
Shedding Light on the Tau Lepton:

Measuring photon-induced tau-lepton pairs to
constrain the tau electromagnetic moments

using √sNN = 5.02 TeV lead–lead collision data
recorded by the ATLAS detector

Dissertation zur Erlangung des Doktorgrades an der Fakultät für
Mathematik, Informatik und Naturwissenschaften,

Fachbereich Physik der Universität Hamburg

vorgelegt von

Weronika Stanek-Maslouska

Hamburg
2026



Gutachter/innen der Dissertation: Dr. Lydia Beresford
Prof. Dr. Peter Schleper

Zusammensetzung der Prüfungskommission: Dr. Lydia Beresford
Prof. Dr. Peter Schleper

Prof. Dr. Johannes Haller
Prof. Dr. Elisabetta Gallo

Prof. Dr. Christophe Grojean

Vorsitzende/r der Prüfungskommission: Prof. Dr. Johannes Haller

Datum der Disputation: 23.03.2026

Vorsitzender des Fach-Promotionsausschusses PHYSIK: Prof. Dr. Johannes Haller
Leiter des Fachbereichs PHYSIK: Prof. Dr. Markus Drescher
Dekan der Fakultät MIN: Prof. Dr.-Ing. Norbert Ritter



Declaration of oath

I hereby declare and affirm that this doctoral dissertation is my own work and that
I have not used any aids and sources other than those indicated.

If electronic resources based on generative artificial intelligence (gAI) were used
in the course of writing this dissertation, I confirm that my own work was the main
and value-adding contribution and that complete documentation of all resources
used is available in accordance with good scientific practice. I am responsible for
any erroneous or distorted content, incorrect references, violations of data protection
and copyright law or plagiarism that may have been generated by the gAI.

Date: 16.01.2026





Acknowledgements

Success can be seen as continuing to move forward without losing courage, even
when facing constant challenges. In terms of this PhD, it would not be possible
without the support of many people, to whom I would like to express my gratitude.

First, I would like to thank my supervisor, Lydia Beresford, for her constant
support, guidance and for sharing her knowledge. I truly appreciate how available
you have always been and how patiently you discussed every detail of the analysis. I
would also like to thank Savannah Clawson for all the help with the technical aspects
of the AFP and for unravelling the unfolding to me. Your engagement and support
throughout my PhD were invaluable. Many thanks also to John Hallford for your
input to the analysis and all your effort. I would also like to thank Daniel Werner
for helping me with the German translation of the abstract.

I would like to thank the analysis group members from Freiburg, Valerie Lang and
Kartik Deepak Bhide. Valerie, thank you for your strong leadership and dedication
to ensure that every detail was carefully examined. Kartik, you really pushed this
analysis forward and we would not have come this far without all your involvement.

Many thanks as well to Klaudia Maj, Agnieszka Ogrodnik, Mateusz Dyndał,
Jakub Kremer, Iwona Grabowska-Bołd, Tomasz Bołd, Qipeng Hu and Peter Stein-
berg for your help, discussions and valuable advice during the work on the analysis.

From the AFP side, I would like to thank my technical supervisor, Marek
Taševský, for your commitment and continuous support. I am also grateful to
Yohany Rodriguez Garcia and Gabriela Alejandra Navarro for sharing your knowl-
edge and for guiding me through the alignment framework. Thanks as well to Rafał
Staszewski, Maciej Trzebiński and Maciej Lewicki for your contributions and dedi-
cation to the project.

I would also like to thank Peter Schleper, my supervisor at Hamburg University
and my mentor, Isabell Melzer-Pellmann, for your guidance, discussions and valuable
suggestions throughout my studies.

Finally, I acknowledge the use of AI tools developed by OpenAI, which helped
me to improve the language and structure of this thesis.





This is all about finding the courage to believe
that the thing we are looking for exists.

— Edward Witten,
Invitation to Black Hole Thermodynamics,

DESY, December 2024





Contents

Abstract 13

Zusammenfassung 15

Author’s contribution 17

Introduction 19

1 Theory 23
1.1 The Standard Model of Particle Physics . . . . . . . . . . . . . . . . 23

1.1.1 Fundamental particles and forces . . . . . . . . . . . . . . . . 23

1.1.2 Virtual particles . . . . . . . . . . . . . . . . . . . . . . . . . 26

1.1.3 Gauge group of the Standard Model . . . . . . . . . . . . . . 26

1.1.4 Quantum Electrodynamics . . . . . . . . . . . . . . . . . . . 27

1.1.5 Electroweak Theory . . . . . . . . . . . . . . . . . . . . . . . 28

1.1.6 Quantum Chromodynamics . . . . . . . . . . . . . . . . . . . 29

1.2 Limitations of the Standard Model . . . . . . . . . . . . . . . . . . . 30

1.2.1 Parameters of the Standard Model . . . . . . . . . . . . . . . 30

1.2.2 Open questions . . . . . . . . . . . . . . . . . . . . . . . . . . 31

1.3 Lepton electromagnetic moments . . . . . . . . . . . . . . . . . . . . 32

2 Physics of photon-induced processes 35
2.1 Equivalent Photon Approximation . . . . . . . . . . . . . . . . . . . 35

2.2 Ultra-peripheral heavy-ion collisions . . . . . . . . . . . . . . . . . . 36

2.3 Types of interactions in ultra-peripheral heavy ion collisions . . . . . 39

2.3.1 Two-photon processes . . . . . . . . . . . . . . . . . . . . . . 39

2.3.2 Photonuclear processes . . . . . . . . . . . . . . . . . . . . . . 41

2.4 Modelling of photon-induced processes in ultra-peripheral heavy-ion
collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

9



Contents

2.4.1 SuperChic Monte Carlo generator . . . . . . . . . . . . . . . 44

2.4.2 STARLight Monte Carlo generator . . . . . . . . . . . . . . 45

3 Experimental setup 47

3.1 The Large Hadron Collider at CERN . . . . . . . . . . . . . . . . . . 47

3.1.1 Performance goals and machine layout . . . . . . . . . . . . . 48

3.1.2 Injection Chain . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.1.3 LHC as an ion collider . . . . . . . . . . . . . . . . . . . . . . 50

3.1.4 Timeline of the LHC and ATLAS data-taking . . . . . . . . . 51

3.2 The ATLAS experiment . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.2.1 Coordinate system . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2.2 Physics requirements and general design concepts . . . . . . . 55

3.2.3 Inner detector . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.2.4 Calorimeters . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.2.5 Muon system . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.3 ATLAS forward detectors . . . . . . . . . . . . . . . . . . . . . . . . 59

3.3.1 The MBTS detector . . . . . . . . . . . . . . . . . . . . . . . 59

3.3.2 The LUCID detector . . . . . . . . . . . . . . . . . . . . . . . 59

3.3.3 The ZDC detector . . . . . . . . . . . . . . . . . . . . . . . . 60

3.3.4 The AFP detector . . . . . . . . . . . . . . . . . . . . . . . . 60

3.4 ATLAS trigger and data acquisition system . . . . . . . . . . . . . . 61

3.5 Object reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.5.1 Reconstruction of tracks . . . . . . . . . . . . . . . . . . . . . 63

3.5.2 Reconstruction of topo-clusters . . . . . . . . . . . . . . . . . 64

3.5.3 Reconstruction of electrons and photons . . . . . . . . . . . . 65

3.5.4 Reconstruction of muons . . . . . . . . . . . . . . . . . . . . . 67

4 The ATLAS Forward Proton Detector 69

4.1 Detector components . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1.1 Roman Pots . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1.2 Silicon tracker planes . . . . . . . . . . . . . . . . . . . . . . . 71

4.1.3 Time-of-�ight detectors . . . . . . . . . . . . . . . . . . . . . 72

10



Contents

4.2 Reconstruction of forward protons . . . . . . . . . . . . . . . . . . . 73

4.3 Inter-plane alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.4 Global alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.4.1 In-situ corrections using dimuon data . . . . . . . . . . . . . 78

4.4.2 Analysis framework and event selection . . . . . . . . . . . . 80

4.4.3 Global alignment correction and systematic uncertainty . . . 81

5 Selection of 

 ! � � candidates in Pb+Pb Collisions 89

5.1 Motivation and analysis strategy . . . . . . . . . . . . . . . . . . . . 89

5.2 Data and MC Samples . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.2.1 Photon �ux reweighing . . . . . . . . . . . . . . . . . . . . . . 92

5.2.2 Tau-lepton electromagnetic moments signal parametrisation . 93

5.2.3 Spin correlations . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.3 Activity in the forward region . . . . . . . . . . . . . . . . . . . . . . 94

5.3.1 No neutron topology weights . . . . . . . . . . . . . . . . . . 95

5.3.2 Derivation of the ZDC fractions . . . . . . . . . . . . . . . . . 96

5.3.3 Electromagnetic pileup corrections . . . . . . . . . . . . . . . 99

5.3.4 Combining 0n0n weights . . . . . . . . . . . . . . . . . . . . . 100

5.3.5 Application of 0n0n weights in the analysis . . . . . . . . . . 101

5.3.6 Systematic uncertainties on the 0n0n weights . . . . . . . . . 102

5.4 Trigger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.4.1 Muon trigger in 2015 . . . . . . . . . . . . . . . . . . . . . . . 106

5.4.2 Muon trigger in 2018 . . . . . . . . . . . . . . . . . . . . . . . 107

5.5 Physics objects and calibration . . . . . . . . . . . . . . . . . . . . . 108

5.5.1 Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.5.2 Electrons and photons . . . . . . . . . . . . . . . . . . . . . . 111

5.5.3 Tracks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.5.4 Topo-clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.6 Event selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.6.1 Preselection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.6.2 Signal Regions . . . . . . . . . . . . . . . . . . . . . . . . . . 115

11



Contents

5.7 Background modelling . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.7.1 Control Regions . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.7.2 Photon-induced dimuon production . . . . . . . . . . . . . . . 119

5.7.3 Photonuclear background . . . . . . . . . . . . . . . . . . . . 121

5.7.4 Other sources of background . . . . . . . . . . . . . . . . . . 124

5.8 Reconstruction-level distributions . . . . . . . . . . . . . . . . . . . . 124

6 Di�erential 

 ! � � cross sections and constraints on � -lepton

electromagnetic moments in Pb+Pb collisions 129

6.1 Unfolding procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.1.1 Fiducial regions de�nition . . . . . . . . . . . . . . . . . . . . 131

6.1.2 Inputs for the unfolding . . . . . . . . . . . . . . . . . . . . . 132

6.1.3 Statistical uncertainties and correlations . . . . . . . . . . . . 133

6.2 Systematic uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.2.1 Impact on unfolded distributions . . . . . . . . . . . . . . . . 141

6.3 Unfolded distributions . . . . . . . . . . . . . . . . . . . . . . . . . . 143

6.4 Di�erential cross section results . . . . . . . . . . . . . . . . . . . . . 144

6.5 Fitting tau-lepton electromagnetic moments using reconstruction-level

information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.6 Fitting tau-lepton electromagnetic moments using truth-level infor-

mation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6.6.1 Constraints on tau electromagnetic moments . . . . . . . . . 151

7 Conclusions and outlook 155

Bibliography 157

A 0n0n �gures 171

B Backgrounds 177

C Detector-level distributions 183

D Unfolding inputs 189

E Di�erential cross sections 197

12



Abstract

This thesis presents a novel measurement of photon-induced � -lepton pair production

in heavy-ion collisions which advances our understanding of the electromagnetic

properties of the � -lepton. It demonstrates the unique potential of ultra-peripheral

lead-lead (Pb+Pb) collisions as a complementary probe of the Standard Model and

beyond the Standard Model physics.

The analysis uses
p

sNN = 5:02 TeV Pb+Pb collision data recorded by the AT-

LAS detector at the Large Hadron Collider (LHC) in 2015 and 2018. The dataset

corresponds to an integrated luminosity of 1:93 nb�1 . Strong electromagnetic �elds

generated in ultra-peripheral Pb+Pb collisions give rise to substantial photon �uxes,

providing a unique environment for studying photon-induced processes.

Signal candidates are classi�ed into three exclusive regions according to event

topologies in which one � -lepton decays into a muon and two neutrinos, while the

decay of the second � -lepton is characterised by the presence of either charged-

particle track(s) or an electron. A strong suppression of ion breakup is ensured by

requiring an absence of forward neutron activity.

Di�erential cross sections are extracted using an Iterative Bayesian Unfolding

approach. The results are compared with leading-order Standard Model predic-

tions and found to be consistent within the measurement uncertainties, which are

dominated by limited data statistics. The measurement enables extraction of the

anomalous magnetic dipole moment (g � 2) and electric dipole moment (EDM) of

the � -lepton. Expected constraints are obtained through a statistical analysis and

compared to the existing constraints.

Performance studies of the ATLAS Forward Proton (AFP) detector are also

presented. The AFP detector records protons scattered at small angles in photon-

induced and di�ractive processes, providing kinematic information that can be used

to enhance background suppression. The global alignment of the AFP was performed

using photon-induced dimuon events, recorded during LHC Run 3 proton-proton

collisions at
p

s = 13:6 TeV.
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Zusammenfassung

Diese Dissertation präsentiert eine neuartige Messung der photoninduzierten Pro-

duktion von � -Lepton-Paaren in Schwerionenkollisionen und vertieft damit das Ver-

ständnis der elektromagnetischen Eigenschaften des � -Leptons. Sie unterstreicht

das besondere Potenzial ultra-peripherer Blei�Blei-(Pb+Pb)-Kollisionen durch ihre

komplementären Einblicke in das Standardmodell und die Physik jenseits des Stan-

dardmodells.

Die Analyse basiert auf Pb+Pb-Kollisionsdaten bei
p

sNN = 5:02 TeV, die mit

dem ATLAS-Detektor am LHC in den Jahren 2015 und 2018 aufgenommen wur-

den und einer integrierten Luminosität von 1:93 nb�1 entsprechen. Die in ultra-

peripheren Pb+Pb-Kollisionen erzeugten starken elektromagnetischen Felder führen

zu hohen Photonenströmen und ermöglichen so die Untersuchung photoninduzierter

Prozesse.

Signalkandidaten werden in drei exklusive Regionen eingeteilt, in denen ein � -

Lepton in ein Myon und zwei Neutrinos zerfällt, während der Zerfall des zweiten

� -Leptons durch geladene Spur(en) oder ein Elektron gekennzeichnet ist. Ereignisse

mit zerbrechenden Ionen werden durch die Forderung nach fehlender Vorwärtsneu-

tronenaktivität wirksam unterdrückt.

Di�erentielle Wirkungsquerschnitte werden mittels iterativer bayesscher Entfal-

tung bestimmt und mit Standardmodellvorhersagen führender Ordnung verglichen.

Innerhalb der überwiegend statistisch dominierten Unsicherheiten wird eine gute

Übereinstimmung beobachtet. Die Messung erlaubt die Extraktion des anomalen

magnetischen Dipolmoments (g � 2) und des elektrischen Dipolmoments (EDM)

des � -Leptons. Die möglichen Werte dieser Gröÿen werden durch ein statistische

Analyse eingegrenzt und mit bestehenden Grenzen verglichen.

Ergänzend werden Leistungsstudien des ATLAS Forward Proton (AFP)-Detektors

vorgestellt. Der AFP-Detektor misst bei kleinen Winkeln gestreute Protonen aus

photoninduzierten und di�raktiven Prozessen und liefert zusätzliche kinematische

Informationen zur Unterdrückung von Untergrundprozessen. Die globale Ausrich-

tung des Detektors wurde mithilfe photoninduzierter Dimuon-Ereignisse aus LHC

Run 3 Proton�Proton-Kollisionen bei
p

s = 13:6 TeV durchgeführt.
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Author's contribution

The work presented here has been performed within the ATLAS collaboration as

a collaborative e�ort. The preliminary results for the 

 ! � � di�erential cross

section measurements have been published as an ATLAS conference note [1].

Building upon those results, several improvements have been implemented in

the present analysis. These include an improved treatment of the photon �ux sys-

tematic uncertainty, corrections accounting for spin-correlation e�ects in 

 ! � �

production and decay, a re�ned modelling of neutron activity in the forward region

and the application of a global residual �ux factor correction.

The improved results are presented in this thesis together with the expected

constraints on the � -lepton electromagnetic moments, with a focus on the Author's

contributions, in Chapters 5 and 6. These contributions include the analysis of

neutron activity in the forward region and the derivation of electromagnetic pile-up

corrections (Section 5.3), the estimation of the di�ractive photonuclear background

using a data-driven method (Section 5.7.3) and the detector-level analysis (Sec-

tion 5.8). In addition, the Author incorporated all systematic uncertainties into the

analysis framework (Section 6.2), de�ned the variables and �ducial regions used in

the unfolding procedure and prepared all inputs for the unfolding, which includes

the theoretical predictions described in Section 6.4. The Author also served as one

of the main editors of the ATLAS internal documentation for this analysis.

