m SORBONNE '

UNIVERSITE ARG

THESE

en vue de 'obtention du grade de

Docteur en Physique de I’Univers
délivré par Sorbonne Université

Ecole doctorale des Sciences de la Terre et de ’Environnement et Physique de
I’Univers de Paris (ED 560)

Laboratoire de Physique Nucléaire et des Hautes Energies - Equipe Masse et Interactions
Fondamentales

Etalonnage, mesure des sections efficaces de
production et étude de la sous-structure des

jets avec les données A’ATLAS, perspectives au
FCC-ee

par Line Delagrange

Dirigée par Bogdan MALAESCU

Présentée et soutenue publiquement le
Devant la commission d’examen formée de :

Mme. Delphine HARDIN Sorbonne Université Présidente du jury
Mme. Katerina LIPKA University of Wuppertal, DESY Rapportrice

M. Peter LOCH University of Arizona Rapporteur

M. Fabrice BALLI CEA Saclay Examinateur

M. Bogdan MALAESCU CNRS Directeur de these









Contents

Introduction 9
1 The Theoretical Framework 13
1.1 The Standard Model of Particle Physics . . . . . .. .. .. ... .. ... 13
1.1.1 Quantum Field Theory . . . . . . . . ... ... ... ... ..., 13
1.1.1.1  Notations and conventions . . . . . . . . .. ... ... .. 14

1.1.1.2  Lagrangian formalism and symmetries . . . . . .. .. .. 14

1.1.1.3  Gauge Theory . . .. .. .. .. ... ... ... 15

1.1.2  Standard Model . . . . . . . . ... 15
1.1.2.1  Symmetries . . . . .. ..o 15

1.1.2.2  Spontaneous symmetry breaking . . . . .. ... .. ... 16

1.1.2.3  Field content of the Standard Model . . . . . . ... ... 16

1.1.2.4 Mathematical definition of the Standard Model . . . . . . 17

1.2 Quantum Chromodynamics . . . . . . . .. .. ... .. ... 18
1.2.1 The QCD Lagrangian . . . . . . . . . . .. .. ... ... ... 18
1.2.1.1  Expression . . . . . . . ... .. 18

1.2.1.2 Matrix elements . . . . ... ... L. 19

1.2.1.3 Renormalization . . . . ... .. .. ... ... ...... 20

1.2.1.4  The strong coupling constant . . . . . . . ... ... ... 20

1.2.2  From partons to hadrons . . . . . . .. ... ... .. 20
1.2.2.1 Perturbative QCD . . . . . . .. .. ... ... ... ... 21

1.2.2.2  Non-perturbative QCD . . . . . . . . ... ... ... ... 24

1.2.2.3  The whole picture . . . . . . ... ... ... 26

1.2.3  Monte Carlo Simulations . . . . . . ... .. ... .. ........ 27
1.2.3.1 Event Generation . . . . . . . ... ... ... .. ..... 28

1.2.3.2  Parton-level prediction . . . . . . .. ... ... ... ... 28

1.24  Jets . . . e 29
1.2.4.1  Jet definition . . . . . . ... ... oL 29

1.2.4.2  Jet algorithms . . . . . ... ..o 30

1.2.4.3 Jets in hadron colliders . . . . . . ... ... ... .... 32

1.2.4.4  Jet substructure . . .. .. ... ... L. 33

2 The ATLAS experiment and object reconstruction in ATLAS 35
2.1 LHCat CERN . . . . . . e 35
2.1.1 The acceleration chain . . . . . . ... ... ... ... ....... 36
2.1.2 Data-taking . . . . . ... 37

2.2 The ATLAS experiment . . . . . . . . . . . . . .. ... ... ... 38

iv



CONTENTS

2.3

3 The
3.1

3.2

2.2.1 The inner detector . . . . . . . ... oL 40
2.2.2  The calorimeter system . . . . . . . ... ... L. 42
2.2.2.1 Principle . . . . .. 42
2222 Layout. .. ... .. . . 42
2.2.2.3 Electromagnetic calorimeter . . . . . . . .. .. ... ... 43
2.2.2.4 Hadronic calorimeter (HCAL) . . . . ... ... ... ... 44
2.2.3 The muon spectrometer . . . . . . ... ... L. 45
2.2.4  The trigger system . . . . . . . ..o 0L 46
Reconstruction and data processing in ATLAS . . . . . .. ... ... ... 47
2.3.1 General object reconstruction . . . . .. .. ... A7
2311 Tracks . . . . ..o 47
2.3.1.2 Vertices . . . . . . . 48
2.3.1.3  Electrons and photons . . . . . ... .. ... ... .... 49
2314 Others . . . . .. ... 49
2.3.2 Jet reconstruction . . . . ... ..o Lo 50
2.3.2.1 Topological clusters . . . . . .. ... ... ... ... .. 50
2.3.2.2 Local hadronic cell weighting . . . . .. .. .. ... ... 51
2.3.23 PFlowobjects . . . . . ... ..o 51
2.3.2.4  Constituent-level pile-up rejection . . . . . . . .. ... .. 52
2.3.2.5  Jet reconstruction . . . . ... 52
233 JetCleaning . . . . . . . . . .. 54
2.3.3.1 Jet Vertex Tagger . . . . ... ... ... ... .. .... 54
2.3.3.2  Event level selection . . . . ... ... ... ... 54
234 MCsimulations . . . . . ... 56
2.3.5 The ATLAS dataflow . . . . ... ... ... ... ... ...... 57
Jet n-intercalibration 59
Current status of jet calibration in ATLAS . . . . .. ... ... ... ... 60
3.1.1 Reconstruction and origin correction . . . . .. .. ... ... ... 61
3.1.2  Pile-up corrections . . . .. ..o 61
3.1.3  MC absolute calibration (MCJES) . . ... ... ... .. ..... 62
3.1.4  Global sequential calibration (GSC) . . . . ... ... ... .. ... 63
3.1.5  Residual in situ calibration . . . . . . . ... ... 0. 65
3.1.5.1 np-intercalibration . . . . . . . . ... 000 67
3.1.5.2 Z/y+jetmethod . . . . ... ... 67
3.1.5.3  Multijet balance . . . . .. .. ... ... 68
3.1.5.4 Systematic uncertainties . . . . . . .. ... .. ... ... 69
3.1.5.5 Combination of the in situ measurements . . . . .. . .. 70
3.1.5.6  Single-particle response calibration . . . . . ... ... .. 71
3.1.6  JES uncertainties application and reduction scheme . . . . . . . .. 73
3.1.7  The Jet Energy Resolution (JER) . . . . ... ... ... ... ... 74
3.1.7.1 JER measurement using dijet events . . . . .. ... ... 74
3.1.7.2  Noise measurement . . . . . . . ... ... ... 75
3.1.7.3 Combination and application . . . . ... ... ... ... 7
Detailed description of the n-intercalibration . . . . . . . . . ... ... .. 78
3.2.1 Event selection . . . .. .. ... o 78



CONTENTS

3.3

3.4

3.5

4 The
4.1
4.2

4.3

3.2.1.1 Datasets . . . . . . ..o 78
3.2.1.2 Basic event selection and triggers . . . . .. .. ... ... 79
3.2.1.3 Dijet selection. . . . . . .. ... oo 79
3.2.1.4 Binning . . . .. ..o 80
3.2.2  Derivation of the intercalibration factors . . . . . . . .. . ... .. 82
3.2.2.1 Determining the mean asymmetry . . . .. .. ... ... 82
3.2.2.2  The central reference method . . . . . ... ... ... .. 84
3.2.2.3 The matrix method . . . . . . . .. ... ... ... 84
3.2.3  Derivation of the calibration factors . . . . . . ... ... ... ... 87
3.2.4 Uncertainties . . . . . . . ..o Lo 88
3.2.4.1 Systematic uncertainties . . . . . .. ... 88
3.2.4.2  Statistical uncertainties . . . . . .. ... 90
Improvements to the n-intercalibration method . . . . . . . .. .. ... .. 91
3.3.1 Recovering constraints . . . . . . . . ... Lo Lo 91
3.3.1.1 Discarded constraints . . . . . . ... ... ... 91
3.3.1.2  Asymmetry binning . . ... ..o 93
3.3.1.3 Fitrange . . . . . ... oo 94
3.3.1.4 Results . . ... ... ... 94
3.3.2 The global x?/NDF test . . . . . ... ... .. .. ......... 95
3.3.2.1 Principle . . . . ... 95
3.322 Results . . ... 95
3.3.2.3 Perspective . . . . ..o 96
3.3.3  The bootstrap method for the evaluation of statistical uncertainties 97
3.3.3.1 Principle . . .. ... . 97
3.3.3.2 For the np-intercalibration . . . . .. ... ... ... ... 98
3333 Results . .. ... 98
3.3.3.4 Application in physics analysis . . . . .. ... ... ... 100
Deriving the official n-intercalibration corrections and uncertainties . . . . 103
3.4.1 Pre-recommendations phase-I . . . . ... ... ... 0. 103
3.4.2 Pre-recommendations phase-IT . . . . . .. ... ... ... ... .. 104
3.4.2.1 Trigger efficiency study . . . . ... ... ... .. 105
3.4.2.2 Phase-II pre-recommendations results . . . . . ... ... 106
Conclusion . . . . . . . . .. 107
Inclusive Jet Cross-Section Analysis 111
The inclusive jet double-differential cross-section measurement . . . . . . . 111
Dataset . . . . . . . 112
421 Data . . . . . 112
4.2.2 MC simulations . . . . . . ..o Lo L 114
Unfolding . . . . . . . . . 114
4.3.1 Motivation . . . . . . . ... 114
4.3.2 General unfolding strategy . . . . . . .. . ... ... 114
4.3.3 The IDS method . . . .. .. .. ... ... .. 115
4.3.4 Data-driven closure test . . . . . .. ... .o 117
4.3.5 Application to the inclusive jet cross-section analysis . . . . . . .. 118
4.3.5.1 Object definition . . . . . . .. ... ... L. 118

vi



CONTENTS

4.4

4.5

4.6

The
5.1

5.2

2.3

5.4

5.5
5.6

4.3.5.2 Data-driven closure test . . . . . . .. .. ... ... ... 118
Experimental uncertainties . . . . . . . ... .00 oL 119
4.4.1 Statistical uncertainties . . . . . . ... ..o 120

