidden. In leptoquark theories [65-67], either a scalar
or a vector leptoquark (LQ) is introduced to allow for vertices that directly connect a
quark, a lepton and a leptoquark. Like quarks, the leptoquark carries both color charge
and electric charge. Leptoquarks are encountered in various BSM theories, such as the
Pati-Salam model and GUTs based on SU(5) and SO(10).

Figure shows the Feynman diagram of the new vertex introduced by the leptoquark.
Because of the new vertices, it is also possible for the LF'V decays to include leptoquarks
and quarks. Figure [I.9 shows the Feynman diagram of the charged lepton decays enabled
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Figure 1.8.: Feynman diagram of a new type of vertex introduced by the hypothetical lepto-
quark, which is indicated in red color [61].

—~

() (b)

Figure 1.9.: Feynman diagrams of LE'V decay l; — [;1;l; enhanced by the leptoquarks through
(a) a quark loop and (b) a leptoquark loop. The BSM leptoquarks that enables
lepton-quark mixing are indicated by red color [61].

by the leptoquark. With the leptoquark, LFV decay no longer relies on neutrino mixing
as the only LFV mechanism. Although the leptoquark is typically assumed to be heavy
(mg << Myq) and therefore lead to a small factor m?/M},, in the branching ratio of LFV
decays, such factor is still orders of magnitude greater than the factor Amfj /M3, in LFV
decays induced by light neutrino mixing. Therefore, the existence of leptoquark can lead
to a large enhancement of LFV decays. It has also been predicted that the branching
ratios of some processes, e.g. T — eee, T — eup and T — pee, can be of order 1078 [68];
such level of sensitivity is achievable in the coming decade.

Multiple Higgs Bosons

In the Standard Model, only one Higgs boson (H) emerges from the Higgs doublet field.
However, possibilities of multiple scalar doublet fields are not ruled out. For instance,
the two Higgs doublet model (2HDM) |24} |69-71] and the three Higgs doublet model
(3HDM) [72-75] models suggest the addition of scalar fields to extend the Higgs sector.
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(a) (b)

Figure 1.10.: Feynman diagrams of LE'V decay l; — [;l;l; enhanced by the additional Higgs
boson (a) h, H,A and (b) H*. The BSM Higgs bosons which enable flavour
changing are indicated by red color [61].

In the 2HDM, there are 4 additional Higgs bosons added to the Standard Model; one
of them is a CP-even Higgs bosons (h), one of them is a CP-odd pseudoscalar boson (A)
and the remaining two are singly charged Higgs bosons (H*, H). One consequence of an
additional doublet is that the fermions can couple differently to the two doublet fields. As
a result, the Yukawa matrices for the two doublets may not be diagonalised simultaneously,
inducing flavour-changing neutral currents (FCNC).

In the Standard Model, FCNC is not allowed; the W boson can change the flavour,
but it is not neutral; the Z boson and photon are neutral, but they cannot change the
flavour. The 2HDM allows the Higgs bosons to change the flavour of the fermions, leading
to the new diagrams in Figure [1.10]
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Chapter 2.

The LHC and the ATLAS detector

In the Standard Model, only a handful of the elementary particles are stable, the others
either decay or hadronise quickly. This means that most of the elementary particles cannot
be readily obtained and studied, but must be first produced, then studied through their
decay products. Beyond the Standard Model, various theories also predict the existence
of hypothetical particles that can only be produced in high energy processes. Particle
accelerators are therefore designed for this exact purpose - inject as much energy as possible
into particles, and produce a variety of particles through collisions. The particles produced
are then measured and identified by particle detectors to allow various measurements.

As of now, the Large Hadron Collider (LHC) operated by The European Organization for
Nuclear Research (better known as CERN) is the most powerful accelerator on Earth, with
the highest center-of-mass collision energy achieved. To allow for different physics studies,
four main detectors have been constructed, including A Large Ion Collider Experiment
(ALICE) detector, A Toroidal LHC ApparatuS (ATLAS) detector, the Compact Muon
Solenoid (CMS) detector and the Large Hadron Collider beauty (LHCb) detector. These
detectors have a multi-layer structure, allowing efficient measurement and identification
of the particles produced. This chapter will focus on the LHC and the ATLAS detector
during the second operation run from 2015 to 2018.