The Author also performed technical work on the global alignment of the AT-

LAS Forward Proton Detector (AFP). It was initially developed as part of the

ATLAS Quali�cation Project and subsequently extended as a contribution to the

detector performance studies within the ATLAS Collaboration. The work included

the derivation of the global alignment corrections and the corresponding systematic

uncertainties using Run 3 data. The resulting global alignment corrections for the

2023 dataset have been published by the ATLAS Collaboration in public plots [2].
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Introduction

Our best current theoretical understanding of particle physics is encapsulated in a

theory known as the Standard Model (SM). It provides a remarkably precise descrip-

tion of the fundamental constituents of matter and the forces acting between them

with numerous predictions con�rmed experimentally to extraordinary accuracy.

However, despite its success, the SM is known to be incomplete. Several pro-

found questions remain unanswered, for example: What is the nature of dark matter?

Why does the universe exhibit a matter�antimatter asymmetry? How can gravity

be incorporated into the same theoretical framework as the other fundamental in-

teractions? What is the origin of neutrino masses? These open problems point to

physics beyond the Standard Model (BSM).

In fact, current cosmological observations indicate that we have little under-

standing of approximately 95% of the universe's mass-energy content. The ordinary,

baryonic matter from which we, the planets and the stars are made accounts for only

about 5%. This constitutes one of the strongest motivations for the existence of yet

undiscovered BSM physics. It also highlights why searches for such phenomena are

of profound scienti�c interest.

Searches for BSM can be pursued through two complementary approaches: direct

and indirect searches. At particle colliders, direct searches typically aim to produce

BSM particles in high-energy collisions and to detect their signatures in the experi-

mental data. Indirect searches, on the other hand, probe the e�ects of possible New

Physics through precision measurements of known quantities. The work presented

in this thesis belongs to the latter category.

In particular, this study focuses on the electromagnetic moments of the � -lepton.

These can be viewed as properties of a particle, which characterise how it interacts

with an electromagnetic �eld. Within the SM, the values of the � -lepton electro-

magnetic moments are precisely predicted. Measuring them experimentally and

comparing the results to these predictions provides a powerful test of the theory.

Any observed deviation could indicate New Physics, requiring either an extension

or a reformulation of the SM to account for the discrepancy.

The � -lepton remains an especially intriguing object of study. Within the lepton

family, the electromagnetic moments of the electron and the muon have already
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Introduction

been measured with extraordinary precision - among the most accurately determined

quantities in particle physics. The � -lepton, in contrast, has a much larger mass of

about 1:777 GeV, which makes it particularly sensitive to potential e�ects of New

Physics. For this reason, precise studies of the tau's electromagnetic properties

provide a unique window into possible BSM contributions.

In practice, however, such measurements are extremely challenging. The � -lepton

has a very short lifetime of approximately 2:9 � 10 �13 s (0.3 ps), decaying before it

can be directly observed. This makes the experimental reconstruction and precise

determination of its properties highly non-trivial.

The results presented in this thesis are based on data collected with the ATLAS

detector, located at the Large Hadron Collider (LHC) at CERN. During most of its

operation, the LHC collides protons; however, special data-taking periods are dedi-

cated to heavy-ion collisions, such as lead�lead (Pb+Pb) collisions, which typically

occur for about one month each data-taking year.

The motivation for studying Pb+Pb collisions lies in the unique physical con-

ditions they provide. At small impact parameters, such collisions allow the study

of strongly interacting matter at extreme temperatures and densities, such as the

quark�gluon plasma. At large impact parameters, when the nuclei do not physi-

cally overlap, they instead interact via their intense electromagnetic �elds, leading

to so-called ultra-peripheral collisions (UPCs).

In UPCs, the nuclei pass by each other without direct contact and only their

surrounding electromagnetic �elds interact. These strong electromagnetic �elds can

be e�ectively described as �uxes of quasi-real photons. In this framework, the elec-

tromagnetic �elds act as sources of high-energy photons. This opens a rich �eld of

photon-induced studies.

There are several advantages of using UPCs for such studies. The enormous

photon �ux generated by the highly charged lead nuclei enhances the cross section

of photon-induced processes. Furthermore, these collisions allow access to the low-

transverse-momentum region, which is otherwise di�cult to probe in proton�proton

interactions, thus providing complementary kinematic coverage. Another advantage

is the cleanliness of the events: since there is no hadronic overlap, the detector

typically registers only the products of the photon-induced interaction, resulting in

very low background levels.

Among the processes that can occur in photon�photon interactions are the pro-

duction of lepton pairs: dimuons, dielectrons and ditaus. In the case of � -lepton pair

production, the analysis relies on selecting the visible tau decay products. Events

are divided into three mutually exclusive categories based on their topology, requir-

ing one � -lepton to decay into a muon and two neutrinos, while the decay of the

other � -lepton is identi�ed either through charged-particle track(s) or an electron.
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Once the 

 ! � � events are selected, di�erential 

 ! � � cross sections can be

measured after correcting for detector ine�ciencies and resolution e�ects through

an unfolding procedure. The results presented in this thesis constitute the �rst

measurement of di�erential 

 ! � � cross sections in Pb+Pb collisions to date.

The electromagnetic moments of the � -lepton can be extracted from �ts to kine-

matic distributions that are sensitive to their values. Among these observables, the

transverse momentum of the muon originating from tau decay (p�T ) is particularly

sensitive and variations in the electromagnetic moments modify the shape of the

distribution.

This thesis is structured as follows. Chapter 1 provides a general introduction to

the SM and establishes the theoretical context for the physics analysis. Chapter 2

presents a more specialised overview of photon-induced processes and describes the

speci�c physics mechanisms investigated in this �eld. Chapter 3 outlines the exper-

imental setup, including an overview of the LHC and a detailed description of the

ATLAS experiment, including particle reconstruction and calibration. Chapter 4 fo-

cuses on the ATLAS Forward Proton detectors, with an emphasis on the alignment

of the tracking detectors.

The novel measurement of the photon-induced � -lepton pair production in ultra-

peripheral heavy-ion collisions at the LHC, which is the main focus of this thesis, is

described in Chapters 5 and 6.
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Chapter 1

Theory

Particle physics provides the tools to describe the fundamental laws of nature. It

describes elementary particles, which are the fundamental constituents of the Uni-

verse, as well as their interactions. The best current theoretical understanding of

the particles and their interactions is expressed in the Standard Model (SM). This

theory provides the most exact description of all experimental data and it is consid-

ered to be one of the most important achievements of science. This chapter provides

a broad foundation in particle physics, giving context for the experimental analysis

presented in this thesis.

1.1 The Standard Model of Particle Physics

1.1.1 Fundamental particles and forces

Ordinary matter appears to be built from atoms which are bounded states of neg-

atively charged electrons (e� ) and a nucleus composed of neutral neutrons (n) and

positively charged protons (p). However, at higher energy, further structure can be

observed: protons and neutrons are composed of fundamental particles called quarks

and gluons [3].

Elementary constituents of matter described by the SM are called fermions.

Fermions have half-integer spin and they are classi�ed in three generations. The

�rst one represents the basic building blocks of the low-energy Universe and it is

made up from the electron, electron neutrino (�e), up-quark (u) and down-quark

(d). Further generations are revealed at the energy scales present in high-energy

particle colliders. The second generation is composed of the muon (�� ), muonic

neutrino (� � ), strange-quark (s) and charm-quark (c). The tau-lepton (� � ), tau-

neutrino (� � ), bottom-quark (b) and top-quark (t) belong to the third generation.

The absence of any further generations was proven experimentally [4]. The fermions

together with their charge and mass are listed in Table 1.1.1.
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For each of the twelve fermions exist an antiparticle, which has an opposite

charge and exactly the same mass. This is a consequence of the Dirac equation,

which describes the dynamics of fermions. Antiparticles are typically represented

by placing a bar over the particle's symbol (e.g., �d for the anti-down quark) or by

explicitly indicating the opposite charge (e.g., e+ for the positron).

Table 1.1.1: Properties of leptons and quarks in the Standard Model. The charge
(Q) is in units of the elementary charge e.

Generation Leptons Quarks

Particle Q Mass [GeV] Particle Q Mass [GeV]

First
Electron (e� ) �1 0:000511 Down (d) � 1

3 0:0047

Neutrino (� e) 0 < 10 �9 Up (u) + 2
3 0:0022

Second
Muon (� � ) �1 0:1057 Strange (s) � 1

3 0:096

Neutrino (� � ) 0 < 10 �9 Charm (c) + 2
3 1:27

Third
Tau (� � ) �1 1:776 Bottom (b) � 1

3 4:18

Neutrino (� � ) 0 < 10 �9 Top (t) + 2
3 172:9

There are four fundamental forces: the strong force, the electromagnetic force,

the weak force and gravity. The strong force is associated with a property anal-

ogous to electric charge, known as colour charge, which is carried only by quarks

and gluons. Consequently, only quarks and gluons undergo strong interactions, dis-

tinguishing them from leptons. Due to the phenomenon of con�nement, quarks

and gluons cannot exist as free particles; instead, they are bound within composite

states called hadrons, such as protons and neutrons. The electromagnetic force acts

exclusively on charged particles, meaning all fermions except neutrinos experience

it. The weak force governs processes such as nuclear �-decay in radioactive isotopes

and plays a crucial role in nuclear fusion. It is the only force that interacts with

all elementary particles. Gravity is the only force not described by the SM. The

gravitational forces between fundamental particles are very small and are neglected

when describing particle interactions.

In the SM, each force is described as a Quantum Field Theory (QFT) and ele-

mentary particles are quanta of fermion �elds. The interactions between particles

are mediated by particles of a spin-1, called gauge bosons. The photon (
) is the

massless gauge boson of Quantum Electrodynamics (QED, the theory describing

electromagnetic interactions). In Quantum Chromodynamics (QCD, describing the

strong interactions), the force is carried by the massless gluon (g). The weak charged-

current interactions are mediated by the charged W� bosons and the weak neutral

current is carried by a neutral Z boson.
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The gravitational force, which is not included in the SM, is hypothesised to be

mediated by a force carrier known as the graviton (G). However, no experimental

evidence for its existence has been observed to date. The four known forces and

their properties are indicated in Table 1.1.2.

Table 1.1.2: Properties of fundamental forces and their gauge bosons. The
strengths are relative to the strong interaction. Table adapted from Ref. [3].

Force Strength Boson Spin Mass [GeV]

Strong 1 Gluon (g) 1 0

Electromagnetic 10�3 Photon (
) 1 0

Weak 10�8 W boson (W) 1 80.4

Z boson (Z) 1 91.2

Gravity 10 �37 Graviton? (G) 2 0

The properties of the strong, electromagnetic and weak interactions are deter-

mined by the gauge bosons and the way in which they couple. In the SM, these

couplings are described by interaction vertices. The interaction is represented by a

three-point vertex of the gauge boson and the incoming and the outgoing fermion.

The strength of the each fundamental interaction between the gauge boson and a

fermion is given by the coupling constant g, which corresponds to the measure of

probability of a fermion emitting or absorbing the boson.

The coupling strength can also be written as a dimensionless constant, � / g2,

independent of the system of units. The intrinsic strength of the interaction can be

then expressed in terms of a single value of � for each interaction vertex. In the

case of electromagnetism, � = 1=137. For the weak interaction, �W � 1=30 (which

is greater than for QED, however, due to the large mass of W boson and low-energy

scales encountered in particle decays, this interaction is in fact much weaker than

QED). The intrinsic strength of the QCD interaction is signi�cantly stronger, with

� S � 1.

The most recently discovered particle in the SM is the Higgs boson (H), which

possesses unique properties distinct from other SM particles. It is the only funda-

mental scalar particle with spin-0 and has a mass of mH � 125 GeV. In terms of

QFT, the Higgs boson can be described as an excitation of the Higgs �eld, which has

a non-zero expectation value in the vacuum, unlike any other �eld in the SM. The

other particles acquire their masses via interaction with the non-zero Higgs �eld in

the so-called Higgs mechanism. The discovery of the Higgs boson at the LHC is one

of the most important achievements of modern physics and it provides a validation

of the theoretical foundations of the SM.
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1.1.2 Virtual particles

Virtual particles are an important concept introduced in the SM, as a consequence

of its formulation as a QFT. They correspond to intermediate states, typically rep-

resented as internal lines in Feynman diagrams. Although they are not directly

observable, virtual particles are mathematical representations of quantum �uctua-

tions mediating interactions between real (on-shell) particles. Real particles satisfy

the on-shell condition:

p2 = m 2; (1.1.1)

where p is the four-momentum and m is the particle mass. In contrast, virtual

particles are o�-shell, meaning that the above relation is not ful�lled. The deviation

from the on-shell condition is referred to as the virtuality, commonly denoted as q2:

q2 = p 2 � m 2: (1.1.2)

The existence of virtual particles is consistent with the energy-time uncertainty

principle, which permits temporary violations of energy conservation within short

timescales:

�E �t & ~=2: (1.1.3)

In high-energy collisions, virtual particles play a fundamental role in mediating

interactions. For instance, in photon-induced processes, the distinction between

quasi-real (q2 � 0) and virtual (q 2 > 0) photons is crucial, as it in�uences the

interpretation of observables such as the anomalous magnetic and electric dipole

moments.

1.1.3 Gauge group of the Standard Model

Interactions described in the SM emerge from symmetry principles. The fundamen-

tal requirement of local gauge invariance means that the Lagrangian of the theory

remains unchanged under local transformations of the symmetry group. In terms of

the SM, the gauge symmetry group is given by:

SU(3)C � SU(2) L � U(1) Y : (1.1.4)

In the above formulation, SU(3)C corresponds to the strong interaction (QCD),

where C refers to the colour charge. It provides 8 gluons, usually denoted as Ga� .

SU(2)L is related to the weak interaction and L refers to the left chiral nature of

the SU(2) coupling. It describes 3 weak bosons Wi� .

U(1)Y gauge group corresponds to the hypercharge interaction, which is related

to electromagnetism and describes the B-�eld B� , which can be thought of as pre-

cursor to the photon. Y denotes the weak hypercharge:
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Y = 2(Q � T 3); (1.1.5)

where Q denotes electric charge and T3 is the weak isospin. Together, the subgroup

SU(2)L � U(1) Y describes the electroweak interactions.

In order to ensure that the SM theory remains locally invariant, the usual deriva-

tive @� (which does not respect local gauge invariance), must be replaced with a

covariant derivative:

D � = @� � igA � ; (1.1.6)

where A� is the gauge �eld and g denotes the coupling constant. Local gauge

invariance allows spontaneous symmetry breaking, leading for instance to the Higgs

mechanism and emergence of the electromagnetic force after electroweak symmetry

breaking, described in the following sections.

1.1.4 Quantum Electrodynamics

Quantum Electrodynamics (QED) is the QFT of electromagnetism. In the context

of the SM, it is a part of electroweak theory (given by SU(2)L � U(1) Y ) and it ap-

pears as a result of the spontaneous symmetry breaking (leaving only U(1)em). QED

describes interactions between electrically charged particles and photons using quan-

tum �elds. It is the �rst successful QFT and its predictions agree with experimental

results at extreme precision (e.g. to order 1013 for the electron g-factor [5]).

The QED Lagrangian is given by:

L QED = � (i
 � D � � m) �
1
4

F�� F �� ; (1.1.7)

where  denotes the Dirac �eld for the electron (or positron), D � is the covariant

derivative (allowing gauge invariance) and F�� is the electromagnetic �eld tensor:

F�� = @� A � � @� A � : (1.1.8)

Here, the electromagnetic �eld is represented as a gauge �eld, A� .

In QED, the coupling strength of the electromagnetic interaction and the elec-

tron charge are not truly constant but instead vary with the energy scale. This

is a consequence of renormalisation - fundamental procedure in every QFT, used

in order to handle in�nities that arise in calculations of physical observables. This

e�ect, known as the running of the �ne-structure constant, necessitates a scale-

dependent treatment of the coupling to accurately describe interactions at di�erent

energy regimes. Physically, this phenomenon arises due to charge screening, which

results from the continuous spontaneous creation and annihilation of virtual fermion-

27



Chapter 1. Theory

antifermion pairs in the vacuum. At higher energy scales, these quantum �uctuations

become more pronounced, leading to an increase in the e�ective coupling strength.

The QED coupling � QED is de�ned using an introduced renormalisation scale, �2R :

� QED (q2) =
e2(q2)

4�
=

� QED (� 2
R )

1 � (� QED (� 2
R )=3�)ln(q 2=� 2

R )
; (1.1.9)

where q2 is the squared four-momentum transfer in a scattering process. It de�nes

the energy scale at which the QED coupling is being measured. At low energies,

q2 ! 0, � QED = 1=137.

1.1.5 Electroweak Theory

Electroweak theory uni�es electromagnetic (QED) and weak interactions. The uni-

�cation was developed in the 1960s by Glashow, Weinberg and Salam (GWS) [6�8],

and it predicted a weak neutral-current mediated by the neutral Z boson. The GWS

model was experimentally con�rmed by the discovery of W and Z bosons at CERN

in 1983 [9�11].