4.4.1.1 Evaluation through the bootstrap method . . . . . . . .. 120

4.4.1.2  Correlation with the n-intercalibration factors . . . . . . . 121
4.4.2 Systematic uncertainties . . . . ... .. Lo 122

4.4.2.1 Missing Tile Modules . . . . . . .. ... ... ... .... 122

4.4.2.2 JES uncertainties . . . . . . .. ... 122

4.4.2.3 JER uncertainties . . . . ... .. ... ... ... 126

4.4.2.4  Other uncertainties . . . . . . . . . .. ... ... ... .. 126
Results . . . . . . . 127
4.5.1 Unfolded data and uncertainties . . . . . . . . .. .. .. ... ... 127
4.5.2 Comparison to theory predictions . . . . . . ... .. ... .. ... 132

4.5.2.1 Theory predictions . . . . . . .. ... oL 132

4.5.2.2 Uncertainties . . . . . . . . ... ... 132

4.5.2.3 Smoothing of the predicted jet cross-section spectra . . . . 133

4.5.2.4  Quantitative comparison with data . . . . . . . ... ... 134

4.5.2.5 QCD interpretation . . . . . .. ... 135
Conclusion . . . . . . . . . e 135
Lund Jet Plane Analysis 137
The Lund Jet Plane . . . . . . . . . .. ... ... ... 137
5.1.1 Principle . . . . . . .o 137
5.1.2 Construction . . . . . . . . . . 139
5.1.3 Analytical properties and applications . . . . ... ... ... ... 140
Dataset . . . . . . . 141
52.1 Data . . . . . . 141
5.2.2  Monte Carlo simulations . . . . . . ... .. ... ... .. ..... 142
Unfolding . . . . . . . . . 142
5.3.1 IDS vs IBU regularisation . . . . . . .. ... ... ... .. .... 142

5.3.1.1 IBU regularisation principle . . . . . . ... ... ... .. 142

5.3.1.2  Comparison with IDS . . . . . ... ... ... .. ... .. 143
5.3.2  Choice of the number of unfolding iterations . . . . . . . .. .. .. 143

5.3.2.1 Data-driven non-closure test . . . . . . ... ... ... .. 143

5.3.2.2  Statistical uncertainties . . . . . .. .. ... 145

5.3.2.3 Final choice . . . . . . .. ... 145
Experimental uncertainties . . . . . . . ... ..o 146
5.4.1 Statistical uncertainties . . . . . . . . .. ... 147
5.4.2 Systematic uncertainties . . . . ... ..o 147

5.4.2.1 JES and JER uncertainties . . ... ... ... ... ... 147

5.4.2.2 Tracking related uncertainties . . . . . . . . . . ... ... 147

5.4.2.3 Modelling uncertainty . . . . . ... ... 149

5.4.24 Pile-up reweighting . . . . . . ... 150

5.4.2.5  Other uncertainties . . . . . . . . ... ... ... ..... 150
Results . . . . . . . 155
Conclusion and perspective. . . . . . . . . . .. ... 155

vii



CONTENTS

6 Jet studies in an FCC-ee environment
6.1 The Future Circular Collider . . . . . . . . . .. .. .. ... ... .....
6.1.1 Project . . . . . . . .
6.1.2 Detector concepts . . . . . . . . ..
6.1.3 Working in an ete™ environment . . . . . ... ... ... ... ..
6.1.3.1 Advantages . . . . . . . ...
6.1.3.2 Challenges . . . . ... ... ...
6.1.4 Planned schedule . . . . . ... ... L
6.2 Sensitivity to ag at the FCC-ee . . . . . . . . .. ... 0.
6.2.1 Motivations . . . . . . . ...
6.2.2 Dataset and event selection . . . . . . ... ... ... ... ...,
6.23 Rajo . .
6.2.3.1 Definition . . . . . . ... ...
6.2.3.2 Dependence on jet algorithm variables . . . . . ... ...
6.2.3.3 Perspective at FCC-ee . . . . . . . .. ... ... .. ...
6.2.3.4 Discussions . . . . . ... ...
6.24 Lund Jet Plane . . . . . . . . .. ... ...
6.3 Conclusion and perspective. . . . . . . . . ...
Conclusion
Bibliography
A Appendix for the jet n-intercalibration
A.1 Sources of uncertainties in the Jet Energy Scale . . . . . .. .. ... ...
A.2 Trigger Strategy for data 2022 . . . . . . . . . ... L.
B Appendix for the Lund jet plane measurement

viil

157
157
157
158
159
159
160
161
162
162
162
163
163
163
164
166
166
167

169

171

185
185
187

189



Remerciements

Cette these présente le fruit de mon travail de recherche réalisé au cours de ces trois
dernieres années. Elle n’aurait pas pu voir le jour sans le soutien et 1’aide précieuse de
nombreuses personnes que je souhaite remercier ici.

Avant toute chose, je souhaite exprimer ma profonde gratitude a Bogdan Malaescu. Au-
dela de I'encadrement scientifique, il m’a formée a devenir chercheuse, en m’inculquant la
rigueur intellectuelle, le gotit des choses bien faites et de la précision, qui resteront pour
moi des repéeres précieux tout au long de ma carriere. Son exigence, son enthousiasme, ses
conseils attentifs et sa disponibilité m’ont permis de progresser tant sur le plan scientifique
que personnel.

Je remercie également Luc Poggioli, avec qui j’ai partagé de nombreuses discussions pas-
sionnantes sur ’avenir de la physique des particules. Nos échanges, qu’ils portent sur des
aspects techniques, théoriques ou méme géopolitiques, m’ont ouvert de nouvelles perspec-
tives sur ce que pourrait étre la recherche dans les prochaines décennies.

Je souhaite exprimer ma reconnaissance a Katerina Lipka, Peter Loch, Fabrice Balli et
Delphine Hardin, qui ont pris le temps de lire se manuscrit avec attention et d’évaluer
mon travail avec bienveillance.

Je remercie chaleureusement 1’ensemble des membres du laboratoire pour le cadre de
travail dans lequel j’ai pu mener cette these dans les meilleures conditions. Je remercie en
particulier les membres du groupe ATLAS, Vera et Tristan pour les puzzles, et Pauline
ma marraine du labo.

Je tiens aussi a exprimer ma gratitude a tous les professeurs qui m’ont accompagnée
au long de ma scolarité. Une mention particuliere revient a Mr Schwarz, qui m’a fait
découvrir le Large Hadron Rap en cours de physique de premiere, qui est a 'origine de
mon intérét pour la physique des collisioneurs.

Je souhaite également remercier mes collegues au CERN avec qui j’ai eu la chance de
collaborer: Tancredi, Daniel, Magda, Tae, Reina, Matt, Fabrice, Jeff, Pierre-Antoine.
Leurs retours constructifs, leurs suggestions et leur confiance dans mon travail ont été
essentiels pour progresser et m’ont donné ’assurance nécessaire pour m’affirmer en tant
que jeune chercheuse. Je souhaite tout particulierement remercier Louis Ginabat et Lata
Panwar pour leur présence et leur aide au quotidien quand je me suis lancée dans ce



Remerciements

travail de recherche.

Je remercie également tous les doctorants et post-doctorants du laboratoire, qui ont con-
tribué a rendre cette expérience agréable au quotidien, avec une mention spéciale pour
Claire, Romain et Paul, Laura, Artur et Enya.

A mes amis en dehors du LPNHE, qui ont marqué mon parcours, au lycée, en classes
préparatoires, a ’'ENS et en master, je veux dire un immense merci. Je pense en partic-
ulier a Lucie, Marie D., Flavie, Fanny, Héloise, Camille, Manon, Antoine, Jean-Baptiste,
Madeleine, Cassandra, Solal, Lucien, Yanis, Alexis, Marie H. Merci d’avoir rendu ces
années inoubliables.

Je n’oublie pas les copines de mon équipe de rugby qui m’ont offert une échappatoire en
dehors du travail: merci de m’avoir donné la possibilité de collisionner autre chose que
des particules.

A mes parents, je veux exprimer ma reconnaissance la plus profonde. Merci d’avoir cru
Y

en moi depuis toujours, de m’avoir soutenue sans relache et d’avoir cultivé en moi la

confiance et la curiosité qui m’ont guidée tout au long de ce parcours.

Enfin, & Anaélle, je dédie ces dernicéres lignes. Merci pour ton soutien indéfectible, ta

) ) b
patience et ton écoute. Merci d’avoir été a mes cotés, dans les réussites comme dans les
difficultés. Rien de tout cela n’aurait eu la méme saveur sans toi.









Abstract

Abstract:

The Standard Model (SM) of particle physics describes the fundamental particles that
make up matter, along with three of the four fundamental forces. So far, it has been very
successful, with its predictions confirmed by a wide range of experimental results, but it
does not provide explanations for several open questions in fundamental physics. This
thesis explores a strategy for testing the SM: comparing its predictions with high-precision
measurements. It focuses specifically on jets, an essential component of the Quantum
Chromodynamics (QCD) sector of the SM, allowing to probe the latter at the smallest
distances accessible in laboratory. The analyses are based on data collected by the ATLAS
experiment at CERN, using proton—proton collisions at a centre-of-mass energy of 13 TeV,
recorded during Run 2 of the LHC. Jets are among the most prominent observables at
the LHC. They are collimated sprays of particles resulting from the hadronisation of
quarks or gluons, leaving tracks in the tracking detectors and depositing energy in the
calorimeters. To reconstruct the originating jet, these signals are clustered into what
are known as “reconstructed jets”. However, reconstructed jets differ from the original
particle-level jets due to detector effects. To ensure meaningful comparisons between
theoretical predictions and experimental results, these effects must be corrected through
a precise calibration process and the unfolding of the resolution effects.