2.1. The CERN Accelerator Complex and the LHC

2.1.1. The CERN Accelerator Complex

Over the past decades, CERN has been operating different generations of particle accel-
erators near the city of Geneva in Switzerland. The energy scale of these accelerators
ranges from 50 MeV of the LINear ACcelerator (LINAC) to 209 GeV of the Large Electron-
Positron (LEP) collider, up to 13 TeV achieved by the LHC. As higher energy accelerators
have been constructed, some of the older accelerators are obsolete, while some of them
have been upgraded to form the CERN accelerator complex. Figure 2.1] shows a schematic
diagram of the current CERN accelerator complex. It can be seen that the accelerators are
connected, allowing injection of particles from one structure into another. In the figure,
one can see a sequence of circular colliders advancing from the Proton Synchrotron (PS)

21
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The CERN accelerator complex
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Figure 2.1.: A schematic diagram of the CERN accelerator complex \|

ring to the Super Proton Synchrotron (SPS) ring, and to the LHC ring; in each generation,
the ring size and the energy increases. Note that the accelerator complex also consists
of facilities that are not accelerators; for instance, the Antiproton Decelerator (AD) is a
facility that decelerates and stores antiprotons.

When the LHC prepares for proton-proton collisions, a series of pre-acceleration steps
have to be done. Before injecting protons into the accelerator complex, hydrogen gas is
put in an electric field to extract the positively charged hydrogen ions - the protons. The
extracted protons are then accelerated by the LINear ACcelerator 2 (LINAC2) to an energy
of 50 MeV. The protons are subsequently injected into the Proton Synchrotron Booster
(BOOSTER), followed by the Proton Synchrotron (PS), which pump up the energy of the
protons to 1.4 GeV and 25 GeV respectively. The PS also groups the protons into bunches
with a 25 ns spacing, matching the designed collision rate of 40 MHz at the LHC. The last
step of acceleration before injection in the LHC is done by the Super Proton Synchrotron
(SPS), which accelerates the protons to 450 GeV. Afterwards, the protons are transferred
to the LHC and ramped up to 6.5 TeV over the next 20 minutes.



The LHC and the ATLAS detector 23

2.1.2. The LHC

The LHC is a circular collider with a circumference of 27 km placed in the tunnel built
for the LEP. Inside the collider, there are two beam pipes, allowing injected protons to
travel in opposite directions separately. During operation, the two beams of protons are
accelerated, squeezed and collided at four collision points, where the experiment detectors:
ATLAS, CMS, ALICE and LHCD are located.

In the LHC, there are 16 radio-frequency (RF) cavities, 8 for each beam, to accelerate
the injected protons from 450 GeV to 6.5 TeV. Each RF cavity is tuned to provide an
oscillating field of 2 MV at 400 MHz, in order to resonate with the protons. When passing
through the RF cavity, protons with the desired energy arriving at the exact timing will
not be accelerated, while protons with different energies arriving at a slightly later (earlier)
time will be accelerated (decelerated). After passing through the RF cavities more than
10 million times in around 20 minutes, the protons are accelerated to the desired energy of
6.5 TeV and packed tighter inside the bunches.

To direct the beam to travel in a circular path, a total of 1232 superconducting dipole
magnets, each capable of generating a magnetic field of 8.3T, are deployed around the
beam. To increase the density of proton bunches, another 392 quadrupole magnets are
installed near the collision points to squeeze the beam vertically and horizontally. This is
essential to increase the chance of collision, and thus increases the event rate.