The electroweak sector is based on SU(2)L � U(1) Y symmetry, giving rise to the

gauge �elds: W(3)
� , corresponding to SU(2)L and B� , for U(1)Y . The electroweak

Lagrangian before the symmetry breaking can be written as:

L EW = �
1
4

W a
�� W a;�� �

1
4

B �� B �� + i � 
 � D �  � � L Y � R � V (�): (1.1.10)

It includes:

ˆ gauge �eld kinetic terms with �eld strength tensors W a
�� and B�� for SU(2)L

and for U(1)Y , respectively;

ˆ fermionic term with the covariant derivative D � ;

ˆ Yukawa term, � L Y � R , generating masses of fermions after symmetry break-

ing;

ˆ Higgs potential, V (�), which causes spontaneous symmetry breaking via the

Higgs mechanism.

Due to the gauge invariance requirement in the electroweak symmetry group,

all bosons should be massless. The Higgs mechanism describes the spontaneous

electroweak symmetry breaking, in which the gauge bosons of the electroweak theory

acquire mass, while preserving local gauge invariance.
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The Higgs mechanism introduces a complex scalar doublet �eld �:

� =

 
� +

� 0

!

=
1

p
2

 
� 1 + i� 2

� 3 + i� 4

!

; (1.1.11)

where � 0 denotes the neutral scalar �eld (needed for neutral gauge bosons, 
 and Z0)

and � + denotes the charged scalar �eld (providing longitudinal degrees of freedom

of the W � bosons). The corresponding Lagrangian for the given doublet of the

complex scalar �eld can be written as:

L Higgs = (@� �) y(@� �) � V (�); (1.1.12)

with a Higgs potential of the form:

V (�) = � 2� y� + �(� y�) 2; (1.1.13)

where � 2 < 0 leads to spontaneous symmetry breaking. In this case, the Higgs �eld

acquires a non-zero vacuum expectation value (v):

h�i =
1

p
2

 
0

v

!

; (1.1.14)

with v =
p

�� 2=� = 246 GeV. As a result, the symmetry is broken:

SU(2)L � U(1) Y ! U(1) em: (1.1.15)

The mass of the gauge bosons can be then derived from the kinetic term of the

Lagrangian 1.1.12 and substituting the v:

mW =
1
2

gW v; mZ =
1
2

q
g2

W + g 02v; M 
 = 0: (1.1.16)

The Higgs mechanism can also be used to generate masses of the fermions via

the interaction of the fermion �elds with the non-zero expectation value of the Higgs

�eld.

1.1.6 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a QFT of the strong interaction. It is based

on non-Abelian gauge symmetry SU(3)C and describes the dynamics of quarks and

gluons. QCD is mediated by eight massless gluons and the charge known from QED

is replaced by three conserved colour charges: red (r), blue (b) and green (g). Only

particles with non-zero colour charge can couple to gluons. The quarks also carry

a colour charge and exist in three orthogonal colour states. Similarly to QED, the

antiparticles in QCD carry the opposite colour charges, i.e. �r, �g and �b.
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The QCD Lagrangian describes the dynamics of quarks and gluon �elds. It can

be written as:

L QCD = �
1
4

Ga
�� Ga;�� +

X

f

� f (i
 � D � � m f )  f ; (1.1.17)

where Ga
�� is a strength tensor of the gluon �eld (with colour index a = 1; : : : ; 8),  f

denotes the quark �eld with �avour f , D � is a QCD covariant derivative and mf is

the mass of a quark with �avour f . The �rst term is a gluon kinetic term, describing

gluon �elds and gluon self-interactions. The second term describes interactions of

the quarks with gluons.

One of the fundamental properties of QCD is colour con�nement, which states

that coloured particles cannot be isolated and observed individually; instead, they

are always con�ned within colour-singlet states. As a consequence, free quarks

and gluons have never been observed directly in experiments. This phenomenon is

connected to the behaviour of the strong coupling constant �s, which increases at low

energy scales. For example, at a typical hadronic scale of q � 1 GeV, the coupling

becomes large, �s � O(1), causing the strong interaction to be non-perturbative

and e�ectively con�ning quarks and gluons inside hadrons.

Conversely, the strong coupling decreases at higher energy scales � a property

known as asymptotic freedom. At energies around q � 100 GeV, typical of high-

energy collider environments, the coupling becomes small, �s � 0:1. In this regime,

quarks can be approximated as quasi-free particles, allowing perturbative QCD tech-

niques to be applied successfully.

1.2 Limitations of the Standard Model

The SM is one of the most successful theories in modern physics, providing a precise

description of a wide range of experimental observations. Its validity up to the

electroweak energy scale has been con�rmed by numerous precision tests, including

the discovery of the Higgs boson. However, the theory is built on several theoretical

assumptions designed to reproduce experimental data, and it is not considered a

fundamental or ultimate theory of nature.

1.2.1 Parameters of the Standard Model

The SM of particle physics has 26 free parameters (including massive neutrinos),

which are not predicted by the theory and must be determined experimentally.

These are [3]:

ˆ the masses of the twelve fermions, or equivalently, the twelve Yukawa couplings

to the Higgs �eld, including the neutrino masses,
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ˆ the three gauge couplings, which determine the strength of the SM gauge

interactions,

ˆ the two parameters of the Higgs potential, corresponding to the Higgs boson

mass and the vacuum expectation value,

ˆ the eight �avour-mixing parameters in the quark and lepton sectors, encoded in

the Cabibbo�Kobayashi�Maskawa (CKM) [12,13] and Pontecorvo�Maki�Naka-

gawa�Sakata (PMNS) [14,15] matrices, respectively (four parameters in each

matrix),

ˆ the CP-violating 1 phase in the QCD Lagrangian, associated with strong CP

violation.

The SM parameters can be grouped into three categories, excluding the CP-

violating phase in the QCD Lagrangian: three are associated with the gauge inter-

actions, eight with the �avour sector, and fourteen with the Higgs sector. Within

these groups, certain patterns can be observed (e.g., in the fermion mass spectrum),

which may hint at an as-yet unknown underlying symmetry principle.

1.2.2 Open questions

Although the SM is undoubtedly one of the greatest achievements of modern physics,

it still leaves several fundamental questions unanswered. There is an active �eld of

current experimental research, addressing these questions. One evident shortcom-

ing of the SM is the lack of explanation for the existence of dark matter [16, 17],

which is con�rmed by a number of astrophysical and cosmological measurements.

Some extensions of the SM explain the cold dark matter in the Universe by weakly

interacting massive particles (WIMP) [18]. An extension to the SM is the theory

of supersymmetry (SUSY) [19] in which every SM particle has its supersymmetric

partner. In this theory some of the SUSY particles may be considered as WIMP

candidates for dark matter.

A key goal of modern physics is to formulate a Grand Uni�ed Theory (GUT) that

uni�es three of the four fundamental forces. The running of the coupling constants

suggests that their values may approach each other and potentially converge at a

high-energy scale. In the theory proposed by Georgi and Glashow [20], an additional

SU(5) symmetry is introduced to the SM, causing the coupling constants of the three

gauge interactions to nearly unify at an energy scale of around 1015 GeV. However,

this framework does not incorporate gravity, and all attempts to include it in such

uni�cation schemes have so far been unsuccessful.
1CP violation refers to the phenomenon in which the combined charge conjugation C and parity

P symmetry is not conserved.
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Another active area of research focuses on the nature of the Higgs boson, which is

a unique particle within the SM. In order to determine whether the observed particle

is indeed the SM Higgs or something more exotic, detailed studies of its properties

(e.g. spin, branching ratios, and couplings) are essential. Furthermore, there are

numerous open questions in the �avour sector, particularly concerning the origin of

CP violation. Although the existence of exactly three generations of fermions and

the observed matter�antimatter asymmetry have been experimentally established,

the SM does not provide an explanation for these fundamental features.

1.3 Lepton electromagnetic moments

In recent decades, numerous precision tests of the SM have been conducted, which

serve as a powerful tool to search for signs of New Physics. A common example

of such studies is the measurement of the anomalous magnetic moments of leptons.

This section presents a theoretical overview of the electromagnetic moments of lep-

tons. Particular emphasis is placed on the � -lepton, which constitutes the central

focus of this dissertation.

In QED, the quantity that characterises the strength of the magnetic �eld pro-

duced by a magnetic source is known as the magnetic moment vector. At the particle

level, charged particles also possess magnetic moments arising from their intrinsic

spin. The relation between a particle's spin vector (~s) and its magnetic moment

vector (~�) is given by the gyromagnetic factor g:

~� = g
e

2m
~s; (1.3.1)

where e and m denote the particle's electric charge and mass, respectively [21].

In Dirac's theory of spin-1/2 particles, g = 2; however, loop corrections, such as

the emission and absorption of virtual photons, slightly increase this value. The

anomalous magnetic moment of a lepton (à) is de�ned as the deviation of g from

Dirac's value divided by 2:

a` =
g � 2

2
: (1.3.2)

Measuring à provides a stringent test of QED and can also be sensitive to

BSM phenomena, including supersymmetry [22], TeV-scale leptoquarks [23], left-

right symmetric models [24] and unparticle physics scenarios [25]. In the case of

supersymmetry, the contribution of New Physics to à is estimated to be propor-

tional to m 2
` =� 2 (where m` is the mass of the lepton and � denotes the scale of

the potential New Physics e�ects). For the muon and electron, this relation gives

(m � =me)2 � 4 � 10 4 enhancement of the sensitivity to BSM for muon anomalous

magnetic moment (a� ), comparing to the electron (ae). For the � -lepton and muon
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(m � =m� )2 � 280, thus the � -lepton anomalous magnetic moment (a � ) is even more

sensitive to BSM phenomena.

The values of ae and a� are among the most precisely measured observables in

nature, with a precision to 13 [5] and 10 decimal places [26, 27], respectively. The

measurement of a� still lacks precision, primarily due to the experimental challenges,

related to a the very short lifetime of a � of approximately 0.3 ps [28]. The theoretical

value of the a� in the SM is predicted to be [21]:

ath
� = 0:001177171 � 0:000000039: (1.3.3)

The interaction of fermions with an electric �eld is described by their electric

dipole moment (EDM or d` ), which is de�ned through the interaction of the particle's

spin ~s with an external electric �eld ~E. The corresponding Hamiltonian is given by:

HEDM = �d `~s � ~E: (1.3.4)

In the SM, the predicted values of d̀ are extremely small, e.g. d� . 10 �37 .

Measuring d̀ with improved precision is interesting because it provides a direct

test of CP-violation in the lepton sector: d` is aligned with spin while under time

reversal, spin reverses direction but the d̀ remains unchanged. Thus, the deviation

from zero would indicate possible existence of CP-violating phases (assuming CPT

is conserved) [29]. Within the SM, the predicted value of d� is [30]:

jdth
� j . 10 �37 ecm; (1.3.5)

which is far beyond the sensitivity of current experimental techniques.

Electromagnetic moments of the � -lepton can be probed using photon-induced

ditau production processes 

 ! � � [31�34]. In the presented thesis, they are

probed using the Pb+Pb!Pb(

 ! � � )Pb process, illustrated in Figure 1.3.1 for

selected � decay modes. These modes include the 1-prong channel, where the �

decays into one charged hadron and a neutrino (� 46% of all decays); the 3-prong

channel, where the � decays into three charged hadrons and a neutrino (� 19%);

and the leptonic channel, where the � decays into an electron or muon accompanied

by neutrinos (� 35%). In both the 1-prong and 3-prong cases, additional neutral

hadrons may also appear in the �nal state.

In these processes, the presence of 
� � vertices gives sensitivity to electromag-

netic couplings of the � -lepton. This process can arise in so-called ultra-peripheral

heavy-ion collisions (UPC) in the ATLAS detector (described in Section 2.2), when

the distance between two incoming nuclei is larger than twice the ion radius. The

nuclei are surrounded by strong electromagnetic �elds which can be viewed as a

coherent �ux of photons (see Section 2.1).
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Figure 1.3.1: Illustration of photon-induced � -lepton pair production in
ultra-peripheral lead-lead collisions. Illustrative signatures of � -lepton decays

targeted by the event selection are shown: (left) one muon �, one charged pion �� ,
one neutral pion � 0 and neutrinos, (centre) one muon, three charged pions and
neutrinos, (right) one muon, one electron e and neutrinos. Figure adapted from

Ref. [35].

The photon-lepton vertex 
� � can be parametrised as [36]:

i� (
� � )
� (q) = �ie

�

 � F1(q2) +

i
2m�

� �� q� F2(q2) +
1

2m�

 5� �� q� F3(q2)

�
; (1.3.6)

where q denotes momentum transfer and ��� =
i
2

[
 � ; 
 � ] represents the spin tensor,

proportional to the commutator of the 
 matrices. F 1(q2), F2(q2) and F3(q2) are

the Dirac, Pauli and electric dipole form factors, respectively. The access to electro-

magnetic moments of the � -lepton is provided in the limit as q2 ! 0 (i.e. for very

small virtualities of the interacting photons):

F1(0) = 1; (1.3.7)

F2(0) = a � ; (1.3.8)

F3(0) = d �
2m�

e
: (1.3.9)

This asymptotic condition is well satis�ed in ultra-peripheral heavy-ion collisions

at the LHC.
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Physics of photon-induced

processes

At the LHC, photon-induced processes are interactions initiated by photons emitted

from protons or heavy ions. In the context of heavy-ion collisions, these processes

are commonly referred to as ultra-peripheral collisions (UPCs), which occur when

the impact parameter exceeds twice the radius of the colliding nuclei, thus sup-

pressing hadronic interactions. Photon-induced interactions can also take place in

proton�proton (p+p) and proton�nucleus (p+A) collisions, albeit with lower photon

�uxes.

This chapter provides an introduction to ultra-peripheral heavy-ion collisions

and the main types of photon-induced processes, including dilepton production and

di�ractive photonuclear processes, which are directly relevant to the analysis pre-

sented in this thesis.

2.1 Equivalent Photon Approximation

The Equivalent Photon Approximation (EPA) is a theoretical framework that sim-

pli�es the calculation of electromagnetic processes by treating the electromagnetic

�eld of a fast-moving charged particle as a �ux of quasi-real photons. Therefore, the

description of the electromagnetic interaction of this particle e.g. with a nucleus is

reduced to the interaction of photons with the nucleus. This idea originates from

Fermi [37] and it was further developed by Weizsäcker [38] and Williams [39], who

included relativistic corrections. The updated procedure is thus also known as the

Weizsäcker and Williams method and it is widely used for describing electromagnetic

interactions in particle colliders and modelling ultra-peripheral collisions.

In the EPA, the QED process is factorised into a �ux of equivalent photons

(n(!)) and the cross section for the photon-induced subprocess. The photon �ux

35



Chapter 2. Physics of photon-induced processes

refers to the number of photons emitted by a moving charge per energy unit. In the

case of a particle with charge Z, the spectrum is given by:

n(!) =
2Z2�
�!

�
ln

�



!R

�
�

1
2

�
; (2.1.1)

where � is the �ne-structure constant, ! denotes the photon energy, 
 is the Lorentz

factor of the emitting particle and R refers to the e�ective cut-o� scale (which can

be e.g. the nuclear or proton radius).

For hadrons and nuclei, the photon �ux is modi�ed by additional form factors.

For protons it is usually a dipole form factor, corresponding to an exponential charge

distribution. In the case of nuclei, the additional form factor accounts for the nucleon

distribution and it is often modelled using a Woods-Saxon distribution or by using

a Gaussian form factor for lighter nuclei [40].

The total cross section for a photon-induced process using the EPA is obtained

by combining the photon �ux n(!) with the subprocess cross section �̂. The cross

section for dilepton production via a two-photon process, 

 ! ``, can be written

as [41,42]:

� =
Z

d! 1 d! 2 n1(! 1) n2(! 2) �̂(

 ! ``); (2.1.2)

and for a single-photon process, e.g. vector meson photonuclear production:

� =
Z

d! n(!) �̂(
 + A ! X): (2.1.3)

One of the key features of the EPA is the assumption that the photons are quasi-

real with virtuality q 2 . ! 2


 2 � 1 GeV 2 [43]. Moreover, the EPA is only valid for

large enough impact parameters (b > R1 + R 2, where R is the radius of the colliding

object) to ensure suppression of hadronic interactions.

2.2 Ultra-peripheral heavy-ion collisions

Ultra-peripheral collisions (UPCs) [43�45] are a class of relativistic heavy-ion in-

teractions in which the impact parameter (b) exceeds the sum of the radii of the

colliding nuclei. In such events, no physical overlap of the nuclei occurs, and thus

hadronic interactions are strongly suppressed. However, the intense electromag-

netic �elds generated by the highly charged ions can interact, leading to photon-

induced processes. The exchanged photons are quasi-real, with virtualities satisfying

q2 . ~ 2=R2, where R denotes the nuclear radius. This justi�es the application of the

EPA, discussed in more detail in the previous subsection. A schematic illustration

of an ultra-peripheral collision is shown in Figure 2.2.1.
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Figure 2.2.1: Illustration of an ultra-peripheral collision. Figure adapted
from Ref. [46].

The photon �ux in UPCs depends not only on photon energy ! but also on the

impact parameter b [45]:

n(!; b) =
Z 2�
� 2

1
b2!