I have worked on the n-intercalibration, a step in the jet calibration procedure that aims
to ensure a uniform response across the full detector acceptance. I derived the calibration
on Run 2 and Run 3 data, developing a new trigger strategy for the latter. To improve
the robustness of the method, I extended the overconstrained system used to extract the
calibration factors by incorporating additional terms and implementing a compatibility
test among them. In addition, I developed a more reliable method for estimating the
statistical uncertainties on the calibration factors. This approach allows for the study of
their correlations.

I have contributed to the differential measurement of the inclusive jet production cross
section. A precise quantitative comparison of the measured spectra with theoretical pre-
diction allows the extraction of the strong coupling constant ag,. My work focused on the
unfolding of the data, a procedure that statistically corrects for detector effects to recover
the particle-level distribution. I evaluated the unfolding bias, introduced by differences in
shape between data and simulation and propagated the systematic uncertainties through
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the unfolding process. In addition, I propagated the corrected statistical uncertainties of
the n-intercalibration factors, which I previously derived, to this measurement.

I have worked on the measurement of the Lund Jet Plane (LJP), a powerful jet sub-
structure observable that maps the phase space of emissions inside a jet in terms of their
momentum fraction and opening angle. The LJP is sensitive to o and its running with
energy, making it a valuable tool for precision QCD studies. In this analysis, I was re-
sponsible for the unfolding of the data and the propagation of systematic uncertainties.
I also evaluated the unfolding bias and used this information to optimise the parameters
of the unfolding procedure.

Finally, I conducted jet studies in the context of the Future Circular Collider in its elec-
tron—positron collision phase (FCC-ee). The clean and well-controlled experimental en-
vironment of the FCC-ee provides an ideal setting for high-precision analyses of jet pro-
duction and evolution. In this framework, I studied the projected sensitivity to oy using
jet-based observables: Rjs/, the ratio of cross sections for events with at least three jets
to those with at least two jets, and the LJP.

Résumé :

Le modele standard (MS) de la physique des particules décrit les particules fondamen-
tales qui composent la matiere, ainsi que trois des quatre forces fondamentales. Jusqu’a
présent, il a connu un succes remarquable, ses prédictions étant confirmées par beaucoup
de résultats expérimentaux, mais il ne fournit pas d’explications pour plusieurs questions
ouvertes en physique fondamentale. Cette these explore une stratégie pour tester le MS:
comparer ses prédictions théoriques avec des mesures de haute précision. Elle se concentre
spécifiquement sur les jets, une composante essentielle de la chromodynamique quantique
(QCD) du MS, permettant de sonder ces derniers aux plus petites distances accessibles
en laboratoire. Les analyses sont basées sur les données collectées par 1'expérience AT-
LAS au CERN, utilisant des collisions proton-proton a une énergie au centre de masse de
13 TeV, enregistrées pendant le Run 2. Les jets sont de gerbes collimatées de particules
résultant de ’hadronisation de quarks ou de gluons, qui déposent des traces dans les tra-
jectographes et de ’énergie dans les calorimetres. Pour reconstruire le jet de particule, ces
signaux sont regroupés dans ce que I'on appelle les "jets reconstruits®. Cependant, les jets
reconstruits different des jets de particules en raison d’effets de détecteurs. Pour garantir
des comparaisons fiables entre les prédictions théoriques et les résultats expérimentaux,
ces effets doivent étre corrigés par un processus d’étalonnage précis et I'unfolding des
effets de résolution.

J’ai travaillé sur l'intercalibration en 7, une étape de 1'étalonnage des jets qui vise a
assurer un étalonnage uniforme sur ’ensemble du détecteur. J’ai obtenu 1’étalonnage sur
les données du Run 2 et Run 3. Pour améliorer la robustesse de la méthode, j’ai étendu
le systeme surcontraint utilisé pour extraire les facteurs d’étalonnage en incorporant des
termes supplémentaires et en mettant en place un test de leur compatibilité. En outre,
j’ai développé une méthode plus fiable pour estimer les incertitudes statistiques sur les
facteurs d’étalonnage. Cette approche permet d’étudier leurs corrélations.

J’ai contribué a la mesure différentielle de la section efficace de production de jets. Une
comparaison quantitative précise des spectres mesurés avec les prédictions théoriques per-
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met d’extraire la constante de couplage fort, as. Mon travail s’est concentré sur 'unfolding
des données, une procédure qui corrige statistiquement les effets du détecteur pour obtenir
la distribution au niveau des particules. J’ai évalué le biais d’unfolding, introduit par les
différences de forme entre les données et la simulation, et j’ai propagé les incertitudes
systématiques a travers l'unfolding. En outre, j’ai propagé les incertitudes statistiques
corrigées des facteurs d’intercalibration en 7, que j'avais précédemment dérivées, a cette
mesure.

J'ai travaillé sur la mesure du Lund Jet Plane (LJP), qui décrit la sous-strucure des jets
en cartographiant I’espace de phase des émissions a l'intérieur d’un jet en termes de leur
fraction de quantité de mouvement et de leur angle d’ouverture. Le LJP est sensible a
a et a son évolution avec ’énergie. Dans cette analyse, j'étais responsable de 'unfolding
des données et de la propagation des incertitudes systématiques. J’ai aussi évalué le biais
de l'unfolding et ’ai utilisé pour optimiser les parametres de la procédure d’unfolding.

Enfin, j’ai mené des études sur les jets dans le contexte du futur collisionneur circulaire
dans sa phase de collision électron-positron (FCC-ee). L’environnement expérimental
propre et bien controlé du FCC-ee offre un cadre idéal pour des analyses de haute précision
de la production et de I’évolution des jets. Dans ce cadre, j'ai éstimé la sensibilité a ag
en utilisant des observables basées sur les jets: Rs/y le rapport des sections efficaces pour
les événements avec au moins trois jets a ceux avec au moins deux jets, et le LJP.






Introduction

The Standard Model (SM) of particle physics describes the fundamental particles that
make up matter, along with three of the four fundamental forces (Chapter 1). So far,
it has been remarkably successful, with its predictions confirmed by a wide range of ex-
perimental results. However, it does not provide explanations for several open questions
in fundamental physics, such as the nature of dark matter, the matter-antimatter asym-
metry in the universe, or the origin of neutrino masses. It is widely believed that the SM
is a low-energy approximation of a more fundamental underlying theory.

There are essentially two complementary approaches to experimentally searching for
physics beyond the Standard Model (BSM). The first relies on high-precision measure-
ments and their comparison with extremely accurate experimental results to state-of-the-
art theoretical predictions. Subtle deviations from SM predictions, caused by the virtual
effects of BSM particles in quantum loops, can provide indirect evidence for their exis-
tence. The second approach involves directly probing higher energies, where new particles
could be produced and observed. Collider physics plays a central role in both strategies. It
consists of accelerating particles to extremely high energies and smashing them together.
The energy of the collision can convert into mass, potentially producing new particles,
while precision detectors surrounding the collision point record the particles resulting from
the collision. Analysing the properties and distributions of these particles enable to test
predictions of the SM and search for new particles. Colliders can reach the highest ener-
gies available in laboratory, and they provide enormous statistic enabling high-precision
measurements. In general, hadron colliders are used for the exploratory phase of collider
physics, as they allow for probing higher centre-of-mass energies, while lepton colliders
are preferred for precision studies due to their cleaner experimental environment.

Historically, these two approaches have been used alternatively, with precision studies of-
ten providing hints about where to search during the next exploratory phase. For instance,
measurements at LEP (Large Electron-Positron Collider) provided indirect evidence sug-
gesting the mass range of the Higgs boson. This insight guided the LHC (Large Hadron
Collider) experiments, which confirmed the Higgs boson’s existence years later. These
two experiments took place at CERN, the European Organization for Nuclear Research,
located on the border between Switzerland and France. CERN is an intergovernmental
organisation that provide the particle accelerators and other infrastructure needed for
high-energy physics research. It hosts numerous experiments conducted by large interna-
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tional collaborations. Currently, CERN operates the LHC, a 27-km circular accelerator
that collides protons at centre-of-mass energies ranging from 7 to 13.6 TeV. The LHC
hosts four major experiments, including the ATLAS (A Toroidal LHC ApparatuS) exper-
iment, on which most of this thesis is based (Chapter 2). Looking to the future, CERN
has declared the Future Circular Collider (FCC) as its next flagship project. In its first
phase, the FCC will collide electrons and positrons at various center-of-mass energies,
each targeting specific physics processes (FCC-ee). This setup will offer an exceptionally
clean experimental environment and deliver a vast amount of high-precision data. Then,
the same infrastructure will be used to collide hadrons at unprecedented energies of up to
100 TeV (FCC-hh). A portion of this thesis is dedicated to studies related to the FCC-ee
program.

More broadly, this thesis focuses on the precision approach to experimental particle
physics, using jets as key probes of the Quantum Chromodynamics (QCD) sector of
the Standard Model. QCD is the theory describing the strong interaction, which acts on
particles that carry colour charge (quarks and gluons) and is mediated by the exchange
of gluons. It is notably responsible for the cohesion of atomic nuclei. Jets provide access
to the dynamics of quarks and gluons at the smallest distance scales reachable in the lab-
oratory and are among the most prominent observables at the LHC. They are collimated
sprays of particles resulting from the hadronisation of a high-energy quark or gluon. They
leave tracks in the tracking detectors and energy in the calorimeters. To reconstruct the
originating jet, these signals are clustered into what are known as “reconstructed jets”,
to obtain the properties of the initial quark or gluon. However, reconstructed jets dif-
fer from their corresponding particle-level jets, which represent the true hadronic final
state, as a result of detector effects such as limited resolution and inefficiencies. To ensure
meaningful comparisons between theoretical predictions and experimental results, these
effects must be corrected through a precise calibration process and the unfolding of the
resolution effects.