2.1.3. Luminosity and Pileup

The instantaneous luminosity £ is a measure of how many particles travel through an area
to collide per unit of time. Assuming two identical Gaussian bunches colliding against
each other, the instantaneous luminosity can be calculated by

_ Nyn fy

L :
4dre, B*

(2.1)

where N, is the number of bunches, n, is the number of protons per bunch, f is the proton
revolution frequency, v is the relativistic factor, e, is the normalized transverse emittance,
B£* is the value of the betatron function at the interaction point, and F' is the reduction
factor caused by the bunch crossing angle, which is about 0.9 in the LHC [77]. With the
luminosity known, the number of events Neyents Of a process is given by

Nevents = U/,Cdt, (22)

where ¢ is the cross-section of the process and the instantaneous luminosity is integrated
over time to give the total luminosity. Figure [2.2a] shows the luminosity delivered by the
LHC and recorded by ATLAS during the second operation run from 2015 to 2018 [7§].
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Figure 2.2.: The luminosity and the pileup profile measured by ATLAS .

10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing

In the LHC, every bunch consists of around 10! protons, but only tens of them undergo
inelastic collision during bunch crossing. Out of these collisions, usually only one collision
containing the physical process of interest is chosen; the other collisions are denoted as
pileup. The number of pileup interactions per bunch crossing p is given by the formula

o O-inel»c
u be Y

where o0y, is the cross-section of inelastic scatterings. In a typical physics analysis, only a
small number of the proton collisions contain an interesting interaction. A high luminosity
is therefore beneficial for collecting useful data. On the other hand, these pileup collisions
also produce particles that are measured by particle detectors, leading to challenges in
both data handling and associating particles with their collision points. Figure [2.2b| shows
the pileup averaged over time per year from 2015 till 2018 recorded by ATLAS .

(2.3)

Over the past years, the LHC has been running with different setups and therefore
operates with a different luminosity. Table [2.1] shows the different parameters of the
LHC during the second operation run from year 2015 to 2018 compared to the design
values. The LHC operated at a lower center-of-mass energy of 13 TeV, because the magnet
training time required to achieve 14 TeV can reduce time for actual data taking . On
the other hand, the luminosity and pileup exceeded that of the design values, due to more
tightly squeezed beams and a minimized bunch crossing angle .

2.2. The ATLAS Detector

The ATLAS detector is a multi-purpose particle detector built around one of the four
collision points of the LHC, to efficiently measure and identify the particles produced
from the center of the detector. To detect as many particles as possible, the detector has
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Parameter 2015 2016 2017 2018 Design
Center-of-mass energy [TeV] 13 13 13 13 14
Typical number of filled bunches 2244 2220 2556 2556 2808
Typical number of protons per bunch [10!] 1.2 125 1.25 1.1 1.15
Minimum bunch spacing [ns] 25 25 25 25 25
Peak instantaneous luminosity [10*#cm™2s™'] 5.0 13.8 209 21.0 10
Integrated luminosity delivered [fb™!] 42 385 502 63.3 -
Average pileup 134 251 378 36.1 25.0

Table 2.1.: Parameters of the LHC from year 2015 to 2018 compared to the design values [77],
showing the beam parameters [80], the luminosity and pileup measured by AT-
LAS [78].

a cylindrical shape with two end-caps in the forward and backward regions, covering a
maximum angle of 1 degree towards the beam line, allowing it to cover a solid angle of
almost 47. Looking inside, the detector has an onion like structure with a multi-layer
design. Each layer of the detector is designed using different detection techniques, such
that different signatures are measured for different types of particles. Being the single
largest detector ever built, the length of the cylindrical detector extends up to 44 m, with
a diameter of 25 m; this allows the placement of a large magnet system and muon detector.
Figure [2.3| shows the layout of the whole ATLAS detector, showing the subsystems and
the size.

2.2.1. Coordinate System

The ATLAS detector adopts a right-handed Cartesian coordinate system, with the origin
defined as the nominal collision point. The z-axis points from the origin towards the
center of the LHC ring, and the y-axis points vertically upward. To form a right-handed
coordinate system, the z-axis is therefore defined to be parallel to the counter-clockwise
rotating beam.

As the detector is cylindrical in shape, the use of a cylindrical coordinate system
is also common. The azimuthal angle ¢ is measured around the beam axis from the
positive z-axis, and the polar angle 6 is the angle measured from the positive z-axis. In
the transverse plane (z-y plane), the radial distance from the beam axis is defined as
r = \/x? + y2. As most of the particles detected are ultra-relativistic, the pseudorapidity
n is a more commonly used quantity instead of #; it is given by:

—c o
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