�
� 2K 2

1(�) +
1

 2 K 2

0(�)
�

; (2.2.1)

where Z is the charge of the ion, � is the �ne-structure constant, 
 denotes the

Lorentz factor of the ion and � = !b=
. The K 0 and K 1 refer to Bessel functions,

arising from the Fourier transform of the electromagnetic �eld. The total photon

�ux can then be found by integrating the formula over impact parameters. The

integration range in UPC excludes collisions when nuclei interact hadronically by

taking the minimum impact parameter of e.g. 2R [40].

It is possible that there is more than one photon exchanged between the ions

during an individual collision. These photons are usually independent of the main

photon-photon or photon-nucleus interaction. They can lead to dissociation of one

or both nuclei, which may break up and emit neutrons, boosted along the direction

of the beam. In some experiments, forward neutrons are detected by Zero-Degree

Calorimeters (ZDC, described in detail in Section 3.3.3 for the ATLAS experiment).

Events can then be categorised into three topologies:

ˆ 0n0n: no neutron emission in either direction,

ˆ Xn0n or 0nXn: neutrons emission in one direction,

ˆ XnXn: neutrons emission in both directions.

Selection of di�erent ZDC classes is widely used in UPC analyses. It is often

utilised to reduce backgrounds. For instance, hadronic contamination is very low

in 0n0n, making it a clear signal region. On the other hand, asymmetric classes

(Xn0n and 0nXn) can be useful to distinguish incoherent and coherent production

(described in more detail in Section 2.3.2) for validation of neutron detection e�-

ciencies.
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Neutron topologies are also related to the impact parameter. The 0n0n class cor-

responds to larger impact parameters (b > 40 fm). The Xn0n class selects impact

parameters of b � 20 fm and the XnXn class typically occurs at smaller impact pa-

rameters (b < 15 fm). The dependence of the impact parameter of the probabilities

for di�erent forward neutron topologies is presented in Figure 2.2.2

Figure 2.2.2: The dependence of probabilities for di�erent forward neutron
topologies versus impact parameter, obtained by STARLight Monte Carlo

generator. Figure adapted from Ref. [40].

Another important aspect of UPC analyses is the electromagnetic (EM) pileup,

arising from additional soft electromagnetic interactions between the same pair of

ions that participate in the hard photon-photon collision. It is caused by the large

photon �ux at very low photon energies, which can lead to electromagnetic dissocia-

tion (EMD) - a process in which one or both nuclei are excited by the electromagnetic

�eld of the other, subsequently breaking up and emitting one or more nucleons, typ-

ically neutrons. This in turn can lead to misclassi�cation of the ZDC topology. In

UPC analyses, this e�ect is typically accounted for using correction factors.

UPCs in heavy-ion collisions exhibit several distinctive features compared to

photon�photon interactions in proton�proton collisions. Event rates in UPCs depend

on photon �ux given by Equation 2.2.1, which scales as Z2 in photonuclear processes

and as Z4 in the case of two-photon interactions. The signi�cantly enhanced cross

section in UPCs can be exploited to search for rare processes. Additionally, �nal

states in UPCs have much smaller multiplicity and low pile-up levels. The pT of the

photons is small (approximately pT � !=
c) which leads to low p T of the �nal state.

Low pT thresholds in the trigger and o�ine reconstruction allows the exploration of

regions of phase space that are inaccessible in proton�proton collisions.

38



Chapter 2. Physics of photon-induced processes

2.3 Types of interactions in ultra-peripheral heavy ion

collisions

In UPCs, the two common types of interactions are two-photon or photonuclear

interactions [40]. The �nal states of the former are typically lepton or meson pairs,

single mesons or two photons (in light-by-light scattering, LbyL). The latter inter-

actions usually involve production of vector mesons or production of dijets. These

processes can be classi�ed as exclusive, where only the speci�c �nal-state particles

are produced and the nuclei remain intact, or inclusive, where additional particle

production occurs beyond the primary �nal state. Figure 2.3.1 presents diagrams

with example interactions which can be measured in UPC. This section provides a

general overview of the main physics topics accessible through UPCs.

Figure 2.3.1: Illustration of various types of interactions in ultra-peripheral Pb+Pb
collisions: (top-left) photonuclear interaction with nuclear dissociation,

(top-middle) incoherent photonuclear production of heavy quarks/jets, (top-right)
exclusive photonuclear production of a vector meson, (bottom-left) photon-induced

dilepton production, (bottom-middle) dilepton production with �nal state
radiation, (bottom-right) light-by-light scattering. Figure adapted from Ref. [40].

2.3.1 Two-photon processes

Interactions of two photons provide a unique environment to study various �nal

states in a wide kinematic range. They couple not only to all charged particles but

also to neutral �nal states through loop diagrams, enabling the production of two-

photon �nal states and, in principle, the Higgs boson (although 

 ! H has not

been observed yet).
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Dilepton production

The most extensively studied two-photon process in heavy-ion collisions is dilepton

production, with two oppositely charged leptons in the �nal state. It is a pure

QED process at leading order and leads to very clean �nal states. The cross section

has been well-predicted using the EPA (Equation 2.1.2). This class of interactions

can also serve as a benchmark process or a control channel to validate photon �ux

models, event selection e�ciency or detector performance. For example, dimuon and

dielectron control regions have been used to validate the analysis strategy for rarer

two-photon processes, e.g. �+ � � production or light-by-light scattering, respectively.

One of the main features of two-photon processes in UPCs is the very low trans-

verse momentum (pT ) of the photons in the initial state. In the case of dilepton

production, the pT of the �nal state system is typically within the range of 20-

30 MeV, which is much smaller than in typical hadronic collisions. Alternatively,

the pT of a dilepton pair can be estimated using so-called acoplanarity which is the

angle between the two leptons in the transverse plane (A� = 1 � j��j=�, where ��

is the di�erence in azimuthal angle between the two leptons). If the leptons are

back-to-back, �� = � and A � = 0.

In terms of the analysis presented in this thesis, photon-induced dimuon produc-

tion is one of the dominant sources of background, as described in Section 5.7.2.

Light-by-light scattering

Light-by-light scattering (LbyL, 

 ! 

) is forbidden in classical electrodynamics.

However, it is allowed via loop diagrams in QED. The process is mediated by virtual

charged particles, e.g. electrons, muons or W bosons. LbyL is extremely rare due

to the small cross section, nevertheless, it was �rst observed by ATLAS in Pb+Pb

UPCs [47]. The selection criteria rely on diphoton invariant mass, isolation1 and no

additional activity in the detector. For instance, to reduce fake-photon background

in the ATLAS measurement, the pT of the diphoton system (p


T ) was required to

be below 1 GeV for diphoton invariant mass m

 < 12 GeV and below 2 GeV for

m

 > 12 GeV.

There is still considerable interest in the LbyL scattering process, as it serves

as a sensitive probe for BSM physics. It can be a�ected by various BSM scenarios,

including axion-like particles (ALPs), magnetic monopoles and anomalous quartic

gauge couplings.

1 In ATLAS analyses, isolation refers to a requirement that leptons or photons are well separated
from other detector activity. It is typically quanti�ed using the scalar sum of transverse momenta
of nearby tracks and/or the transverse energy registered by the calorimeter within a cone around
the particle direction.
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Hadron production

In principle, photon-photon interactions in UPCs can produce hadrons (

 ! X),

speci�cally mesons and meson pairs. However, the cross section for these processes

is very small, i.e. for mesons with comparable mass, the two-photon cross section

is about two orders of magnitude lower than the corresponding cross section for

photonuclear production of vector mesons [44]. This di�erence can be deducted from

di�erent coupling strengths of the electromagnetic and strong interactions (� EM �

1=137 and �s � 1). As a result, measurements become dominated by the large

background from photonuclear interactions.

The two-photon production of the neutral pion � 0, the lightest meson, requires

photons with relatively high energies, typically � 70 MeV, which is signi�cantly

larger than the threshold for e.g. dilepton production. As a result, such interactions

are more likely to occur at smaller impact parameters (around 2R), where the prob-

ability of emitting hard photons is enhanced. To date, this production channel has

not been observed in UPCs at the LHC.

2.3.2 Photonuclear processes

Photonuclear interactions in UPCs occur when a quasi-real photon emitted by one

of the colliding nuclei interacts with the other nucleus. These processes provide a

powerful probe of the nuclear structure and dynamics at small parton momentum

fractions.

Di�ractive photonuclear production

Di�ractive photonuclear production refers to processes in which a quasi-real pho-

ton emitted by one ion scatters di�ractively o� the target nucleus, producing a

hadronic �nal state while leaving the nucleus either intact or in a low-excitation

state. Such interactions are characterised by a small four-momentum transfer and

by the presence of a large rapidity gap between the produced system and the remnant

nucleus and they are commonly modelled as a Pomeron2 exchange. The remnants

of the Pomeron are usually observed as tracks with low-pT . Di�ractive photonuclear

production constitutes one of the dominant sources of background in the analysis

presented in this thesis, as described in Section 5.7.3.

Low energy photonuclear interactions

The most probable photonuclear processes include low-energy nuclear excitations, as

the photon �ux scales as 1=! (Equation 2.2.1). The strong electromagnetic �elds can

2The Pomeron is a colourless exchange object in QCD that carries vacuum quantum numbers
and is used to describe the soft, di�ractive interactions between hadrons at high energies.
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excite the nuclei to higher energy states, e.g. via a so-called Giant Dipole Resonance

(GDR), which is the Coulomb excitation with the highest cross section. In UPCs,

the GDR is the dominant mechanism for electromagnetic dissociation, leading to

the emission of one or more neutrons. The number of emitted neutrons depends on

the energy of the photon and the number of GDR excitations.

Coherent and incoherent photonuclear production of vector mesons

UPC interactions o�er a clean and controlled environment to investigate the pho-

tonuclear production of vector mesons, such as the �0, �, J= ,  (2S) and �(nS),

thereby providing valuable insight into the gluon structure of nuclei at small Bjorken-

x (i.e. momentum fraction of a parton in the hadron).

In coherent photonuclear processes, a photon interacts with the entire nucleus

as a whole, which remains intact. The produced vector meson typically has very

low pT (� 60 MeV) [48]. The photon in this kind of interaction probes the average

gluon distribution across the nucleus. The cross section scales approximately with

the square of the number of nucleons:

� coh / A 2: (2.3.1)

In incoherent photonuclear processes, a photon interacts with a single nucleon

inside the nucleus. In the �nal state, the nucleus is usually excited and breaks up

(in the process of nuclear dissociation). The produced vector meson has a higher pT

(� 500 MeV), since the e�ective size of the interaction region is smaller. In this type

of photon-nucleon interaction, the photon is able to probe local �uctuations in the

nuclear gluon �eld, which can be used to study nucleon position and substructure

�uctuations. The cross section scales approximately with the number of nucleons:

� incoh / A: (2.3.2)

Both of these processes are relevant for understanding QCD: coherent photonu-

clear processes give access to the average gluon density, while the incoherent pho-

tonuclear processes are sensitive to �uctuations in the gluon �eld. This can be used

for measuring nuclear shadowing (suppression of the nuclear structure functions

at small x), constraining nuclear parton distribution functions (nPDFs) as well as

studying gluon saturation (a state in which the processes of gluon splitting and

recombination reach balance) and possible nonlinear QCD dynamics.

Photonuclear production of jets

UPC processes provide an opportunity to study photonuclear production of jets [49],

using two production channels, often referred to as direct and resolved. In the direct
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process, the photon scatters o� a nucleon directly and in the resolved process, it

virtually �uctuates into a hadronic state and participates in a hard-scattering process

with a nucleus. Both production channels are illustrated in Figure 2.3.2.

Figure 2.3.2: Feynman diagrams illustrating the leading-order mechanisms of dijet
photonuclear production in UPC. Left: the direct process, where the photon

interacts directly in the hard scattering. Right: the resolved process, in which the
photon �uctuates into a hadronic state, before one of its constituents participates
in the hard interaction. The black circles represent hard QCD scatterings between
initial-state partons. Final-state hadronic systems labelled X, X1, X 2 and Xn arise

from the breakup of the nucleus or the remnant of the resolved photon. Figure
adapted from [49].

Photonuclear scattering in UPCs can be distinguished from non-UPC hard scat-

tering processes by requiring that the nucleus emitting the photon remains intact.

This condition is typically enforced by vetoing neutron activity in one arm of the

ZDCs, indicating the absence of nuclear breakup. This cut is combined with a re-

quirement for gaps in the particle rapidity distribution. In the other ZDC direction,

at least one neutron must be observed in order to distinguish photonuclear events

and suppress backgrounds.

In such photonuclear interactions, the detection of two or more jets allows for

the reconstruction of the kinematic properties of the initial-state partons. Dijet or

multijet production in UPCs provides a clean and direct probe of nuclear parton dis-

tribution functions (nPDFs), free from �nal-state e�ects such as jet quenching [50].

These measurements o�er access to a broad kinematic range, particularly at small

parton momentum fractions x, and extend the reach to higher center-of-mass en-

ergies than those achievable in �xed-target experiments. Consequently, UPC jet

production serves as a valuable tool to constrain nuclear modi�cations of parton

densities and explore QCD dynamics in the nuclear environment.

Photonuclear production of exotic hadrons

UPCs provide a unique environment for the photonuclear production of exotic

hadronic states, such as the so-called XYZ mesons [51] and pentaquarks [52]. These

states, many of which contain a heavy c�c or b�b quark pair, are generally inaccessi-
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ble in traditional �xed-target experiments due to their high production thresholds.

Photonuclear production o�ers sensitivity to the internal structure and quantum

numbers of these exotic resonances, thereby contributing to the understanding of

their nature.

2.4 Modelling of photon-induced processes in ultra-peripheral

heavy-ion collisions

To date, there are two most commonly used Monte Carlo (MC) generators for sim-

ulating photon-induced processes in UPC: SuperChic [53] and STARLight [54].

2.4.1 SuperChic Monte Carlo generator

SuperChic is a MC generator for central exclusive and photon-initiated production

in proton-proton, proton-ion and ion-ion collisions. The central exclusive production

(CEP) refers to a class of processes characterised by the exclusive production of a

central system (such as a particle pair), which is isolated from the outgoing beam

particles by rapidity gaps. It can be written as:

hh ! h + X + h; (2.4.1)

where X denotes the �nal state and h refers to intact outgoing hadrons. System

X is usually separated from h by large rapidity gaps, denoted by a + symbol. The

CEP may be photon-initiated or QCD-initiated, as presented in Figure 2.4.1. It can

also proceed via photonuclear production, which is a combination of both.

Figure 2.4.1: Illustration of two types of central exclusive production process:
(left) QCD and (right) photon initiated [53].

For photon-induced processes in UPC, the total cross section is calculated using

the usual EPA-based calculation for the photon �ux, combined with the cross section

for the simulated process at leading-order. In the photon �ux, the ion form factor

depends on the proton density in the ion, �p(r), described using the Woods-Saxon

distribution:
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� p(r) =
� 0

1 + exp[r � R]=d
; (2.4.2)

where r is the radial coordinate, R is the radius of the ion (R � A 1=3, where A

is a mass number) and d provides the nuclear skin thickness [55], which refers to

the di�erence in the spatial distributions of neutrons and protons within an atomic

nucleus (� 0:5 � 0:6, depending on the ion). The � 0 density is calculated using the

following requirement (in which Z denotes atomic number):

Z
d3r� p(r) = Z: (2.4.3)

SuperChic also introduces a formalism to compute the probability that no ad-

ditional interactions spoil the exclusive state. It implements the survival probability

S2(b) as a function of the impact parameter. It is incorporated into the cross sec-

tion by weighting the process with S2(b) and the corresponding photon �ux at each

b. This approach also enables accurate prediction of how the cross section scales

with A, depending on the type of process, the kinematics and the centrality of the

interaction, which is a measure of the geometric overlap between the two colliding

nuclei.

Photon-induced processes which can be generated by SuperChic are W pair

and lepton pairs production, 

, SM Higgs boson in the b�b decay channel, LbyL

scattering with W-loop contributions, axion-like particles as well as monopole and

monopolium production. The newest version [56] additionally enables simulation of

non-zero anomalous magnetic moments and electric dipole moments of the � -lepton.

2.4.2 STARLight Monte Carlo generator

STARLight is a MC generator for UPCs of relativistic ions. It models both two-

photon and photonuclear interactions. The cross sections are computed using the

EPA calculation, in the impact parameter dependent formalism.

For the simulation of lepton pair production, STARLight uses �rst order cal-

culations and assumes massless photons. This approach provides results that are

generally in good agreement with data, however, in order to improve the kinematic

distributions, the addition of higher order corrections from di�erent generators are

necessary. In STARLight all three generations of leptons are treated as stable and

decays must be implemented externally.

In addition to leptons, the generator can be used for photon-induced single me-

son production, photonuclear production of vector mesons as well as simulation of

coherent and incoherent production with optional breakup. It is also able to handle

complex processes with multiple photon exchanges, such as vector meson photonu-

clear production with mutual Coulomb excitations.
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A limitation of the STARLight formalism is the implementation of a sharp cut-

o� on the nuclear spatial distributions: the impact parameter integrals are evaluated

only in the region where b1 > R, b2 > R. This constraint ensures that the interaction

occurs outside the spatial extent of both nuclei, consistent with the UPC regime.