On the calibration side, I have worked on the n-intercalibration, a step in the jet calibration
procedure that aims to ensure a uniform response across the full detector acceptance
(Chapter 3). I derived the n-intercalibration for ATLAS data. To improve the robustness
of the method, I extended the overconstrained system used to extract the calibration
factors by incorporating additional terms and implementing a compatibility test among
them. In addition, I developed a more reliable method for estimating the statistical
uncertainties on the calibration factors. This approach allows for the study of their
correlations.

I have contributed to the inclusive jet production cross section measurement (Chapter 4).
It is a double-differential measurements that count every single jet above a certain trans-
verse momentum pr threshold in bins of pr and absolute rapidity |y| (related to the
polar angle in the detector). A precise quantitative comparison of the measured spectra
with theoretical prediction allows the extraction of the coupling constant of the strong
interaction, ag. My work focused on the unfolding of the data, a procedure that statis-
tically corrects for detector effects to recover the particle-level distribution. I evaluated
the unfolding bias, introduced by differences in shape between data and simulation, and
I propagated the systematic uncertainties through the unfolding process. In addition, I
propagated the corrected statistical uncertainties and correlations of the n-intercalibration
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factors, which I previously derived, to this measurement.

I have also worked on the measurement of the Lund Jet Plane (LJP), a powerful jet
substructure observable that maps the phase space of emissions inside a jet in terms of
their momentum fraction and opening angle (Chapter 5). The density and normalisation
LJP are sensitive to o and its running with energy, making it a valuable tool for precision
QCD studies. In this analysis, I was responsible for the unfolding of the data and the
propagation of systematic uncertainties. I also evaluated the unfolding bias and used this
information to optimise the parameters of the unfolding procedure.

Finally, I conducted jet studies in the context of the FCC-ee. The clean and well-controlled
experimental environment of the FCC-ee provides an ideal setting for high-precision anal-
yses of jet production and evolution (Chapter 6). In this framework, I studied the
projected sensitivity to oy using two jet-based observables: Rs/o the ratio of cross sections
for events with at least three jets to those with at least two jets, and the Lund Jet Plane.

11






Chapter

The Theoretical Framework

Introduction

The Standard Model (SM) of particle physics is the theoretical framework that describes
all known elementary particles and the fundamental forces that govern their interactions.
It is formulated within the framework of quantum field theory (QFT), which combines the
principles of quantum mechanics and special relativity to describe particles as excitations
of underlying fields. Developed in the second half of the twentieth century, it has been ex-
traordinarily successful, providing predictions that have been confirmed with remarkable

precision by many experiments, including those conducted at the Large Hadron Collider
(LHC).

Despite its success, the SM is not complete, and several key phenomena remain unex-
plained. For instance, it does not account for the observed asymmetry between matter
and antimatter in the universe, nor does it incorporate a quantum theory of gravity. It
lacks a viable candidate for dark matter, a form of matter that does not interact with
light and that has gravitational influence on galaxies and cosmic structures, and no ex-
planation for dark energy, the mysterious component driving the accelerated expansion
of the universe. Additionally, the Standard Model assumes neutrinos to be massless, but
experimental evidence shows that neutrinos oscillate between different types (flavours),
implying that they must have mass.

While the Standard Model remains a keystone of modern physics, it is clear that a more
complete theory is needed. A precise study of the SM parameters and any deviations
from its theoretical predictions can provide crucial hints of physics beyond the Standard
Model (BSM), potentially revealing new fundamental particles or interactions.

1.1 The Standard Model of Particle Physics

1.1.1 Quantum Field Theory

Quantum Field Theory (QFT) emerged from the necessity of a consistent combination
of Quantum Mechanics (QM) and Special Relativity (SR), two successful frameworks
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developped in the early XX™ century to adress the behavior of matter and energy at small
scales and high speeds, respectively. On the one hand, QM introduces wave functions
and operators to describe physical systems, explaining phenomena such as superposition,
quantisation and the indetermination principle. On the other hand, SR reformulates
the laws of physics to ensure they remain covariant under changes of inertial reference
frames. It describes space and time as components of a four-dimensional spacetime and
uses Lorentz-invariant tensors to represent physical quantities such that they respect this
symmetry.

1.1.1.1 Notations and conventions
Throughout this chapter, the following notations are used:

o Covariant notation: a four-vector quantity depending on space-time coordinates is
denoted by X, (1 = 0,1, 2,3, similarly for other Greek indices). By convention, X,
corresponds to the time component and X = (X3, Xs, X3) to the space components.

o Derivatives: the partial derivative with respect to the u'™ coordinate 9/9z,, is ab-
breviated as 0,,.

o Summation conventions: repeated Greek indices imply Einstein summation, i.e.,
an implicit sum over spacetime indices: X,Y* = X*Y, = X, Y, — X -Y. For
repeated Latin indices, the convention is a simple summation on space coordinates:
X Ye=X%Y,=X"Y.

In addition, the natural units are used: h =c = 1.

One of the most commonly used four-vectors is the four-momentum P* = (E,p), where
E is the energy and p the momentum of the object described. Its mass is the norm of the
four-momentum: m? = P? = P,P* = E? — p?.

1.1.1.2 Lagrangian formalism and symmetries

Classical mechanics can be formulated as a least-action principle, which states that a
physical system evolves between two configurations in such a way that the action is
stationary (typically minimised). The action S is the integral of the Lagrangian L over

time :
S:/dtL:/d4x£(x),

where £(x) is the Lagrangian density, representing the difference between the kinetic and
potential energy densities of a system.

This Lagrangian approach can be adapted to QFT. Contrary to classical mechanics, quan-
tum physics cannot determine simultaneously and with precision the position and mo-
mentum of a particle at the same time. As a result, the content of a system cannot be
described by a point-like particle following definite trajectories. Instead, their physical
state is represented by complex fields that depend on spacetime coordinates, commonly
denoted ¢(z,). A field is a superposition of all possible momentum modes, it can describe
all possible configurations of one or more particles in a given momentum state. In this
approach, particles are simply field excitations. The squared amplitude of this quantity,
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|p(2,)|?, is interpreted as a presence probability density at a given point in space and
time. The Lagrangian density in field theory is then expressed in terms of ¢(x,), its
space-time derivatives 0,¢(z,) and the coordinates x,. From the least-action principle
can be derived the Euler-Lagrange equation, which gives the equations of motion:

oL oL
%~ (a9) =0

A Lagrangian may be invariant under some transformation ¢ — ¢ + d¢. Such an in-
variance is called a symmetry of the Lagrangian. According to Noether’s theorem [1],
every continuous symmetry of the Lagrangian corresponds to an associated conserved
quantity whose value remains constant over time when the equations of motion are sat-
isfied. For example, in classical mechanics, invariance under spatial translations leads to
the conservation of momentum, while invariance under time translations is responsible
for the conservation of energy. Symmetries that depend on the space-time coordinates
are called gauge or local symmetries. Otherwise, the symmetries are referred to as global
syminetries.

1.1.1.3 Gauge Theory

To ensure the Lagrangian remains invariant under local symmetry transformations, new
fields must be introduced. They are called gauge fields, and they transform in such a way
as to cancel the extra terms introduced by the spacetime dependence. In the Lagrangian,
gauge fields couple to the matter fields, and these coupling terms can be interpreted as
interaction terms. Physically, gauge fields correspond to the mediators of fundamental
interactions. To preserve gauge invariance, those gauge fields cannot have a mass.

1.1.2 Standard Model

The Standard Model was built by looking at the observed symmetries of the systems, and
writing the most general Lagrangian which follows such symmetries.

1.1.2.1 Symmetries

The Standard Model Lagrangian respects several fundamental principles that are de-
scribed by mathematical groups, each representing different types of symmetries and in-
teractions. The Standard Model is invariant under the Poincaré group, a global space-time
symmetry that includes translations, rotations and Lorentz boosts (change of reference
frame moving at constant velocity). This symmetry implies the conservation of energy,
momentum, angular momentum and spin.

Local symmetries in the Standard Model have been motivated by experimental evidence
for the conservation of certain quantum numbers. The most important gauge groups in
the Standard Model are the following;:

o The SU(3)¢, which is the symmetry group of the strong interaction (Quantum Chro-
modynamics, QCD). It describes how quarks interact via the gluons, the carriers of
the strong force. SU(3) stands for Special Unitary group of degree 3, meaning it
consists of 3x3 unitary matrices with determinant 1.
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o The SU(2)y, which is the symmetry group of the weak interaction. It governs how
particles interact via the W and Z bosons, the mediators of the weak force. SU(2)
refers to a group of 2x2 matrices and describes how doublets (pairs of particles) like
leptons and quarks transform.

o The U(1)y, which is the symmetry group of the hypercharge. It represents the
electromagnetic and weak charge properties of particles. U(1) consists of complex
numbers of unit magnitude, representing phase rotations. It combines with SU(2)y,
to form the electroweak interaction.

The Standard Model is based on those three independent symmetry groups, each acting
on particles associated with different types of charges or quantum numbers. It is written
as SU(3)cxSU(2)L, or U(1)y where “x” denotes the direct product. This means that each
group acts independently on its corresponding quantum numbers, and the full symmetry
transformation is simply the combination of the individual transformations.

1.1.2.2 Spontaneous symmetry breaking

A symmetry is said to be spontaneously broken when it is a symmetry of the Lagrangian
but not of the ground state of the system. A classic example is a pencil balanced vertically
on a table: the system has rotational symmetry around the vertical axis, but this upright
position is unstable. When the pencil falls due to a small disturbance, it picks a specific
direction, breaking the symmetry. According to Goldstone’s theorem [2], a massless state
(Goldstone Boson) appears for every broken symmetry.