If the �nal state were produced inside or near the nuclear volume, the produced

particles could undergo strong interactions with the nuclei, potentially leading to

nuclear breakup, which is not dynamically modelled in STARLight.
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Experimental setup

The CERN Council approved the Large Hadron Collider (LHC) [57] project in De-

cember 1994. The initial plan was to divide the construction of the machine into

two stages, beginning with a centre-of-mass energy of 10 TeV and upgrading later

to 14 TeV. Two years later, after intense negotiations, CERN Council decided to

proceed with a construction of the 14 TeV machine in a single stage.

Economical considerations, such as the cost savings achieved by reusing the LEP

tunnel and its injection chain, played a signi�cant role in the decision to construct

the LHC at CERN. The tunnel is 26.7 km long and it is composed of eight straight

sections and eight arcs. It is located on a plane inclined at 1.4% sloping towards the

Leman lake, between 45 m and 170 m underground. Along the LHC tunnel there are

four interaction points where the four main experiments are located: ATLAS [58],

CMS [59], ALICE [60] and LHCb [61].

3.1 The Large Hadron Collider at CERN

The LHC is a two-ring-superconducting accelerator and collider, designed to operate

with centre of mass collision energies of up to 14 TeV. Every second during collisions,

the LHC generates a number of events described by:

Nevent = L � � event ; (3.1.1)

where L is the machine luminosity and � event is the cross section for the considered

process. The LHC luminosity depends on the parameters of the beam and assuming

a Gaussian beam distribution, it is given by:

L =
N 2

b nbf ref 
 r

4�" n � � F: (3.1.2)

In the equation above, Nb represents the number of particles per bunch, nb is

the number of bunches per one beam, fref denotes the revolution frequency, 
r - the
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relativistic factor, " n - the normalised transverse beam emittance and �� is the so-

called beta function at the collision point. Both emittance and � � are key machine

parameters - the former quanti�es the spread of particle positions in a beam (the

nominal value at the LHC is about 3.75 µm) and the latter describes how the beam

is focused at the interaction point (IP). A small � � value indicates that the beam is

squeezed strongly and has smaller transverse beam spot size.

The last factor in Equation 3.1.2, F , describes the geometric luminosity reduc-

tion, corresponding to the crossing angle at the IP. Assuming round beams with

equal beam parameters for both beams, the F factor can be given by:

F =

 

1 +
�

� c� z

2� �

� 2
! � 1

2

; (3.1.3)

where �c denotes the full crossing angle at the IP, �z is the RMS of the bunch

length and � � is the transverse RMS of the beam size at the IP. This implies that

exploration of rare processes using LHC collisions requires not only high energies of

the beams but also high beam intensities.

The integral of the delivered luminosity over time is called the integrated lumi-

nosity. It represents the size of the collected dataset and can be written as follows:

L =
Z

Ldt: (3.1.4)

The parameters present in the formulas above are optimised in order to reach

higher luminosity during data-taking. For example, some of the typical values are:

Nb � 10 11, f rev � 11 kHz, � � � 0:55 m and F = 0:85.

Another important aspect of operating a collider at high instantaneous lumi-

nosities is the occurrence of multiple proton-proton interactions within the same

bunch crossing. These additional interactions, known as pile-up, overlap with the

hard-scatter process of interest and increase detector activity, thereby complicating

the reconstruction of physics objects. Dedicated correction techniques are therefore

required to mitigate its impact on physics analyses.

3.1.1 Performance goals and machine layout

The LHC hosts two high luminosity experiments, ATLAS and CMS. Their goal is to

obtain peak instantaneous luminosities of L = 1034 cm�2 s�1 for proton operation,

which is the design value for the LHC. There are also two low luminosity experiments,

LHCb (specialising in B-physics) as well as TOTEM [62] (used to detect protons

scattered at small angles). Their target peak luminosity is L = 1032 cm�2 s�1 and

L = 10 29 cm�2 s�1 , respectively. Additionally, the LHC can also operate as an ion

collider and a dedicated experiment, ALICE, operates during lead-lead collisions.
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ALICE aims at a peak luminosity of L = 10 27 cm�2 s�1 for nominal lead-lead oper-

ation.

An overview of the CERN accelerator complex is shown in Figure 3.1.1. The

LHC machine has eight straight sections and eight arcs. Straight sections are usually

referred to as Points with a number from 1 to 8. Each section is approximately

528 m long and is used either for hosting experiments or for housing accelerator

infrastructure. The ATLAS and CMS detectors are located at Point 1 and Point 5,

respectively, on opposite straight sections. The ALICE and LHCb experiments are

located at Point 2 and Point 8, where additionally injection systems for Beam 1

and Beam 2 are located, respectively. The remaining Points 3 and 7 contain two

collimation systems and Point 4 additionally contains two Radio-Frequency (RF)

systems, which are independent for each beam.

Figure 3.1.1: Schematic view of the CERN accelerator complex [63].

The technology used at the LHC relies on superconducting magnets, which are

used to steer and focus the beam. The LHC machine, and circular accelerators in

general, use three types of magnets: dipole magnets to create a constant magnetic

�eld to bend the trajectory of particles, quadrupole magnets to focus the particles

and prevent them from diverging as well as higher order magnets to re�ne the beam

by correcting for distortions and focus issues introduced by imperfections in the

machine or beam. The magnet system at the LHC is cooled down to a temperature

below 2 K, using super�uid helium. The magnetic �elds are above 8 T.
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In order to accelerate the particles, Radio-Frequency (RF) cavities are utilised,

which use oscillating electric �elds (generated at radio frequencies) that push parti-

cles forward each time they pass through a cavity. By synchronising the oscillations

with the particle's speed, the cavities can deliver a continuous energy boost as par-

ticles circulate. RF cavities also help to group particles into �bunches� and control

the spread along the beam path, which improves collision rates and experiment

precision.

The LHC uses two primary types of RF cavities: superconducting 400 MHz

RF cavities for acceleration (also referred to as ACS - Accelerating System) and

200 MHz RF capture cavities (ACN - Capture System) for initial bunch capture and

transfer. In order to achieve maximum e�ciency of the ACS, cavities are made from

superconducting materials and are cooled to about 1.9 K. This reduces electrical

resistance nearly to zero, allowing high power with minimal energy loss, which is

crucial at the LHC's high energy levels.

The ACN system is used in earlier stages of the particle injection process to

capture, compress, and shape the bunches as they enter the LHC from the injector

chain (speci�cally, from the Super Proton Synchrotron, or SPS). The 200 MHz

cavities create an initial grouping of particles into bunches and perform the �rst

longitudinal compression. This is important to ensure each bunch �ts within the

tighter 400 MHz structure that takes over in the main LHC ring.

3.1.2 Injection Chain

To accelerate the proton beam to relativistic velocities, the process is divided into

multiple stages. Protons are sourced from ionised hydrogen gas and directed to

the LHC through the injector chain, which includes the LINAC4 linear accelerator

(successor of LINAC2), the BOOSTER, the Proton Synchrotron Booster (PSB), the

Proton Synchrotron (PS), and �nally, the Super Proton Synchrotron (SPS). Each

of these accelerators has been upgraded to meet the LHC's requirements, providing

a large number of high-intensity proton bunches (up to 2808 per ring in the LHC)

with well-de�ned longitudinal pro�les and minimal transverse emittances.

For heavy ions, the process begins at the LINAC3 linear accelerator, followed by

beam formation in the Low Energy Ion Ring (LEIR) circular accelerator. Similarly

to protons, ions are then injected into the PS and SPS before they reach the LHC.

3.1.3 LHC as an ion collider

The design of the LHC from an early stage included a heavy ion program. Collisions

between lead ion beams (208Pb82+ ) are provided not only for the specialised ALICE

detector, but also for CMS and ATLAS, which also study heavy ion collisions at

similar luminosities. LHCb also records Pb+Pb collisions but at lower luminosity.
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The design value for the total centre-of-mass energy per nuclear pair was 2.76 TeV

and the design nominal luminosity was L = 1027 cm�2 s�1 . In addition to standard

Pb+Pb (and proton-lead collisions, p+Pb) collisions, the heavy-ion program at the

LHC also includes collisions of lighter nuclei, i.e. Xenon, Oxygen and Neon.

Although the primary hardware components of the LHC ring are compatible

with heavy-ion operations, the beam dynamics and performance limitations for ion

beams di�er signi�cantly from those of protons in various ways. Heavy-ion running

introduces speci�c challenges; for example, strong electromagnetic interactions in

peripheral ion collisions impose constraints on both luminosity and beam lifetime.

At the same time, heavy-ion collisions also o�er certain advantages: in particular,

the instantaneous luminosity is much lower than in proton-proton operation, making

the probability of more than one nuclear interaction per bunch crossing negligible.

3.1.4 Timeline of the LHC and ATLAS data-taking

The �rst period of data collection, which took place between 2009 and 2013, is

called Run 1. The �rst LHC proton beams in 2009 circulated at
p

s = 900 GeV.

During this time, the ATLAS detector recorded approximately 9 µb �1 of data, which

allowed calibration work to be performed. Later that year, the energy of collisions

was increased to
p

s = 2:36 TeV, setting a new world record. The next year, proton

beams with 3.5 TeV energy successfully circulated in the LHC, resulting in a centre-

of-mass energy of
p

s = 7 TeV. This value was maintained by the end of 2011 and

in 2012, the centre-of-mass energy was increased up to
p

s = 8 TeV, reaching a

maximum peak luminosity of L = 7:7 � 10 23 cm�2 s�1 . During Run 1, ATLAS

recorded a total integrated luminosity of around 28 fb�1 . The average pileup in

Run 1 was h�i = 18.

First collisions of heavy ions occurred in 2010, providing two data-taking periods

during Run 1 and resulting in more than 167 µb of total integrated luminosity

recorded [64]. The centre-of-mass energy per nuclear pair was 2.76 TeV.

During the �rst Long Shutdown (LS1) in 2013 and 2014, the superconducting

magnets were consolidated and the LHC machine was recommissioned at the collision

energy of
p

s = 13 TeV, starting the second data-taking period (Run 2). In 2016,

the LHC reached its design luminosity of L = 1 � 10 34 cm�2 s�1 with 2040 bunches

and 1:2 � 10 11 protons in a bunch. One year later, after optimisation of the beam

parameters, a new record of L = 2:09�1034 cm�2 s�1 peak luminosity was set. Due to

high pile-up observed in ATLAS and CMS, it was decided to level the instantaneous

luminosity to lower values (L = 1:5 � 10 34 cm�2 s�1 ). However, in 2018, the LHC

achieved an approximately constant peak luminosity of L = 1:9 � 10 34 cm�2 s�1

for most of the data-taking period. During Run 2, ATLAS recorded 147 fb�1 of

proton-proton data. The average pileup in Run 2 was h�i = 34.
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In the case of Pb+Pb collisions, the total integrated luminosity during Run 2

was around 2 nb�1 . This corresponds to two heavy ion runs: in 2015 and in 2018

(when ATLAS recorded 548 µb�1 and 1.76 nb�1 of Pb+Pb data, respectively) [65].

The ions were collided with a centre-of-mass energy of 5.02 TeV per nucleon pair.

After Run 2, the accelerator complex was stopped for 4 years, starting in July

2018. During the so-called second long shutdown (LS2) various maintenance and

consolidation work was performed. The LHC Run 3 started in July 2022 and will last

until July 2026. The machine was recommissioned at 6.8 TeV, which corresponds to

a centre-of-mass energy of 13.6 TeV, setting a new world record. In 2022, the LHC

delivered 39.7 fb�1 of integrated luminosity, which surpassed initial expectations.

The following year was challenging and required an extended repair and recovery

period. As a result, the integrated luminosity delivered by the LHC in 2023 was

only 31.8 fb�1 . So far, the average pileup in Run 3 was h�i = 55.

The comparison of luminosities delivered to ATLAS in years 2011-2025 during

p+p collisions is presented in Figure 3.1.2. The comparison of the average numbers

of interactions per bunch crossing in years 2011-2025 is shown in Figure 3.1.3.

Figure 3.1.2: Delivered luminosity versus time in 2011-2025 delivered to ATLAS
during p+p collisions [66].

Heavy ion campaigns in Run 3 at a centre-of-mass energy of 5.36 TeV per nucleon

pair took place in 2023, 2024 and 2025. There is also a campaign scheduled for 2026.

In 2023 ATLAS recorded 1.75 nb�1 of Pb+Pb data, 1.67 nb�1 in 2024 and 2.78 nb�1

in 2025 [66].

In order to extend the discovery potential of the LHC, there is a major upgrade

planned for the next long shutdown (LS3), which will start after Run 3 in 2026 and

take 3 years. The upgraded machine, the High-Luminosity LHC (HL-LHC) [67], will

be able to increase the luminosity and the collision rate by a factor of �ve beyond
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Figure 3.1.3: Average number of simultaneous interactions per bunch crossing h�i
and the most probable values �MPV in 2011-2025 for data recorded by ATLAS [66].

the design value. The goal is also to increase the integrated luminosity by a factor

of ten. The new con�guration will rely on a number of cutting-edge technologies,

including 11-12 T superconducting magnets, very compact and precise phase control

superconducting cavities, new technology of beam collimation as well as long high-

power superconducting links with no energy dissipation.

The HL-LHC is approved to operate from 2030 until 2041. It is expected to

deliver an instantaneous proton-proton luminosity of up to L = 7:5 � 10 34 cm�2 s�1

and a total integrated luminosity of 3 000 fb�1 . This will lead to even higher pileup

rates, up to 200 simultaneous inelastic collisions per bunch crossing.

3.2 The ATLAS experiment

The ATLAS (A Toroidal LHC ApparatuS) [58,68] is a general purpose detector, built

for probing proton-proton and heavy-ion collisions. By volume, it is the largest

detector in the world, with a length of 44 m, a height of 25 m and a mass of

about 7000 tonnes. It has a cylindrical geometry around the interaction point and

a forward-backward symmetry, which enables coverage of almost the full 4� solid-

angle. The detector consists of three main parts, namely the barrel (central cylinder)

and two endcaps. The largest subsystem, called the Inner Detector (ID), is located

closest to the interaction point. The second layer consists of calorimeters and on

the outside of the detector, the Muon Spectrometer (MS) is installed. The cut-away

view of the whole ATLAS detector is presented in Figure 3.2.1.
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Figure 3.2.1: Schematic view of the ATLAS detector [69].

3.2.1 Coordinate system

The ATLAS detector geometry is described within a coordinate system originating

from the interaction point. The z-axis is aligned with the beam direction, while the

x-axis points toward the centre of the LHC ring, and the y-axis is oriented vertically

upwards from the interaction point. In this framework, side-A of the detector is

located in the positive z-axis direction, and side-C in the negative z-axis direction.

Using polar coordinates, the azimuthal angle � is measured around the beam axis,

and the polar angle � is measured from the beam axis.

The pseudorapidity � is de�ned in terms of the polar angle � as follows:

� = � ln
�

tan
�
2

�
: (3.2.1)

For measurements involving massive particles, rapidity y is often preferred over

pseudorapidity. The rapidity is given by:

y =
1
2

ln
�

1 + � cos �
1 � � cos �

�
; (3.2.2)

where � represents the particle's velocity as a fraction of the speed of light.

The radial distance �R between two objects in the detector, which characterizes

their separation, is de�ned using the di�erences in pseudorapidity � and azimuthal

angle �:
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�R =
q

�� 2 + �� 2: (3.2.3)

3.2.2 Physics requirements and general design concepts

Given the extensive physics potential of the LHC, the requirements for the ATLAS

detector were designed around a range of processes anticipated to reveal new phe-

nomena. The high luminosity and large cross-sections provided by the LHC allow

for in-depth exploration of Quantum Chromodynamics (QCD), electroweak interac-

tions, and �avour physics, as well as the study of top quark couplings and spin. Key

benchmark searches that de�ne the performance of the ATLAS subsystems include

an extensive Higgs physics program and numerous exotic searches, such as those for

supersymmetry.

To observe the rare processes, the high luminosity and interaction rate of the

LHC are essential due to their low cross-sections. At the LHC's design luminos-

ity, the inelastic proton-proton cross-section of 80 mb yields an impressive total

rate of 109 inelastic events per second. This high event rate presents a signi�cant

experimental challenge, as each potential signal for new physics is expected to be

accompanied by a large number of simultaneous interactions per bunch crossing.

General requirements for a LHC detector can be summarised in the following

list:

ˆ Fast, radiation-hard electronics as well as high detector granularity to operate

with high event rates and reduce the impact of overlapping events (pileup),

ˆ Large pseudorapidity acceptance and azimuthal coverage,

ˆ Excellent charged-particle momentum resolution and reconstruction e�ciency

in the inner tracker,

ˆ Very good electromagnetic calorimetry for identi�cation and measurements

of electrons and photons, accompanied with full-coverage hadronic calorime-

try for missing transverse energy measurements (used for identifying particles

which do not interact with the detector, such as neutrinos or BSM signatures)

and jets measurements,

ˆ Accurate muon identi�cation and precise momentum resolution across a broad

momentum range, along with the unambiguous determination of the charge

for muons with high transverse momentum pT ,

ˆ Highly e�cient triggering for low transverse-momentum objects, complemented

with e�ective background rejection in order to maintain an acceptable trigger

rate for the majority of physics processes of interest.
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3.2.3 Inner detector

The Inner Detector (ID) is designed to reconstruct the trajectories of charged par-

ticles with momenta exceeding a given threshold, while also measuring their charge

and identifying both primary and secondary vertices. The ID covers a pseudorapid-

ity range of j�j < 2:5. It has a cylindrical geometry with a length of 3.512 m and a

radius of 1.15 m, and it operates within a solenoidal magnetic �eld of 2 T.

The ID comprises three complementary sub-detectors: the Pixel Detector (Pixel),

the Semiconductor Tracker (SCT) and the Transition Radiation Tracker (TRT). An

overview of the ID and its subsystems is shown in Figure 3.2.2.

The Pixel Detector is the innermost subsystem, located closest to the beamline.

It consists of silicon sensors, front-end electronics and �ex-hybrids, and it spans ra-

dial distances between 50.5 mm and 150 mm. It features four layers of highly granu-

lar silicon sensors, with the innermost layer, known as the Insertable B-Layer (IBL),

added in 2014 during the shutdown to enhance measurement precision, extending

coverage down to 33 mm from the interaction point. The Pixel Detector contains

approximately 80 million individual sensors, enabling precise three-dimensional re-

construction of particle trajectories.

Figure 3.2.2: Schematic view of the ATLAS inner detector [70].

Surrounding the Pixel Detector is the SCT, which covers radial distances from

299 mm to 560 mm. The SCT is composed of silicon strip sensors, or �strips,�

arranged in four barrel layers and nine disks in the endcap regions. In total, the

SCT includes 15 912 microstrips, grouped into 4 088 modules. To enable three-

dimensional position measurements, pairs of strips are mounted back-to-back at an

angle of 40 mrad.
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The TRT forms the outermost layer of the ID, extending radially from 536 mm to

1 066 mm in the barrel region. It primarily consists of gas-�lled proportional drift

tubes, which facilitate particle tracking and identi�cation by detecting transition

radiation. The TRT provides two-dimensional tracking capabilities.

3.2.4 Calorimeters

The ATLAS detector features two primary types of calorimeter systems: electro-

magnetic (EM) and hadronic. These systems are designed to measure the energy of

electromagnetic showers (primarily initiated by photons and electrons) and hadronic

showers (produced by hadrons, such as pions). Both calorimeter systems cover a

wide pseudorapidity range of j�j < 4:9. A critical characteristic of the calorimeters

is their depth, which is carefully optimised to ensure e�ective containment of both

electromagnetic and hadronic showers while minimising the punch-through of parti-

cles into the muon chambers. A cutaway view of the calorimeter system is presented

in Figure 3.2.3.

Figure 3.2.3: Schematic view of the ATLAS calorimeters [71].

The Liquid Argon (LAr) calorimeter is dedicated to the measurement of electro-

magnetic showers. The absorber material is lead, and the active medium is liquid

argon. Its thickness is de�ned in terms of the radiation length (X 0), which represents

the average distance over which a high-energy electron loses all but 1=e of its energy

via bremsstrahlung [72]. In the barrel region, the LAr calorimeter has a depth of

22 X0 and covers the range up to j�j < 2:5. For improved energy resolution, there

is an additional thin presampler installed, covering the range of j�j < 1:8. The �

range of 1:37 < j�j < 1:52 is called the transition region and it is often excluded
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in the analyses exploiting electrons and photons, due to decreased reconstruction

e�ciency. In the endcap region, the depth of the LAr is extended to 24 X0.

The hadronic calorimeter system is composed of two main components: the Tile

Calorimeter and the LAr Calorimeter. The Tile Calorimeter is designed to contain

hadronic showers and uses scintillating tiles as the active material, with steel as the

absorber. The LAr component includes the Hadronic End-Cap Calorimeter (HEC),

which employs liquid argon as the active material and copper as the absorber. Ad-

ditionally, the Forward Calorimeter (FCal), part of the hadronic system, is capable

of measuring both electromagnetic and hadronic showers. The hadronic calorimeter

covers the range of j�j < 1:7 in the barrel and 1:5 < j�j < 3:2 in the end-cap. The

FCal operates in the range 3:2 < j�j < 4:9.

3.2.5 Muon system

An overview of the Muon Spectrometer (MS) is shown in Figure 3.2.4. The spec-

trometer's operation is based on the de�ection of muon tracks within the magnetic

�eld of three large superconducting toroid magnets: one in the barrel region and

two in the end-cap regions. The toroid con�guration generates a magnetic �eld that

is perpendicular to the muon trajectories. In the barrel region, the muon chambers

are arranged in three concentric cylindrical layers around the beam axis, while in

the end-cap regions, they are positioned in planes perpendicular to the beamline.

Figure 3.2.4: Schematic view of the ATLAS Muon Spectrometer [73].

The muon subsystem employs four types of chambers: Monitored Drift Tubes

(MDT), Cathode Strip Chambers (CSC), Thin Gap Chambers (TGC) and Resistive

Plate Chambers (RPC). The MDTs are responsible for precise track coordinate
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measurements in the range of j�j < 2:7. The CSCs, which are multiwire proportional

chambers with cathodes segmented into strips, operate in the pseudorapidity range

of 2:0 < j�j < 2:7. The TGCs and RPCs are primarily used for bunch crossing

identi�cation and coordinate measurements of muons. Both systems are also used

for muon triggering: TGCs in the end-cap region and RPCs in the barrel.

3.3 ATLAS forward detectors

In order to provide coverage in the forward region, there are smaller detectors in-

stalled along the beam line. The ATLAS forward detector systems, ordered by their

distance from the interaction point, begin with the Minimum Bias Trigger Scintilla-

tors (MBTS), installed at �3:6 m from the IP. The next detectors are LUminosity

measurement using Cerenkov Integrating Detector (LUCID), placed at �17 m from

the IP and Zero-Degree Calorimeters (ZDCs), positioned at �140 m from the IP,

where the LHC beam-pipe splits into two separate pipes. The last forward system is

the ATLAS Forward Proton spectrometer (AFP), located at approximately �200 m

from the ATLAS main detector. Additionally, there used to be a more distant for-

ward system, known as ALFA, however, it completed its planned data-taking period

and was decommissioned in 2023.

3.3.1 The MBTS detector

The MBTS detectors [74] are installed at �3:6 m from the main ATLAS detector,

between ECal endcaps and the ID. They cover the forward region with an � range

of 2:08 < j�j < 3:86. Each side consists of two concentric rings of plastic scintillator

counters, organised into independent sections with di�erent � ranges. Light detected

by the scintillators is collected using wavelength-shifting (WLS) �bres and read out

by photomultiplier tubes (PMTs).

The MBTS is designed to trigger on and select minimum bias events (with the

least possible selection bias) in proton�proton and heavy-ion collisions.

3.3.2 The LUCID detector

Located at �17 m on either side of the interaction point near the Target Absorber

Secondaries (TAS) collimator, LUCID is the primary monitor of relative luminosity

for ATLAS. In addition to measuring integrated luminosity, LUCID provides online

monitoring of the instantaneous luminosity and beam conditions.

The LUCID detector comprises an array of twenty Cerenkov tubes surrounding

the beam pipe and oriented toward the interaction point. Each tube is 1.5 m in

length and has a diameter of 15 mm, and they are �lled with C4F10 gas at a constant

pressure to ensure that traversing particles emit Cerenkov light. This light is then
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measured by photomultiplier tubes (PMTs), allowing the system to distinguish the

number of particles passing through each tube.

In order to determine the absolute luminosity, a calibration technique called Van

Der Meer [75] scans is used. In this method, the two beams are transversely displaced

with respect to each other in small, controlled steps in the horizontal and vertical

directions. At each step, LUCID measures the interaction rate, which is used to

determine the visible cross section. The measured event rates are then converted

into the absolute luminosity. The procedure is performed regularly during special

LHC �lls dedicated to luminosity calibration.

3.3.3 The ZDC detector

The ATLAS ZDC [76] consists of two calorimeter modules designed to detect forward-

travelling neutral particles with j�j > 8:3. This capability is particularly critical for

studies of heavy-ion collisions. Positioned symmetrically at �140 m from the inter-

action point, referred to as ZDC-A and ZDC-C, each module is situated between

the two beam pipes inside the Target Absorber Neutral (TAN, absorber for neutral

particles), ensuring only neutral particles, una�ected by the magnetic �elds, can

reach the detectors (see Figure 3.3.1). The ZDC system includes both hadronic and

electromagnetic calorimeter sections, which are segmented both transversely and lon-

gitudinally to provide detailed spatial and energy information for detected particles.

Each module is composed of grouped quartz rods connected to photomultipliers.

The ZDC system is instrumental in heavy-ion physics, where it is likely that at

least one �spectator� neutron, detached from a colliding nucleus, continues moving

forward along the beamline. The ZDC is essential for determining whether the

ions break-up or remain intact. This additional information is often used in event

selection as it can signi�cantly reduce backgrounds for various processes. The use of

ZDC information in ultra-peripheral heavy-ion collisions, which constitute the main

topic of this thesis, is discussed in Section 2.2.

3.3.4 The AFP detector

The AFP spectrometer consists of a set of near-beam instruments located in �Roman

Pot� (RP) devices that measure protons scattered through very small angles in

photon-induced and di�ractive processes. The detection of these protons by AFP

provides new kinematic information that enables e�ective background rejection. The

AFP stations (called Near and Far) are located at approximately 200 m on both

sides of the ATLAS Interaction Point. Both Near and Far stations are equipped

with four layers of Silicon Tracker detectors (SiT) and the Far stations additionally

contains Time-of-Flight (ToF) devices. The AFP detector is described in detail in

Chapter 4.
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Figure 3.3.1: Illustration of the TAN showing the beam pipe and location of ZDC
modules [76].

3.4 ATLAS trigger and data acquisition system

During Run 2 and Run 3 of the LHC, the bunch-crossing interval for proton-proton

collisions was 25 ns, corresponding to a collision rate of 40 MHz. The majority of

events are soft interactions whereas hard scattering processes are the most interesting

for most ATLAS analyses. Moreover, due to the limited capabilities of the data

acquisition system, it is impossible to read out and save o�ine data from all collisions

at such a high rate. Therefore, ATLAS uses a dedicated trigger system which reduces

the data rate and keeps only physics processes of interest. The ATLAS trigger system

consists of two parts: a hardware-based Level-1 (L1) trigger and a software-based

High-Level Trigger (HLT).

The L1 trigger [77] processes each collision and reduces the rate of data from

40 MHz to 100 kHz. The L1 consists of the Level-1 Calorimeter (L1Calo), Level-1

Muon (L1Muon) as well as the Level-1 Topological (L1Topo) trigger systems, which

analyse information recorded by calorimeters and muon spectrometers, respectively,

in order to search for signatures from high-pT muons, electrons, photons, � -leptons

decaying into hadrons, jets and events with large missing transverse energy. The

L1 trigger provides a so-called Region of Interest (RoI), which speci�es the detector

region where a signal was detected, indicates whether it passed the energy threshold,

and identi�es the type of the candidate object. Events accepted by the L1 trigger

are then passed to the Central Trigger Processor (CTP) which applies pre-scaling

factors in order to reduce the rate of common signatures (e.g. low-pT jets).

Events are then sent to the HLT [78] which uses software processes in order

to reconstruct the event in more detail. It reduces the data-rate from 100 kHz

to 1 kHz. To provide more precise particle identi�cation as well as better energy

and momentum resolution, HLT algorithms use full-granularity information from

the calorimeters, muon spectrometers and tracking systems. The HLT performs a
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so-called online reconstruction, which is done in real-time during data-taking and

uses fast object reconstruction algorithms. The full object reconstruction (o�ine) is

described in Section 3.5.

Reconstruction algorithms are organized into sequential steps, forming what are

known as trigger chains. These chains, grouped by their associated physics signa-

tures, are compiled into collections referred to as trigger menus. A trigger menu is

a set of selection criteria for both L1 and HLT triggers, which depend on di�erent

purposes of data-taking (speci�c physics analyses, detector calibration, performance

measurements).

3.5 Object reconstruction

Object reconstruction in the ATLAS detector refers to the process of identifying

and reconstructing the properties of physics objects produced during the collision.

These objects include particles (electrons, muons, tau leptons, photons), charged

particle tracks, jets and missing transverse energy, Emiss
T . The raw data collected by

the detector consist of electronic signals from various subdetectors and during the

process of reconstruction, these raw signals are translated into meaningful physics

objects that can be used in physics analyses. Reconstruction of objects used in this

thesis is described in the following sections.

Signatures left by traversing particles in di�erent subdetectors are illustrated

in Figure 3.5.1. At the level of the ID, the trajectories of charged particles, for

example electrons and muons, can be reconstructed. When a high-energy particle

enters a calorimeter, it interacts with the absorber material and initiates a cascade of

secondary particles, called a shower. Electrons and photons produce electromagnetic

(EM) showers through two dominant processes: bremsstrahlung, where a high-energy

electron emits electromagnetic radiation when de�ected by the electric �eld and pair

production, in which a high-energy photon converts into an electron�positron pair.

Hadrons (e.g. pions) induce hadronic showers, which involve nuclear interactions

that generate for instance secondary mesons and baryons. Muons typically traverse

the calorimeters with little energy loss and are subsequently detected in the MS.
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Figure 3.5.1: Illustration of the particle trajectories and their signatures in the
transverse plane of the ATLAS detector [79].

3.5.1 Reconstruction of tracks

A track refers to the trajectory of a charged particle passing through the detector.

It is described by �ve parameters and a reference point, as presented in Figure 3.5.2

and Table 3.5.1. The reconstruction of a primary-track in the Pixel and SCT de-

tectors begins with cluster creation. A primary track refers to a reconstructed

charged-particle trajectory that originates from the primary interaction point of the

event, i.e. the location where the proton�proton (or ion�ion) collision occurred.

Raw signals from pixels and strips in a given sensor are grouped into a cluster using

so-called connected component analysis (CCA) [80]. As a result, three-dimensional

measurements are obtained, referred to as space-points. They correspond to a point

(hit) where the charged particle traversed the active material of the detector. Clus-

ters can be created by one passing particle (single-particle clusters) or by multiple

particles (merged clusters).

After cluster creation, the primary-track algorithm proceeds with an iterative

track-�nding method [81]. It uses track seeds formed from sets of three space-

points. A combinatorial Kalman [82] �lter is employed to construct track candidates

starting from the selected seeds by adding compatible space-points from subsequent

layers of the Pixel and SCT detectors. If multiple compatible space-point extensions
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are found on the same layer, the �lter generates multiple track candidates for the

corresponding seed.

In the next step, a stringent ambiguity-solver is used, which compares and rates

the track candidates by assigning a track score to each track (the score is largely

based on simple measures of track quality, e.g. �2 of a track �t). After calculating

the track scores, the ambiguity solver deals with clusters assigned to multiple track

candidates. The reconstruction e�ciency is improved by utilising a neural network

(NN), trained to identify merged clusters [83].

In the �nal step, all track candidates accepted by the ambiguity solver are re-

quired to satisfy speci�c selection criteria, including, for example, the transverse

momentum pT , pseudorapidity �, impact parameter ranges, and the number of Pixel

and SCT clusters. Track candidates ful�lling the requirements are then �tted using

all available information and added to the �nal track collection. In order to obtain

improved resolution, the position with uncertainty is determined by an additional

NN, which can predict the position where a charged particle intersected the sensor

as well as the number of charged particles which created the cluster.

Figure 3.5.2: Schema of the global track parameters (d0; z0; �; �; q
p) with respect to

the perigee [84].

3.5.2 Reconstruction of topo-clusters

In order to reconstruct calorimeter clusters, the so-called topological algorithm [85]

is used. In this procedure, clusters are formed from neighbouring calorimeter cells

based on the signi�cance of their energy to the noise. The calorimeter clusters

obtained in this procedure are also called �topo-clusters�. This approach is excellent
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Table 3.5.1: Track parameters.

Track
Parameter

Description

d0

The transverse impact parameter, de�ned as the closest ap-
proach of the track to the reference point in the transverse
plane.

z0
The longitudinal impact parameter, de�ned analogously to
d0.

�
The azimuthal angle of the track's momentum in the trans-
verse plane, measured in the range [��; �].

�
The polar angle of the track's momentum in the longitudinal
plane, measured in the range [0; 2�].

q=jpj
The ratio of the charge of the reconstructed track to the
magnitude of its momentum.

for reconstructing irregular or overlapping energy deposits and reducing noise. Topo-

clusters are explicitly used in the analysis presented in this thesis.

Topo-clusters are calibrated using a local hadronic cell weighting (LCW) cal-

ibration, in which clusters are classi�ed as electromagnetic or hadronic based on

shower-shape variables. The calibration addresses multiple calorimeter signal ine�-

ciencies, including non-compensating calorimeter response (smaller registered signal

for hadrons than for electrons and photons at the same energy), signal losses due

to intrinsic noise suppression and losses in the inactive material. The calibration

procedure provides an improved energy response for particles reconstructed in the

calorimeters.