In the Standard Model, the SU(2);, x U(1)y symmetry is spontaneously broken by the
Higgs field, which is an SU(2) doublet. The Goldstone boson, hence created, is “eaten”
by the gauge bosons (it becomes the longitudinal mode of the gauge boson associated
with the broken generator). The resulting boson has an extra degree of freedom and thus
is allowed to have mass. This mechanism has been postulated by Guralnik, Hagen and
Kibble [3], Brout and Englert [4], and Higgs [5], and it is known as the Brout-Englert-
Higgs mechanism.

The unbroken symmetry left after electroweak symmetry breaking is U(1)q, with the elec-
tric charge being the associated conserved quantity, and the remaining gauge symmetry
of the Standard Model is SU(3)c x U(1)q.

1.1.2.3 Field content of the Standard Model

To express the Standard Model Lagrangian, the field content of the SM has to be defined.
It starts with the observed fermions (particles of spin 1/2), referring to the usual six
quarks (u,d, s, c,t,b), three charged leptons (e, 41, 7) and three neutral leptons (v., v, v;).
Each fermion field transforms under one or more of the Standard Model gauge groups:
SU(3)c x SU(2)y, or U(1)y. Every fermion also has an associated antiparticle, with the
same properties but opposite quantum numbers and (potentially) a different mass.

The gauge symmetries give rise to bosons (particles of integer spin), which mediate the
fundamental interactions. From the SU(3)c symmetry arise eight gauge bosons (the
gluons) which carry colour charge. The electroweak sector, described by the SU(2);, x
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U(1)y symmetry, generates the B, W' 1W? and W? bosons. The Higgs boson is a complex
scalar SU(2);, doublet that plays a central role in the Higgs mechanism. This mechanism
produces three Goldstone bosons, which are absorbed by the weak bosons to form the
massive Z°, W+and W~. The photon v emerges from the mixing of the B and W? fields.
The remaining physical scalar degree of freedom is the Higgs boson h, a spin-0 particle
with no electric or colour charge.

Each gauge boson couples to the fermions carrying the corresponding charge:

o Gluons couple to all quarks, and to themselves,
e The photon couples to all electrically charged fermions,
e The Z°, W+and W~ bosons couple to all fermions.

The properties of all particles of the Standard Model are summarised in Figure 1.1.
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Figure 1.1: Summary of the particles composing the Standard Model and their properties.
Reproduced from [6].

1.1.2.4 Mathematical definition of the Standard Model
The Standard Model Lagrangian is split into multiple parts:
Lsv = Lgauge + Lo + LEW + Lhiges + Lyukawa-
o Lgauge contains the free propagating term and self-interaction of the gauge fields,
e Lqcp and Lew describe the interactions between the fermions and the gauge bosons

of the strong and electroweak sectors,
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e Lpiggs includes the kinetic term, mass term, and self-interactions of the Higgs
field, as well as its couplings to the electroweak gauge bosons (from which the
Z% Wtand W~ gain their mass )

o Lyukawa €ncodes the Yukawa interactions between the Higgs field and the fermions,
which generate the fermion masses after electroweak symmetry breaking.

The Standard Model, as it stands, includes 19 free parameters, meaning they are not pre-
dicted by the above theoretical formulation and can only be determined by experimental
measurements. The rest of this chapter focuses on the QCD sector of the Standard Model,
which underpins the processes studied throughout this thesis.

1.2 Quantum Chromodynamics

Quantum Chromodynamics is a non-Abelian local gauge theory, introduced by Yang and
Mills in 1954 [7]. Tt describes the strong interaction that governs particles that carry colour
charge, that is, fields that transform under SU(3)¢c. It includes six matter fermions (the
quarks) and eight gauge fields (the gluons), which mediate the strong force and them-
selves carry colour charge. Most of this section’s content is inspired by the QCD lectures
of Gavin Salam (2024 European School of High Energy Physics), and Matteo Cacciari
(lectures for STEP’UP doctoral school, 2023), as well as from Reference [8].

1.2.1 The QCD Lagrangian

1.2.1.1 Expression

In the following, the gluons are described by the gauge field Ag. The SU(3)c gauge
symmetry has eight generators t* corresponding to the eight gluons Ag. These generators
obey the relation: [t4,t5] = ifipct® where the f4pc are the structure constant of SU(3),
fully antisymmetric in their indices. The free fermion fields 1, = (11,12, 13), represent
the three colour components of a quark field, and g5 is the QCD coupling constant. The
field tensor is given by:

Fl, = 0,A) — 0,A% — go fapc AL A

The first term is Abelian, it resembles the field tensor of the electroweak interaction.
The second term is the non-Abelian part of the interaction. It causes the Lagrangian
to contain terms involving three or four gluon fields, meaning that gluons can interact
directly with one another. The self-interaction of gluons is a specificity of QCD and has
direct consequences on the properties of the strong force.

The QCD part of the Standard Model Lagrangian is expressed in the following way:
1 S . -
Laop = =7 Fu P + 0 (9" 0ubar = m) ¥y — g50ay" top AL Y
The first term describes the kinetic energy of the gluon fields and their self-interactions.
The second term represents the free propagation and mass of the quark fields. The third

term is the interaction term, which describes how quarks interact by exchanging gluons.
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1.2.1.2 Matrix elements

In QFT, physical observables such as scattering cross-sections and decay rates are com-
puted from the S-matrix (scattering matrix), which encodes the probabilities to go from
an initial to a final state. In particular, the cross-section quantifies the probability of a
scattering process occurring between incoming particles. It has dimensions of an area.
These probabilities are obtained by applying Feynman rules, derived from the interaction
terms in the QCD Lagrangian, to the corresponding Feynman diagrams. The Feynman
rules translate each vertex and propagator into mathematical expressions involving mo-
menta and quantum numbers. The resulting expressions are called matrix elements. The
probability for a process is determined by squaring the sum of all contributing matrix
elements and integrating the result over the final-state phase space.

Three interaction vertices can be deduced from the QCD Lagrangian. The Feynman
rules are represented in Figure 1.2. The matrix elements associated with the vertices
represented in Figure 1.2b and Figure 1.2¢ are proportional to g, while it is proportional
to g2 in the case of the vertex of Figure 1.2d.
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Figure 1.2: Feynman rules for QCD. (a) represent the propagator for the quark and the
gluon, while (b), (c) and (d) are the vertices of QCD.
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1.2.1.3 Renormalization

When calculating matrix elements for diagrams that include loops, one must integrate over
all possible values of the virtual momenta circulating in the loop. This leads to ultraviolet
(UV) divergences, caused by the arbitrarily large momenta running in the loop. To handle
these infinities, a procedure called renormalisation is introduced. It consists of redefining
the parameters of the theory by absorbing the divergences into them at a chosen energy
scale, called the renormalisation scale pur. This allows finite predictions to be extracted
from the theory. This scale is unphysical and can be arbitrarily chosen, but physical
observables must remain independent of it.

1.2.1.4 The strong coupling constant

The strength of the strong interaction is characterised by oy = g2 /47, the strong coupling
constant. Despite its name, oy is not truly constant: it varies with the renormalisation
scale ug. In physical predictions, the choice of ug is arbitrary, but it is usually chosen to
be of the order of the characteristic energy scale () of the process. The energy dependence
of oy is governed by the renormalisation group equation (RGE):

Oayg
fh = Blas), Blag) = —a? (bo+b1as+b2a§+...).
Oy
At leading order, the first coefficient in the perturbative expansion is by = 110{‘2%, with

n¢ the number of quark flavours and C'4 the number of colours. Because by > 0, the first
term of the perturbative expansion of 3(«y) is negative. This feature is a consequence of
gluon self-interactions. It leads to a key property of QCD known as asymptotic freedom [9,
10]:

o At high energy scales, the coupling becomes small: quarks and gluons behave as if
they were free.

o At low energy scales, the coupling becomes strong: quarks and gluons are strongly
coupled and confined into bound states, the hadrons.

The energy dependence of ag, known as the running of the coupling, is displayed in
Figure 1.3, along with various measurements showing relatively good agreement.

Solving the RGE at leading order in the expansion of 3 yields:
1
2y
oslii) = bo In(pug /A%)’

where A ~ 0.2 GeV is a constant of integration, known as Aqcp. It corresponds to
the fundamental scale of QCD at which the perturbative coupling diverges. It is a free
parameter which provides a boundary condition for the evolution equation of the coupling.
Physically, Aqcp sets the scale for the hadron masses.

1.2.2 From partons to hadrons

Free quarks have never been observed, which is understood as a result of a long-distance
confining behaviour of the strong force. Except for the top quark, which decays too
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Figure 1.3: Summary of determinations of oy as a function of the energy scale 3, compared
to the running of the coupling predicted by the theory. Taken from [11].

rapidly, the quarks hadronise, i.e. they become part of a colour-neutral structure, the
hadrons. A familiar example is the proton, which consists of two up quarks and one
down quark. These quarks, whose quantum numbers combine to reproduce those of the
proton, are referred to as valence quarks. However, the full structure of a hadron is
more complex: in addition to the valence quarks, it contains gluons and quark—antiquark
pairs, which are continuously created and annihilated via quantum fluctuations. Feynman
introduced the parton model to describe this internal structure, in which hadrons are made
of point-like constituents called partons. The consequence of asymptotic freedom is that
in perturbative QCD calculations at high energies (assuring «; sufficiently small), partons
can be treated as free particles.

1.2.2.1 Perturbative QCD

Perturbation theory At high-energy scales (QQ >> Aqcp), typically in the high-energy
proton-proton collisions of the LHC, ay is small. This allows QCD processes that involve
high-momentum transfer (usually referred to as “hard processes”) to be described using
perturbation theory, where observables are expressed as a power series in ay:

2 3
o =09+ qs01 + Q02 + Qg 03 + ...

In the language of Feynman diagrams, each power of «y corresponds to the emission of an
additional parton in the final state, or the apparition of a loop involving a parton. The
leading order (LO) contribution (og, or born-level observable) comes from the simplest
Feynman diagrams with the fewest QCD vertices. The next-to-leading order (NLO) in-
cludes one additional power of «g, typically from diagrams with one loop or additional
radiation, and so on for the next-to-next-to-leading order (NNLO) and beyond.

The contributions from parton emissions are labelled “real” while the contributions from
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loops are labelled “virtual”. An example of the building blocks for a simple process is

shown in Figure 1.4.

T

loops

N3LO

3-loop virtual

)

NNLO N3LO
2-loop virtual RwW
NLO NNLO N3LO
1-loop virtual real-virtual (RV) RRV
LO NLO NNLO N3LO
>.:ei<‘ double real triple real

(unresolved) real radiation ~ ==———3"

Figure 1.4: Building blocks of an N*LO calculation for processes where the leading order
is at tree level. Taken from [§].

Soft & collinear gluon emission When a soft gluon is emitted from a scattered
parton (i.e., a gluon with a small momentum compared to that of the emitting parton),
the matrix element for the process factorises into a hard part describing the underlying
hard scattering and a soft factor dS representing the soft-gluon emission. With 6 the angle
between the gluon and the emitting parton, ¢ the azimuthal angle and E the energy of
the emitted gluon, the soft factor can be expressed as:
20sCp dE df do

7 FE sinf2rn’
This expression diverges when integrating for £ — 0 (infrared divergence), and for § — 0
and 0 — 7 (collinear divergence). Virtual diagrams also exhibit analogous infrared and
collinear (IRC) singularities. However, these divergences cancel when real and virtual
corrections are combined in properly defined observables [12—-14]. This can be understood
in the following way: soft gluons are emitted on a long timescale (1/E0) relative to the
collision (1/@), and therefore cannot influence the cross-section of the process studied.
Such observables are said to be infrared and collinear safe (IRC safe); they are insensitive
to soft emission or collinear splitting.

s =

Large logarithms and resummation Fixed-order perturbation theory is reliable
while a3(Q) remains small (with @ the energy of the quark emitting the gluon), but

22



1.2. Quantum Chromodynamics

it loses its predictive power near the non-perturbative scale Agcp. A cut-off on the trans-
verse momenta of the gluon emitted, below the non-perturbative threshold Aqcp, has to
be added. Defining ()9 > Aqcp, @ is required to be above )y, and the angle of emission
0 is required to be above Q/FE. Integrating dS between @)y and @) gives the probability
for a quark of energy () to emit a gluon:

In*(Q/Qo) + Oas In*(Q/Qo)).

QCXSCF /Q dE/ 2 d¢ OJSCF
Qo/E 9 o

Because each additional soft or collinear emission can add one logarithm L = In(Q/Q,),
every power of ag brings the possibility of up to two logarithms, yielding the perturbative
series:

O'(Q) =09+ 065(0'12[/2 + O'HL + ) + 063(0'24114 + 0'23L3 + ) + .

with L™ = In"(Q/Qo). Unfortunately, when the cut-off is small, the logarithm is large
and compensates for the smallness of as. All-order resummation is a reorganisation of the
above perturbative series to sum those double logarithms to infinity. For many observ-
ables, the resummed expression exponentiates, yielding the Sudakov form factor:

A(Q, Qo) = exp l fF In? <C§20>] )

In other words, exponentiation reflects the Poisson probability of multiple independent
emissions: the Sudakov form factor represents the probability that no emission above the
cut )y occurs. Because probabilities are bounded, the large-log growth is automatically
controlled. The fixed-order equation and the resumed equation are complementary, and
ultimately, the most accurate theoretical prediction for the observable is achieved by
combining the two approaches.

The resummation procedure is a powerful tool for predicting one observable with high
accuracy; however, when calculations must extend to a wide range of kinematic variables,
a more flexible approach is needed.

Parton showers A highly energetic parton initiates a cascade of successive branchings:
it can emit a gluon, and that gluon may in turn radiate another gluon or split into a
quark-antiquark pair, and every new parton produced can continue to branch. This is
known as a parton shower, and it can be viewed as higher-order corrections to the hard
process. At each step, the probability of a further splitting is governed by the Sudakov
form factor.

The parton shower algorithms rely on the simulation of the emission of an arbitrary
number of particles. Namely, the pr distribution of the first emission can be deduced
from the probability of not emitting gluons above a certain pr, using the Sudakov form
factor. A random number generator can be used to sample that pr distribution, and
the process can be repeated recursively until the pr of the emission falls below the non-
perturbative cut-off ()g. The parton shower algorithms can be thought of as a numerical
implementation of a renormalisation-group equation that connects two scales, () and @),
at which hadronisation takes over.

There are two main types of parton shower algorithms:
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o Angular Ordered: Emissions are ordered by decreasing emission angle relative to
the initial parton’s direction. This approach is motivated by the pattern of colour
coherence in QCD: soft gluon emissions from a system of partons tend to interfere
destructively outside a certain angular region.

o Dipole: Each quark is connected to one colour partner, forming a dipole which
splits into two dipoles by emitting a gluon. The masses and momenta of the pro-
duced dipoles are determined by the kinematics of the gluon emission. The splitting
procedure is performed until the non-perturbative scale is reached.

1.2.2.2 Non-perturbative QCD

While perturbative QCD provides a framework to describe the short-distance physics in
the hard interaction, it is not sufficient to fully describe the complex structure of events
observed in detectors. Phenomenological models are required to account for the long-
distance, non-perturbative aspects of QCD, allowing for a more realistic description of
what is recorded by the detectors.

Factorisation & Parton Distribution Function The QCD factorisation theorem
states that, for a given process, one can separate physical effects happening at different
scales. This key ingredient of QCD has previously been encountered in Section 1.2.2.1
in the context of soft-collinear gluon emission. A particularly important version of this
theorem, known as collinear factorisation, allows the separation of the non-perturbative
dynamics confining partons within hadrons from the perturbative short-distance interac-
tions responsible for the hard scattering. This separation is valid up to a correction of
order (Aqep/@)P, where p is process-dependent, usually larger than one. The factorisa-
tion requires the choice of a factorisation scale, pg, which defines the boundary between
perturbative and non-perturbative physics.

In the context of hadron colliders, the factorised form of an observable can be written
as a convolution of the hard matrix element and Parton Distribution Functions (PDF).
A PDF fi(x,p2) can be interpreted as the probability density for finding a parton of
type ¢ that carries a momentum fraction z of the parent momentum of a hadron. The
evolution of the PDFs with up is governed by the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) equations [15-17].

The PDFs cannot be calculated using perturbative QCD; instead, they are extracted from
global fits to experimental data and evolved to different energy scales using the DGLAP
equations. In addition, they are universal; they can be calculated using a specific process
and used to predict another. Experimentally determined PDFs are available from various
groups worldwide, using data from many experiments. PDF sets are available at different
orders in perturbation theory, based on the order of the predictions of the cross sections
employed in the fits. An example of PDF for two values of the factorisation scale is
displayed in Figure 1.5.

Hadronisation As the shower evolves down to energy scales near the QCD infrared
cut-off Aqcp, the strong coupling o grows large. Once ag ~ 1, perturbation theory
breaks down and the system enters the non-perturbative regime. In this phase, colour
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Figure 1.5: 2 f;(x, u?) as a function of = for y2 = 10 GeV? on the left, and p2 = 10? GeV?
on the right. Taken from [11].

is confined and the partons combine into colour-neutral hadrons. Hadronisation is the
process which leads to the formation of the final-state hadrons from quarks and gluons.
To this day, only QCD-inspired phenomenological models can describe this transition.
These models are tuned to experimental data and attached to the perturbative parton
shower, providing a realistic description of the final-state hadron spectrum. There are
two main fragmentation models: Lund strings and clusters.

The Lund string fragmentation model [18] involves stretching a colour “string” across
quarks and gluons, and breaking it up into hadrons. It relies on the observation through
lattice QCD (non-perturbative QCD calculated on a grid of points) that the potential en-
ergy of two colour sources grows linearly with their separation due to gluon self-interaction.
In this picture, the colour field is analogous to the potential energy of a string of tension
Kk ~ 1 GeV/fm. After a high-energy collision, the quark and antiquark (and any radiated
gluons, which appear as a transverse “kinks” in the otherwise one-dimensional string) fly
apart, stretching the string and therefore increasing the potential energy. Since gluons
carry two colour charges, they are part of two strings and lose energy twice as fast as
quarks. A ¢q pair is produced when this energy reaches approximately a hadron mass.
This string-breaking process repeats until the available energy is exhausted, converting
the kinetic energy of the partons into a chain of quark—antiquark pairs that subsequently
combine into colour-neutral hadrons. A schematic representation of the string model is
shown in Figure 1.6a.

The cluster model [19] breaks each gluon into a ¢q pair and then groups quarks and anti-
quarks into colourless “clusters”, which then give the hadrons. It exploits the property
of preconfinement: regardless of the hard process or shower history, a perturbative QCD
cascade evolved down to some scale )y naturally organises its partons into colourless
clusters whose invariant-mass spectrum is universal and falls rapidly at large masses. In
this scheme, only the number of clusters depends on the scale of the hard subprocess. In
most implementations, the remaining gluons are split “by hand” into a ¢ pair, producing
a new set of clusters. The clusters are identified as "proto-hadrons' that decay into the
final-state hadrons. The many low-mass clusters are turned into hadrons through simple
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two-body decays governed by mass and available phase space, while the few high-mass
clusters undergo a string-like sequence of splittings until their daughters are light enough
to hadronise directly, yielding the final-state hadrons seen in the detector. A schematic
representation of the cluster model is shown in Figure 1.6b.

iR =

(a) (b)

Figure 1.6: Schematic representation of the string (a) and cluster (b) hadronisation mod-
els. Taken from [20].