3.5.3 Reconstruction of electrons and photons

In the ATLAS detector, electrons are identi�ed in the central region (j�j < 2:5)

by matching energy deposits in the electromagnetic calorimeter with tracks from

the ID [86]. In the forward region (2:5 < j�j < 4:9), identi�cation relies solely on

calorimeter information due to the absence of ID coverage. Photons, on the other

hand, are characterised by their energy deposits in the electromagnetic calorimeter

without any associated track in the ID, as they have no electric charge. Beyond

this distinction, the reconstruction of photons follows a strategy similar to that of

electrons.

During Run 2, ATLAS introduced a dynamic cluster size (supercluster) recon-

struction [87] to account for energy losses from electromagnetic showering. The

65



Chapter 3. Experimental setup

reconstruction algorithm begins by selecting topological clusters to be used in the

identi�cation of electrons and photons. Tracks are then re�tted using the Gaussian

Sum Filter [88] with bremsstrahlung e�ects taken into account and matched to the

selected topo-clusters. The algorithm also reconstructs conversion vertices (points

where a photon converts into an electron�positron pair) from the re�tted tracks and

matches them to the topo-clusters.

After the initial track-cluster matching and conversion building, the electron and

photon reconstruction processes proceed separately. For electrons, the algorithm

matches tracks to electron superclusters, while for photons, it matches conversion

vertices to photon superclusters. Superclusters undergo initial position corrections

before this matching step. These corrections are needed in order to account for

biases from energy weighting, detector geometry, upstream material, and shower de-

velopment, ensuring that the reconstructed centroid accurately re�ects the particle's

true trajectory.

Electrons are de�ned as objects consisting of a calorimeter supercluster matched

to one or more tracks. Converted photons are identi�ed as calorimeter clusters

matched to one or more conversion vertices, while unconverted photons are clusters

not associated with either tracks or conversion vertices. Since some objects can be

classi�ed as both electrons and photons, an ambiguity resolution step is performed

to reduce overlap, while maintaining high reconstruction e�ciency. Additional vari-

ables for quality checks and ambiguity resolution are calculated during the �nal

calibration of the reconstructed electrons and photons.

After the reconstruction, electrons and photons undergo a speci�c selection in or-

der to distinguish prompt particles and backgrounds [89]. Electrons and photons are

identi�ed using dedicated likelihood- and shower�shape�based algorithms designed

to suppress backgrounds from non-prompt sources and hadronic activity. Electron

identi�cation relies on a multivariate likelihood discriminant that combines tracking

and calorimeter observables, such as hit multiplicities, impact parameters, cluster

information, with several operating points (called VeryLoose, Loose, Medium, Tight)

o�ering di�erent e�ciencies and background rejection across transverse momentum

and pseudorapidity. Additional background suppression can be achieved through

track- and calorimeter-based isolation requirements, de�ned from the summed ac-

tivity in a �R cone around the candidate after excluding the electron itself; these

isolation criteria also provide con�gurable operating points. Photon identi�cation

is based on calorimetric shower-shape variables that exploit the typically narrow

electromagnetic showers and low hadronic leakage of prompt photons relative to

background photons from jets or neutral pion decays, with several operating points

de�ned analogously to the electron case.
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3.5.4 Reconstruction of muons

Reconstruction of muons [90] in the ATLAS detector relies on information from

all subdetectors. In the ID, they are reconstructed as any other charged particle,

as described in Section 3.5.1. In the calorimeters, they act as minimum ionising

particles and deposit a small amount of energy. In the MS, muon reconstruction

begins with a search for hits inside each muon chamber to form segments. Muon

track candidates are then obtained using a �t, which takes into account hits from

segments in di�erent layers. If the � 2 of the �t satis�es the selection requirements,

a muon track is accepted.

The combined ID-MS muon reconstruction is carried out using various algorithms

that rely on information from the ID, MS and calorimeters. Four muon types are

categorised based on the subdetectors involved in the reconstruction process:

ˆ Combined (CB) muons: The reconstruction of the muon track is done

independently in the ID and MS. For the global �t, hits from both subdetectors

are utilised, however, MS hits may be removed in order to improve the �t

quality. The baseline method uses an outside-in pattern recognition, in which

the reconstruction is �rstly done in the MS and then matched to an ID track.

In the complementary inside-out method, muon tracks are �rstly reconstructed

in the ID and then extrapolated and matched to MS tracks.

ˆ Segment tagged (ST) muons: A track in the ID is identi�ed as a muon if

it is successfully extrapolated to the MS and linked to at least one local track

segment within the MDT or CSC chambers. This reconstruction approach is

primarily employed for muons that traverse only a single layer of MS chambers,

either due to their low transverse momentum or because they originate in

regions with limited MS coverage.

ˆ Calorimeter-tagged (CT) muons: A track in the ID is classi�ed as a muon

if it is matched to an energy deposit in the calorimeter consistent with the

signature of a minimum-ionising particle. Although this muon type has the

lowest purity among all classi�cations, it extends the acceptance in regions

where the MS is partially instrumented due to the presence of cabling and

services for the calorimeters and the ID.

ˆ Extrapolated (ME) muons: The reconstruction is done using only the MS

information and extrapolation to the rest of the detector. At least two hits

in the MS chambers and three hits in the forward region are required. This

method is used outside of the acceptance of the ID.

In order to resolve the overlap between di�erent muon types, CB muons are given

the highest priority, followed by ST muons and �nally calorimeter-tagged CT muons.
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For overlaps involving ME muons, the track hit content is analysed and the track

with better �t quality as well as larger number of hits is selected. After addressing

the overlap, the �nal muon collections used for physics analyses are generated.

After the reconstruction, muon candidates are required to pass identi�cation se-

lections in order to distinguish prompt muons from backgrounds [91]. The identi�ca-

tion relies on track�quality and momentum requirements. There are several working

points de�ned (Loose, Medium, Tight, High-pT ) providing di�erent balances between

e�ciency and purity. Additional background rejection can be achieved through

track- and calorimeter-based isolation variables constructed from the activity in a

�R cone around the muon, with analogous isolation working points.
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The ATLAS Forward Proton

Detector

The ATLAS Forward Proton (AFP) detector [92] is a component of the ATLAS

experiment, designed to study processes involving the scattering of protons at very

small angles. It enables the detection of photon-induced and di�ractive processes

where one or both scattered protons remain intact. These protons usually lose

a fraction of their initial energy (such that E proton < E beam) and are e�ectively

separated from the nominal beam, due to the speci�c magnetic �eld con�guration of

the LHC and they can reach the AFP system. The main areas of physics that can be

investigated using AFP in proton-proton interactions are various single-di�ractive

processes (single di�ractive production of W, Z bosons and jets), Pomeron structure

or photon-induced production of pairs of leptons or W bosons.

The full AFP system, comprising both the A- and C-sides, began recording

data during LHC Run 2 in 2017. During this period, the primary AFP physics

program focused on studies of di�ractive processes accessible with the available de-

tector con�guration and luminosity conditions. In particular, AFP participated in

the measurement of dilepton production in photon-induced and di�ractive processes,

providing the �rst physics results with proton tagging at ATLAS [93]. While sev-

eral processes such as single di�raction (SD), di�ractive jet production and double

Pomeron exchange (DPE) remain of strong physics interest, comprehensive analyses

of these channels represent important goals for future studies. The experience gained

in Run 2 has been instrumental in preparing for Run 3, where the AFP detector is

already taking data under higher-luminosity and higher-pileup conditions, further

extending its physics reach. The Author contributed to the AFP project by deter-

mining the global alignment corrections and corresponding systematic uncertainties

using LHC Run 3 data, described in detail in Section 4.4.
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4.1 Detector components

The AFP detectors consist of a set of near-beam instruments located in so-called

Roman Pot (RP) devices, located on both sides of the IP: A-side (towards LHCb at

Point 8) and C-side (towards ALICE at Point 2). On each side there are two AFP

stations (called Near and Far), placed at approximately 205 m and 217 m on both

sides from the ATLAS IP, respectively. Both Near and Far stations are equipped

with four layers of Silicon Tracker detectors (SiT) and the Far stations additionally

contain Time-of-Flight (ToF) devices. A schematic of the AFP system in relation

to the ATLAS detector is presented in Figure 4.1.1. The speci�c detectors located

in the stations are described in more details in the following sub-sections.

Figure 4.1.1: Schematic of the AFP apparatus and important beam-line elements.
The AFP stations are located at approximately 205 m (Near) and 217 m (Far)
on both sides of the ATLAS Interaction Point (IP). Each station contains four

layers of Silicon Tracking detectors (SiT), labelled `P0' to `P3' from the nearest to
the furthest from the IP. The Far stations are also equipped with Time-of-Flight
(ToF) devices. The dipole bending (D1, D2) and quadrupole focussing (Q1�Q6)

magnets are shown, as well as collimators (TCL5�TCL6) [2].

4.1.1 Roman Pots

AFP detectors are housed in the four RP stations [92]. The RP concept is centred

around a detector volume (referred to as the pot) that is isolated from the accelera-

tor's vacuum by a thin window. It is connected with bellows, allowing insertion into

the beampipe. The RP are designed to retract the detectors during proton beam

injection into the LHC and then they can be inserted to within a few millimetres
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from the circulating beam once stable beam conditions are achieved. This technique

was initially employed at the Intersecting Storage Rings [94] at CERN, and the RP

beam interface has also been adopted by the TOTEM experiment [62].

4.1.2 Silicon tracker planes

The AFP design comprises a high resolution SiT system, providing precise momen-

tum measurement of the scattered protons. Every AFP station accommodates four

detector planes, each comprised of a silicon sensor with a thickness of 230 µm. To

ensure precise reconstruction of the proton trajectory, the AFP tracking system is

designed to achieve a spatial resolution of about 6 µm per station in the horizon-

tal coordinate (x) and 30 µm in the vertical coordinate (y), where x is measured

transversely to the beam direction, toward the LHC ring center, and y is measured

perpendicular to both the beam and the x-direction, i.e. upward in the detector

plane.

Moreover, to measure very small scattering angles, the SiT planes are positioned

almost perpendicular to the beam, with a small tilt of 14� that enhances the spatial

resolution by promoting charge sharing between adjacent pixel columns and enabling

a more precise interpolation of the hit position. The inactive area on the detector

side facing the beam is minimised to approximately 100�200 µm, allowing the active

edge of the sensor to be positioned as close as 2�3 mm from the beam.

The pixel modules are essential components of the AFP tracking system. The

AFP detectors use single-chip 3D pixel modules which are similar to those used

in the ATLAS Insertable B-Layer (IBL) [95] with some modi�cations in order to

ful�ll the AFP tracking requirements, for example slim edge and resistance to non-

uniform irradiation. Sensors are produced with �edge-less� technology, in which the

inactive edge area is only about 100 µm. The AFP pixel module consists of 336 �80

pixels with a pixel size of 50 � 250 µm2. This corresponds to a total active area of

1:68 � 2:00 cm 2. The 3D sensors used at AFP have undergone beam tests which

prove their suitability of operating very close to the beam [96].

In the data collection of Run 2, the SiT detectors demonstrated high e�ciency.

Near stations exhibited an overall e�ciency exceeding 98%, while Far stations

had a slightly lower performance ranging from 95% to 98%. One potential reason

for this variation could be the radiation-induced degradation of the silicon tracker,

particularly in the Far stations, which are positioned approximately 1 mm closer to

the beam and thus experience greater exposure to the beam halo. The Far stations

are located in the proximity of the TCL6 collimator, which represents a particularly

radiation-intense region of the LHC. Furthermore, the e�ciency of the Far stations

is in�uenced by showers generated from interactions with detector material in the

Near stations [97]. In Run 3, the AFP tracker system continues data-taking with
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newly produced SiT modules and new heat exchangers in order to improve cooling

capabilities.

4.1.3 Time-of-�ight detectors

The main purpose of the AFP Time-of-Flight detectors (ToF) is to reduce the com-

binatorial background coming from pile-up protons mainly originating from single-

di�ractive processes. This is especially crucial in high-luminosity data taking with

higher levels of pile-up (�). The aim is to calculate the di�erence in time of �ight of

the protons on both A and C sides and compare the signal vertex obtained from pro-

ton information with the one measured by the main ATLAS detector from tracking

and calorimetry information.

The AFP timing system runs at high instantaneous luminosity, where the pile-up

level can exceed � � 50. Thus, it should meet the following requirements: timing

resolution of about 10 ps, acceptance fully covering the 16.8 mm � 20 mm proton

tracking detectors, > 90% e�ciency and high rate capability of O(10 MHz/segment),

horizontal segmentation for multi proton timing, Level 1 trigger capability as well

as radiation hard or suitable for > 100 fb�1 integrated run operation. In practice,

the best achieved timing resolution was lower, about 25 ps.

AFP comprises two ToF stations, located behind the tracker planes of the Far

stations. A visualisation of the ToF detector is presented in Figure 4.1.2. It is

composed of L-shaped light-guiding quartz (LQ) bars, photo-sensitive devices as well

as a reference timing system to measure the correlation between two stations [98].

The LQ-bar consists of two arms: a radiator arm (exposed to the protons de�ected

from the beam) and a so-called light guide-arm. They are glued together at 90� angle.

The radiator arm is additionally tilted at an angle of 48 � (with respect to the beam)

in order to optimise the time for light propagation through the bar and to minimise

the amount of total re�ections. The ends of the radiators extending beyond are

trimmed parallel to the beam axis to redirect emitted photons downwards towards

the bar. Four bars are arranged consecutively to create a series (trains), with four

such series positioned on each side.

The Cherenkov photons emitted as the proton travels within the radiator arm

propagate to the light-guide arm and reach the extremities of the bars connected to

the micro-channel plate multi-anode photomultiplier (MCP-PMT). The geometry of

the bars ensures that the optical path length is uniform across all of them.

In 2017, the resolution of the ToF devices was measured using events from AT-

LAS physics runs with signals in both stations at pile-up of � � 2. The measured

resolution ranged between 20 ps to 50 ps in the individual ToF channels, however,

the observed e�ciency was below 5% in a major part of the analysed data. The

collective time resolution of each ToF detector in that dataset was determined to
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Figure 4.1.2: Visualisation of the LQ bar [2].

be 20 � 4 ps and 26 � 5 ps for A-side and C-side, respectively, with systematic

uncertainties dominating over the statistical ones [99].

Due to the very low e�ciency and several failures of MCP-PMTs during Run 2,

the ToF system has undergone a signi�cant upgrade. There was a new design of the

detector �ange (so called out-of-Vacuum solution) applied, new MCP-PMT back-end

electronics and the detector was also equipped with modern glue-less LQ-bars [97].

At the beginning of Run 3 data-taking, the detector e�ciencies were very high during

the luminosity ramp-up 1 period, when the number of bunches circulating in the LHC

was still below the nominal value. Over time, the e�ciency gradually degraded as

the number of bunches and overall beam intensity increased. The origin of this

degradation at high intensities is currently under investigation.

4.2 Reconstruction of forward protons

The objective of forward proton reconstruction is to transform spatial coordinate

measurements (x; y; z) into outgoing proton four-vectors (E; px ; py ; pz). The recon-

struction of proton four-momentum begins with pixel hits in SiT, which are then

clustered together and form tracks. At the end, proton objects are obtained from

SiT tracks that passed speci�c quality requirements. This process is illustrated

in Figure 4.2.1.

SiT pixel hits within each plane are clustered using so-called neighbouring func-

tions. They are considered neighbours if they occur in the same SiT plane, in ad-

jacent pixel columns and in the same pixel row. Given the dimensions of the SiT

1Ramp-up refers to the gradual increase of the beam energy or the accelerator's operational
intensity during a commissioning or restart phase.
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Figure 4.2.1: Illustration of an AFP station, detailing its layers, clusters within
layers, and potential SiT tracks. The blue clusters form a track, whereas the red
clusters do not, due to the absence of clusters in the second and fourth layers [2].

pixels, a track is more likely to pass through two adjacent pixels in the same col-

umn (short-pixel direction) rather than through two adjacent pixels in the same row

(long-pixel direction). It should be noted that before further track reconstruction,

the positions of the local clusters are additionally corrected for inter-plane misalign-

ment, described in Section 4.3.

The next step is the reconstruction of the tracks by identifying clusters that are

within a user-de�ned maximum separation in the x � y plane (
p

(�x) 2 + (�y) 2 <

0:5 mm, by default). A candidate for a track is then created from each cluster

located in the de�ned region. In the default reconstruction, clusters are required to

be present in at least two successive SiT planes. If multiple clusters exist within the

track candidate, the optimal track is determined using a linear regression algorithm,

which �ts a track to the given set of clusters. The goodness of �t is estimated using

the � 2 test. Cluster uncertainties originate from the pixel resolution.