Underlying event & Multi-Parton Interactions In hadron colliders, multiple low-
energy collisions can occur alongside the primary hard scattering. These may arise either
from secondary interactions within the same proton—proton collision or from interactions
involving other protons in the colliding bunches. These secondary interactions, which
do not directly involve the partons participating in the hard subprocess, are collectively
referred to as the underlying event (UE). The UE is a significant source of background
for most QCD analyses and must be properly accounted for in precision measurements.

The additional scatterings of partons in the incoming protons can be modelled as addi-
tional perturbative gluon exchanges, called Multi-parton interactions (MPI). These soft
interactions lead to the production of more low-energy hadrons in the final state. As such,
MPIs are essential for accurately describing QCD event structure in hadron collisions.

Hadron decay Most hadrons are unstable and decay before reaching the detector.
Their decay products (other hadrons and leptons) are the particles that are ultimately
detected. The lifetime of hadrons and the probability of each decay mode (branching
fraction) are governed by quantum field theory. However, not all particles, excited states,
or decay modes have been experimentally measured, so models and assumptions are used
to describe the full decay chain.

1.2.2.3 The whole picture

QCD processes at hadron colliders involve a wide range of energy scales, which makes
their theoretical description particularly challenging. The hard scattering typically oc-
curs at the TeV scale, where the strong coupling constant is small, and the colliding
protons themselves are bound states with masses of order 1 GeV, where the coupling
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becomes large. As a result, QCD events at colliders combine both perturbative and non-
perturbative physics, requiring factorisation approaches and phenomenological models to
describe processes from parton-level interactions to the observable hadronic final states.
Figure 1.7 illustrates the multitude of processes involved in a QCD event at a hadron
collider.

O Hard Interaction

® Resonance Decays

B MECGs, Matching & Merging

W FSR

W ISR*
QED

M Weak Showers

M Hard Onium

(O Multiparton Interactions

O Beam Remnants*

Strings

Ministrings / Clusters
Colour Reconnections
String Interactions
Bose-Einstein & Fermi-Dirac

M Primary Hadrons

M Secondary Hadrons
W Hadronic Reinteractions

¥ Antibaryon k i )
o0 © Heavy Flavour (*:incoming lines are crossed)

Figure 1.7: Schematic of the structure of a pp — tt event, as modelled by PyYTHIA. The
further from the centre, the softer and more non-perturbative the processes is. Taken
from [21].

In contrast, QCD studies at electron—positron colliders benefit from a much cleaner en-
vironment. The initial state is point-like and precisely known, and there is no UE, MPI
or PDF to account for. This allows for a more direct connection between theory and
measurements, particularly in jet studies.

1.2.3 Monte Carlo Simulations

Simulated data is a key ingredient of experimental high-energy physics: it makes the link
between theory and experiment, and is used at every stage of an analysis. During detector
design, simulations help ensure that key signals can be detected. Once the experiment
is running, they are essential for optimising event selection. In data analysis, they are
used to model detector effects and backgrounds. In precision measurements, simulations
provide the theoretical expectations of final state observables, which are compared to data
in order to extract parameters of the theory.

Simulations rely on Monte Carlo (MC) methods, which use random numbers to sam-
ple possible outcomes according to the quantum mechanical probabilities predicted by
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the theory. These techniques are employed both for simulating collision events and for
performing numerical integrations in theoretical calculations of final state observables.

1.2.3.1 Event Generation

Event generation using the Monte Carlo method consists of three sequential steps, per-
formed by different programs. Within each step, a set of rules is defined to evolve the
event from the previous step to the next.

The first step consists of computing matrix elements from the input Lagrangian, whether
it be the SM Lagrangian or an extended one that includes physics beyond the Standard
Model. The matrix elements are then combined with PDFs and sampled in phase space.
Events are generated so that regions of phase space with higher cross-sections are sampled
more frequently, or are assigned weights that reflect their probability of occurrence.

Then, in the second step, another program takes over to describe the showering associ-
ated with the process, the presence of additional interactions in the same hadron—hadron
collision (MPI), the hadronisation and hadron decay. This step involves non-perturbative
QCD processes, which are implemented in Monte Carlo event generators through phe-
nomenological models tuned to experimental data.

Multiple General-purpose Monte Carlo generators (GPMC) are used by the high-energy
physics community.

o PYTHIA8 [21-23] calculates matrix elements at LO, uses a dipole-style showering
model, and uses the Lund string model for hadronisation.

e SHERPA [24] generates LO matrix elements, has a dipole showering, and has two
possible hadronisation models: a cluster one and a Lund string one.

o HERWIG 7 [25-27] generates events either at LO or NLO, has two possible shower
models, either angular-ordered or dipole, and uses a cluster hadronisation model.

Some generators, such as POWHEG [28-30] or Madgraph [31], only deal with matrix
element. They can be interfaced with GPMC, like PYTHIA 8 or HERWIG 7. The diversity
of GPMC allows for testing various models for the physics predictions and identifying
the one that best describes the data. In analyses, several GPCMs are used to evaluate
modelling uncertainties by comparing their predictions.

1.2.3.2 Parton-level prediction

Monte Carlo techniques are also used to predict parton-level observables, such as cross-
sections. They typically generate matrix elements at fixed order, compute the variable
of interest and discard them, without simulating the non-perturbative effects. NLO-
JET++ [32-34] and NNLOJET++ [35,36], generate NLO and NNLO matrix elements,
respectively.

Since non-perturbative effects are not simulated event-by-event, they have to be accounted
for in addition to the partonic prediction. This is typically done with multiplicative fac-
tors, derived using GPMC with various configurations, as follows. The cross-section is
first calculated with the hadronisation and underlying event switched off, using the final
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partons in the event record. It is then recalculated using the full event simulation, which
includes hadronisation and the underlying event, using stable particles for jet reconstruc-
tion. The correction factor is defined as the bin-by-bin ratio of the two.

Given the high precision of NNLO calculations, electroweak corrections become non-
negligible and must be accounted for. They are due to higher-order contributions in-
volving the exchange of electro-weakly interacting particles like v, W, Z, and H. The
correction is defined as the ratio of a hard-scattering prediction including tree-level effects
of order a? and o?, and aga (from the interference of QCD and EW diagrams), and weak
loop corrections of order a?a to the LO prediction. This multiplicative factors method
also allows for taking multiple effects into account, the convolution to a different PDF
set, changing renormalisation or factorisation scale, or using a different tune of the MC
generators.

Since producing NNLO predictions is computationally heavy, the APPLfast project [37]
was developed, building upon the APPLGRID framework [38], which provides similar
capabilities at NLO. It enables fast a posteriori convolutions of the perturbative coeffi-
cients with different choices of PDFs and scale settings. This is achieved by computing
and storing the matrix elements of the fixed-order QCD calculation in the form of three-
dimensional interpolation grids. These grids depend on the renormalisation/factorisation
scale and the two Bjorken-x variables of the initial-state partons, and are constructed for
each bin of the observable and each partonic subprocess. This approach allows for fast
and flexible theoretical evaluations without rerunning the full computation.

1.2.4 Jets

In scattering processes, once the collision has occurred, an energetic quark or gluon ra-
diates further gluons, which in turn may branch again, each step carrying progressively
less energy. This perturbative cascade continues until the branching scale falls into the
non-perturbative regime, where colour is confined and partons combine into colour-neutral
hadrons. The resulting spray of hadrons “remembers” the preceding parton branching
history. Since the initial parton is boosted, its decay products are collimated in the labo-
ratory frame. A jet corresponds to this collimated spray of particles and provides a way
to map the hadronic final state onto an observable that reflects the underlying parton
kinematics.

1.2.4.1 Jet definition

Jets are not directly observable objects, but proxies for sprays of hadrons originating
from partons. Their definition depends on how they are reconstructed and the choice of
inputs. These choices are arbitrary and influenced by the goals of the analysis, so there
is no unique jet definition.

There is a set of rules for how to group entities into jets (jet algorithm), and how their
momenta are combined to define the jet momentum (recombination scheme). These defi-
nitions must be simple to implement and resilient to QCD effects. That is, they should be
IRC safe and yield well-defined and finite results at all orders in perturbation theory. The
jets should further behave equivalently at different orders of the QCD evolution: at the
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parton, hadron and detector levels. In addition, the input four-vectors should be clustered
in a way that has physical meaning, such that the history of the clustering steps reflects a
meaningful hierarchy of branchings within the jet, offering insight into the parton shower
structure.

Jets can be reconstructed from various types of inputs. In experimental data, jets are often
built from calorimeter energy deposits or other objects, combining information from mul-
tiple detector subsystems. In simulation, jets can be reconstructed from stable hadrons,
charged tracks, or even partons before hadronisation.

The most widespread recombination scheme is the 4-vector recombination scheme. It
consists of adding the 4-vectors of merged particles and produces massive jets.

1.2.4.2 Jet algorithms

Jet algorithms define rules for grouping particles into a jet. This requires an external
parameter, the jet radius R, specifying up to which angle separate partons are recombined

into a single jet. It also takes a p®™ parameter, which defines the minimum transverse
momentum of a jet. The choice of R and p2™ values results of a compromise between the
ability to resolve multijet physics, the loss of radiation from jets, the additional spurious

jets and the contamination from pile-up.