In the last step, forward protons are reconstructed from tracks that meet speci�c

quality criteria. Users can determine the quality of the proton objects by selecting

from loose, medium (default) and tight options:

ˆ Loose: At least two clusters in the track;

ˆ Medium: Meets the Loose criteria, plus a minimum of two SiT planes;

ˆ Tight: Meets the Medium criteria, with no more than one cluster hit per SiT

plane.
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Protons can be reconstructed using tracks detected in both AFP stations or in

a single station. The former requires a track in both the Near and Far station

with a maximum distance in the transverse plane of rmax = 2 mm between the

two tracks. In the latter method, there is no such requirement, however, if there

are reconstructed tracks in both AFP stations that fail the r max requirement, the

proton is reconstructed using only the track from the Far station.

The kinematics of reconstructed protons in AFP analyses are typically expressed

by their fractional energy loss �:

� = 1 � E 0
p=Ep; (4.2.1)

where Ep and E0
p are the energies of the incoming and scattered protons, respectively.

The proton � obtained using the above equation can be related to the horizontal

position, x, of the proton measured in the AFP. This relation is described by the

parametrised transport function, x = T (�), which depends on the LHC magnetic

optics and is determined from �ts to x versus � in simulation.

Signi�cant proton fractional energy losses are usually associated with substantial

de�ections from the beamline, with the strongest correlation being in the x direction

due to the D1 and D2 dipole magnets (see Figure 4.1.1). For a �xed �, non-zero

proton px and py values primarily in�uence the spatial positions in the AFP stations

along the x and y directions, respectively.

4.3 Inter-plane alignment

Local alignment is the �rst step of the AFP alignment procedure, which refers to

determination of the relative positions of the four SiT planes within each station.

It has an impact on track reconstruction and therefore also on the reconstruction of

the proton objects. Studies of the local alignment have been initiated during LHC

Run 2 using the method described in detail in Ref. [100,101]. In Run 3, the studies

were repeated using new data. This section summarises the used method and the

derived corrections.

The derivation of the local alignment corrections rely on minimising the dif-

ferences between the cluster and the track position within each SiT plane. The

expected (true) position of the protons is represented using the track positions as

a reference. Each algorithm is initialised by reconstructing track segments2 within

each station using the method discussed in Section 4.2. As a starting point, all planes

are assumed to be perfectly aligned and all segments are parallel to the beam-line.

The alignment procedure used in Run 2 accounts for o�-sets of x and y-coordinates

2A track segment is a straight-line trajectory reconstructed within a single AFP station, using
hits recorded in the multiple silicon tracking planes of that station.
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and rotation of planes around the z-axis. For a track that is parallel to the beam,

o�-sets in relation to the z-coordinate do not impact track reconstruction. The tilts

of the y � z and x � z planes are represented as rotations about the x and y axes

and their impact on reconstruction is even smaller and therefore can be neglected.

The relation between the position of the track (~rt ) and the position of the clusters

(~rc) can be described with the following formula [101,102]:

~rt = R (�; �; 
) ~r c + �~r (�x; �y; �z) (4.3.1)

where R(�; �; 
) denotes the rotation matrix in three dimensions, which corresponds

to the rotation angles around the z, y, x axes, respectively, and �~r is the o�-set

correction along the x, y, z axes.

Each SiT plane has six degrees of freedom: three rotational and three trans-

lational, resulting in 24 free parameters per station. One can use the small-angle

approximation for the rotation matrix as shown in Equation 4.3.1 and focus on rota-

tions around the z-axis as well as adjustments in the x and y direction. Additionally,

three degrees of freedom are removed by calculating the alignment parameters rela-

tive to the SiT plane closest to the collision point, designated as the 0th plane. This

approach also eliminates one weak mode (referring to a translation or rotation that

does not change the residuals or the �2 of a given track), which involves shifting the

entire detector. As a result, only nine free parameters need to be determined for

each AFP station.

In the method developed during Run 2 [101], in the initial step the values of

the alignment parameters are set to zero, assuming no disagreement between the

position of a reconstructed track and a cluster in a given plane. Then the alignment

algorithm proceeds through iterative calculations until a stable state is reached,

indicating that no further correction is needed. The o�set along the x-axis before

and after local alignment corrections for 2022 data is presented in Figure 4.3.1 for the

C-Far station. Before applying all corrections, the average di�erence between the

measured cluster hit position and the reconstructed track position is 29.27 µm, which

corresponds to the o�set of the 1st SiT plane in the x-direction. The calculations

reach convergence after multiple iterations, resulting in the average distance between

the hit and the reconstructed track consistent with zero: 0.01 µm.

Before correcting the plane's rotation, the mean residual xtrack � x cluster (�x)

varies with y, as illustrated in Figure 4.3.2 for the C-Far station using 2022 data.

This variation indicates discrepancy between the measured cluster hit position and

the reconstructed track position, which increases with y. It indicates the rotation

of the considered 1st SiT plane about the z-axis by an angle of 0.51 mrad. After

applying local alignment corrections, �x dependence on y is considered constant

and consistent with zero. Uncertainties are statistical only.
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Figure 4.3.1: Comparison of the residual distribution for the x-coordinate in the
second plane (plane-1) of the C-Far AFP station, before the alignment (red) and

after the alignment (blue). The residuals denote the di�erence between the
measured cluster position in the SiT plane and the reconstructed track position,
calculated as xtrack � x cluster . The averages of these distributions are displayed as

well [2].

Figure 4.3.2: The mean residual value in x as a function of position in the
y-direction, for the second plane of the C-Far station (plane-1), before the

alignment (red) and after the alignment (blue). A linear �t to the data points is
shown and the parameters of the �ts are displayed alongside their respective

statistical uncertainties [2].
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4.4 Global alignment

The term `global alignment' pertains to determining the position of each AFP sta-

tion relative to the beam. The precise calculation of the global alignment corrections

is crucial for many analyses relying on AFP, e.g. it was the source of the biggest

systematic uncertainty for the Run 2 dilepton + forward proton measurement [93].

Once the relative position of the four SiT planes within a station is known (referred

to as `local alignment', described in Section 4.3), solving the global alignment in-

volves obtaining a single constant that shifts the x-coordinate of reconstructed track

segments in each station with respect to the beam. In practice, the position of the

nominal origin of the SiT detector relative to the beam is deconstructed into various

contributions that explicitly account for run and station dependencies. Given the

x-position of the track prior to any alignment other than local, x pre-align , additive

alignment parameters dependent on run r and station s are applied to yield the

aligned track coordinate x(r; s), as detailed in Ref. [100]:

x(r; s) = x pre-align + x tracker � x beam(s) + x RP (r; s) + �x corr (s) : (4.4.1)

The tracker position, x tracker , represents the distance between the bottom of the

RP and the closest SiT sensor, assumed to be constant across stations and has a

�xed value of �0:5 mm.

The distance between the beam centre and the beam pipe centre (xbeam(s)) is

determined using standard beam-based alignment (BBA) procedures [103]. These

procedures are employed to identify the RP motor positions at which the RP ap-

proaches the beam edge, thereby de�ning the corresponding safe motor positions.

The RP position (x RP (r; s)) corresponds to the distance between the bottom of the

RP and the beam pipe centre and remains constant for long periods. It is also

measured from BBA. The distances are depicted in the schema in Figure 4.4.1. The

corrections utilised to derive in-situ global alignment constants described in the next

sub-section are summarised in Table 4.4.1 [100].

The in-situ corrections, �x corr (s), and the corresponding systematic uncertainties

for the 2022 dataset, derived from the analysis of photon-induced dimuon events,

were the focus of the Author's ATLAS Quali�cation Project (AQP). Following the

completion of the AQP, the Author continued the work on the global alignment

using the datasets collected in 2023 and 2024. The results of the AQP based on

2022 data are elucidated in the subsequent section.

4.4.1 In-situ corrections using dimuon data

The �nal part of the global alignment corrections, denoted as �xcorr (s), is determined

from collision data. A tight selection targeting photon-induced dimuon events is

78



Chapter 4. The ATLAS Forward Proton Detector

employed to ensure that the intact proton recorded by the AFP and the lepton

pair recorded by the central ATLAS detector originate from a common process

as frequently as possible. Feynman diagrams illustrating the studied process are

depicted in Figure 4.4.2.

Figure 4.4.1: Schema of an AFP station inside a `Roman Pot' with respect to the
beam pipe. Figure adapted from [104].

Table 4.4.1: Alignment corrections for 2022 data. The parameters dependent on
run r and station s, applied to yield the aligned track coordinate x(r; s).

Station x tracker [mm] xbeam(s) [mm] x RP (r; s) [mm]

0 (A Far) -0.5 -1.000 -2.47
1 (A Near) -0.5 -0.782 -3.01
2 (C Near) -0.5 -0.995 -3.33
3 (C Far) -0.5 -0.556 -2.08

Using the central ATLAS detector, one can compute the anticipated fractional

proton energy loss via the dimuon system (��� ). This quantity is dependent on

the dimuon invariant mass (m�� ), centre-of-mass energy (
p

s) and dimuon rapidity

(y�� ), as expressed by the equation:

� �� =
m��p

s
e�y �� : (4.4.2)

This quantity is correlated to the expected x-coordinate, denoted as x�� , where

a proton track segment should be located in each AFP station. In practice, this

mapping from � to x �� is accomplished using parametrisation �les that o�er a de-

scription of the LHC magnet con�guration. By utilising AFP, one can measure the

proton track segment position, denoted as xAFP . In the global alignment process, a
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Gaussian distribution is �tted to the x AFP � x �� distribution, and its mean value

serves as an alignment constant. Thus, the well calibrated dimuon system is used

to align the AFP detectors.

Figure 4.4.2: Feynman diagrams illustrating photon-induced dilepton production
in the (left) elastic and (right) single-dissociative process [93].

4.4.2 Analysis framework and event selection

The Author migrated the code originally designed for determining global alignment

during Run 2 to the so-called release 22 software, in order be compatible with the

Run 3 data. The migration of the analysis framework to release 22 included applying

the updated ATLAS and AFP data quality selections (Good Run List, GRL), Run 3

trigger, new recommendations for muons (a�ecting muon calibration) and updating

the beam optics.

The global alignment procedure relies on data corresponding to an integrated

luminosity of approximately 25 fb �1 [66] recorded in 2022 by AFP (compared to

14.6 fb�1 in 2017 [65]), following the application of ATLAS and AFP data quality

selections. The �rst part of the code takes a custom data format designed to select

photon-induced processes from 2022 proton-proton collisions at a centre-of-mass

energy of
p

s = 13:6 TeV as an input and generates analysis ntuples containing

photon-induced dimuon candidates.

Work was also carried out on the global alignment and its associated uncertainties

using 2023 and 2024 data, corresponding to an integrated luminosities of approxi-

mately 26 fb�1 and 110 fb�1 recorded by AFP (prior to data-quality requirements)

in 2023 and 2024, respectively.

The second part of the code performs the actual global alignment calibration.

It utilises events containing dimuon candidates along with all good proton tracks

and proton objects. Protons are reconstructed only if a good track is registered in

the Far station. However, there is no explicit requirement to have a reconstructed

proton object in the event. The x-coordinates are obtained from the reconstructed

AFP tracks (rather than proton objects) and signal histograms are generated using
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the x-coordinate of the track closest to the dimuon x (x�� ) for each station, denoted

as xAFP . Consequently, any track can be selected, provided it is su�ciently close to

the predicted value.

The code primarily uses double-station reconstruction; however, the reconstructed

proton objects are employed only for determining the fractional energy loss of pro-

tons, � AFP . Therefore, whether single-station reconstruction (with a proton object

in the Far station) or double-station reconstruction (with proton objects in both

Far and Near stations) is required makes little practical di�erence, although mi-

nor variations were observed during evaluations due to cuts imposed on �AFP . It

should be noted that in double-station reconstruction, tracks may also be observed

in stations where no proton object is present.

Events are required to pass the dimuon trigger and ful�ll the ATLAS and AFP

GRLs. The selected muon quality level is set to medium [90] and exactly two

muons are required in the event. Further selection criteria include ��� > 0:02 and

� AFP > 0:02, j� � j < 2:4, p �
T > 14 GeV. To target photon-induced dimuon production

the following requirements are applied: transverse momentum of the dimuon system

p��
T < 5 GeV, acoplanarity A ��

� = 1 � j�� �� j=� < 0:01, distance to the nearest

non-� track j�zj > 0:5 mm and dimuon invariant mass (m �� ) not in the Z-boson

mass window (20 GeV < m�� < 70 GeV)
S

m�� > 105 GeV.

4.4.3 Global alignment correction and systematic uncertainty

The in situ correction relies on event-by-event comparisons between x�� and xAFP .

Distributions of x AFP � x �� for A-side and C-side are shown in Figure 4.4.3 and

the signal distributions (after subtracting the background) with a �tted Gaussian

are depicted in Figure 4.4.4. The peak in these distributions corresponds to genuine

correlations between the muons and proton, superimposed on a background resulting

from random coincidences. The shift of the peak away from the 0-position indicates

the misalignment of the AFP station.

Background estimation is achieved through an event-mixing technique, where

x �� is chosen from a randomly selected event in a dimuon sample before requiring

an AFP track segment, and xAFP is selected from a randomly chosen event with an

AFP track in the corresponding station. The background is normalised to data in

the (x AFP � x �� ) < �1 mm region to avoid signal contamination. The alignment

correction value �x corr for a given station is determined from the mean value of a

Gaussian �t around the peak region after subtracting the background contribution.

For example, in Figure 4.4.4, the Gaussian �t to the distribution before the alignment

correction for A-Far station (top left) yields a mean of 900 � 46 µm, which is taken

as the alignment o�set. This procedure is repeated multiple times until it converges

at a value consistent with zero.
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Alignment corrections for the Near stations are further re�ned during the �nal

`�ne-tuning' step of the global alignment procedure, as illustrated in Figure 4.4.5.

This step is motivated by the requirement to centre the x-component of the pro-

ton momentum around zero, as protons have an initial transverse momentum of

px = 0 GeV and should exhibit no preferred deviation in the horizontal direction af-

ter scattering. In this additional procedure, the background-subtracted xAFP � x ��

distributions for the Near stations are shifted until the mean value of the p x his-

togram for the corresponding AFP arm is consistent with zero. For the px distribu-

tion, events are required to have exactly one good proton track and �AFP within the

range 0:04 < �AFP < 0:06. This tight cut on � AFP is applied to avoid bias, as the

acceptance near the detector edge is not 100%.

The full set of alignment corrections with additional `�ne' tuning step is:

�x corr (A Far) = �0:940 mm;

�x corr (A Near) = �0:703 mm;

�x corr (C Near) = �0:558 mm;

�x corr (C Far) = �0:350 mm:

In order to evaluate the robustness of the global alignment corrections and to

derive the corresponding systematic uncertainties, the in-situ analysis is repeated

multiple times with di�erent variations of the selection cuts and other analysis re-

quirements. The considered variations include modi�cations to the default selection

criteria and the application of additional adjustments, such as requiring exactly one

track reconstructed in the AFP arm; varying the dimuon pair transverse momentum

cut from p��
T < 5 GeV to p ��

T < 4 GeV and p��
T < 3 GeV; changing the distance to the

nearest non-muon track from j�zj > 0:5 mm to j�zj > 0:3 mm and j�zj > 0:7 mm;

varying the acoplanarity cut from A ��
� < 0:01 to A ��

� < 0:02 and A��
� < 0:03;

and changing the ��� requirement from � �� > 0:02 to � �� > 0:015, � �� > 0:017,

� �� > 0:019, � �� > 0:021, � �� > 0:023 and � �� > 0:025. Additional tests are per-

formed by modifying the binning from 100 bins to 70, 150 and 200 bins and changing

the �t range from the default interval of (�1 mm; 1 mm) to (�0:8 mm; 0:8 mm)

and (�0:6 mm; 0:6 mm). Furthermore, the procedure is repeated including the re-

gion around the Z-boson peak and by performing the analysis without background

subtraction.

The comparison of the systematic tests for the AFP stations on the A-side and

C-side, obtained from �ts to the signal distributions after applying all alignment

corrections, is shown in Figures 4.4.6 and 4.4.7, respectively. The applied variations

result in shifts of the alignment constants typically below 100 µm for most of the

tested modi�cations.
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Figure 4.4.3: The distributions show the di�erence between the track position
measured in a given AFP station (�rst row: A-Far, second row: A-Near, third

row: C-Near and last row: C-Far), denoted as x AFP , and the position calculated
from the exclusive dimuon candidate system, x�� . The black points represent the
selected data events, while the red points correspond to the background estimated
from mixed data, where xAFP values are randomly taken from unrelated events.
Figures on the left show the distributions before applying the global alignment
correction and those on the right show the distributions after the correction.
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Figure 4.4.4: The distributions depict the di�erence between the x-position of
tracks measured in a given station (�rst row: A-Far, second row: A-Near, third

row: C-Near, and last row: C-Far), denoted as x AFP , and the x-position
calculated from the exclusive dimuon candidate system, x�� . Black points

represent the background-subtracted distributions where a Gaussian distribution
(red line) is �tted to the signal peak. Figures on the left show the distributions
before applying the global alignment correction and those on the right show the

distributions after the correction.
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