The basic idea of jet algorithms is to invert the QCD branching process, clustering pairs
which are closest in a metric defined by the divergence structure of the theory. Many jet
algorithms exist that come with diverse properties. The most popular at hadron colliders
are generalised kr algorithms. These sequential recombination algorithms recombine it-
eratively pairs of particles with a bottom-up procedure. It starts by defining the distance
between every pair of entities, d;;, and the distance to the beam axis d;p:
AR

Rz’

.9 2 2
dz‘j = min pTZjia PTZ' dip = PTZ?

with AR? = Ay? + A¢? the geometric distance between i and j, and the exponent p
depends on the algorithm considered. Then, the following iterative procedure is applied
until no entities remain:

1. Find the minimum among all d;; and d;z values,

2. If the minimum is a d;;, merge ¢ and j, and return to step 1.

R
3. If the minimum is a d;g, declare 7 to be jet, and remove it from the list, and return
to step 1.

In the end, only jets with transverse momentum pr > p=i® are kept. At this stage, the jet
pr does not reflect that of the initiating parton yet: several corrections are still required
to achieve accurate agreement. This is the focus of Chapter 3.

Sequential clustering algorithms are characterised by a parameter p, which determines
the nature of the clustering:

o If p =1, the algorithm is known as the kr algorithm [39,40]. It favours the clustering
of soft and collinear emissions and is robust against background contributions.
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o If p =0, it is the Cambridge/Aachen (C/A) algorithm [41,42]. It clusters entities
based on their angular separation, independently of their energies. This makes it
particularly relevant for studying jet substructure.

o If p=—1, it is the anti-kr algorithm [43]. Tt clusters hard particles first, causing jets
to grow around energetic cores. This leads to regular, conical jet shapes, which are
advantageous in experimental particle physics for detector-level corrections. Anti-kr
is the algorithm of choice at LHC for jet finding.

The effects of jet clustering using different jet algorithms on the same input are shown in
Figure 1.8.

p. [GeV] Cam/Aachen, R=1
t - -~ —

Figure 1.8: Jets clustered from the same inputs (parton-level event together with many
soft emissions) with different jet algorithms: kt (top left), Cambridge-Aachen (top right),
anti-kr (bottom). Reproduced from [44].

Sequential clustering algorithms were originally developed for lepton colliders, where no
preferred beam axis exists and there is no pile-up. A prominent example is the Durham
algorithm [45], widely used at LEP, the e*e™ collider that preceded the LHC. It clusters
nearby particles sequentially, but unlike hadron collider algorithms, it does not include a
beam—particle distance. The distance between entities is modified to:

dij = 2min(E}, E?) (1 — cos b;;),
where 0; ; is the angle between the entities.
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An alternative is the generalised kr algorithm [46], which modifies the distance measure
and introduces a beam—entity distance:

1 — cost;;

-~ g5 = E?.
l—cosR’' B

1

dij = min(Efp, EJQP>
For values of R < m, the generalised kr algorithm behaves in analogy with the pp algo-
rithms. In particular, choosing p = 1 provides a simple, infrared and collinear safe way of
obtaining a cone-like algorithm. Another alternative is the Valencia algorithm [47], which
uses the following distance definitions:

1 — cost;;

dij = m1n<E12p7E]2p) R2

) diB = p?z

For p = 1, the Valencia algorithm behaves similarly to the kt algorithm of hadron colliders.
Both those algorithms penalise relatively isolated particles in the forward and backwards
directions, which are likely due to background processes.

1.2.4.3 Jets in hadron colliders

Jets are essential tools both for testing our understanding and predictions of high-energy
QCD processes, and for identifying the partonic structure of decays of heavy particles such
as top quarks and the W, Z, and Higgs bosons. In hadron colliders, jets are ubiquitous and
often dominate the final state, making them not only central objects of interest but also
a major source of background in many analyses. Figure 1.9 shows the production cross-
sections of various processes at the LHC, which are largely dominated by the production
of jets. The evaluation of the inclusive jet cross-section production measurement is the
subject of Chapter 4.

Standard Model Production Cross Section Measurements Status: June 2024
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Figure 1.9: Summary of several Standard Model production cross-section measurements.
Taken from [48].
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The diversity of jet algorithms and parameters enables capturing the wide variety of
physics processes probed at colliders. For example, smaller values of the radius parameter
R are useful for resolving dense final states, such as those with many nearby jets. They are
also less susceptible to contamination from pile-up. On the contrary, larger R values are
employed to reconstruct boosted heavy objects whose decay products are collimated into a
single, wide jet. These large-R jets can be further probed with jet substructure techniques
to identify their internal decay patterns and distinguish them from QCD background jets.

1.2.4.4 Jet substructure

Jets are objects that gather multiple particles originating from different QCD processes
occurring at various energy scales. Studying their substructure allows for probing the
internal dynamics of the jet. It can give information on the hard process that initiated
it. For example, gluon-initiated jets tend to be broader and contain more particles than
quark-initiated jets due to the larger QCD colour factor associated with gluons, which
leads to more radiation. Jets initiated by heavy boosted particles decaying into a quark
pair often exhibit a two- or three-prong substructure. Two jets from different processes
are illustrated in Figure 1.10, showing the difference in internal structure and energy
distribution of a jet initiated with two different processes.

Figure 1.10: Schematic representation of a jet from a QCD event (a) and from the decay
of a boosted W boson (b). Taken from [49].

Several jet substructure variables are used to characterise the internal structure of jets. N-
subjetiness [49] quantifies to what degree a jet can be regarded as containing N subjets. It
does so by checking how closely the particles inside the jet are grouped around N candidate
axes. The more tightly clustered the particles are around these axes, the smaller the N-
subjetiness value. A N-subjetiness close to zero indicates that the jet considered is likely
to have IV subjets. N-subjetiness and the ratio of them are often used to distinguish QCD
jets from jets resulting from the decay of a boosted particle.

The energy correlation function [50] is a subject-independent method used to identify
N-pronged jets. This approach looks directly at the distribution of energy and angles
between particles in the jet. The (N + 1)-point correlators identify N-pronged jets by
evaluating how the energies and angles between groups of particles within the jet are
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correlated. The energy correlation function as a jet substructure variable is also used to
distinguish jets of various origins.

The Lund jet plane (LJP) [51] is another type of jet substructure observable, which
maps the emissions inside a jet onto a two-dimensional space defined by their transverse
momentum and angular separation. Unlike the other observables discussed here, the LJP
focuses on the branching history of the jet. It is the subject of Chapter 5.
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Chapter

The ATLAS experiment and object
reconstruction in ATLAS

Introduction

Most of the particles predicted by the Standard Model are unstable. The only known sta-
ble free particles are the photon, electron, neutrinos, and proton. Due to the confinement
property of QCD, free quarks cannot exist in isolation: they form bound states known
as hadrons. Among these, only the proton is stable. Given enough time, any unstable
particle will undergo physically possible and kinematically allowed interactions (those
permitted by the Standard Model and constrained by conservation laws such as energy,
electric charge, and baryon number). Because of energy conservation, these processes can
only result in final states of lower energy (and thus lower mass). Consequently, if a decay
is allowed, it will eventually occur, transforming the particle into lighter products.

To detect such unstable particles, they must first be produced. According to Einstein’s
famous relation £ = mc?, energy and mass are equivalent: high-energy collisions can be
used to produce massive particles. This is the role of particle colliders: by accelerating and
colliding stable particles at high energies, enough energy is concentrated at the interaction
point to create heavier, unstable particles. Thus, the history of discoveries in experimental
particle physics is closely tied to the progress in particle accelerator technology.

2.1 LHC at CERN

CERN is the European organisation for nuclear research, founded in 1954, located at
the border of Switzerland and France, near Geneva. It is an international organisation
that operates the largest particle physics laboratory in the world. Nowadays, more than
17,500 people of 110 nationalities contribute to CERN, from institutes in more than 70
countries. The most recent addition to CERN is the Large Hadron Collider (LHC) [52],
a 27-kilometre-long circular accelerator that collides protons at the highest kinematic
energies ever achieved in a laboratory setting.
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2.1.1 The acceleration chain

CERN’s accelerator complex consists of a series of machines, each designed to accelerate
particle beams to progressively higher energies. Radio-frequency (RF) cavities acceler-
ate the particles, while superconducting magnets bend and focus the beams along their
trajectories. The beam is transferred from one accelerator to the next, with each stage
boosting its energy further. Many of the accelerators in the chain also have their experi-
mental areas, where lower-energy beams are used for various experiments.

In the LHC, the final element of this chain, each proton is accelerated to velocities ap-
proaching the speed of light. The two counter-rotating beams are brought into collision at
four interaction points, where detectors are located to record the results. These proton—
proton (pp) collisions occur at extremely high energies in the centre-of-mass frame (reach-
ing the multi-TeV scale), where the centre-of-mass energy /s represents the total energy
available for particle production.

The CERN accelerator complex
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Figure 2.1: CERN accelerator complex. The commissioning dates of the accelerators are
indicated. Protons circulating in the LHC are first accelerated in LINAC 2, then in the
Booster, followed by the PS, then the SPS, and finally in the LHC. Taken from [53].

To record and study the products of high-energy collisions, detectors are placed at the
four interaction points of the LHC. Each of these hosts a dedicated experiment, optimised
for specific physics goals:

o ATLAS (A Toroidal LHC AppartuS) [54], and CMS (Compact Muon Solenoid) [55],
are designed to address a broad range of physics topics, from precision measurements
of Standard Model processes such as the Higgs boson and the top quark, to searches
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for new phenomena beyond the Standard Model.

« LHCb (LHC beauty) [56], focuses on “b-physics”, i.e. the study of hadrons contain-
ing at least one b-quark, to test the fundamental symmetries of the Standard Model
or their violation.

« ALICE (A Large Ion Collider Experiment) [57], dedicated to the study of the quark-
gluon plasma, a state of matter that is likely to have occurred in the earliest instants
of the Universe. It primarily analyses heavy-ion collisions.

2.1.2 Data-taking

The LHC has been colliding particles since 2008. Data-taking periods are organised in
'runs”, which extend over several years. Two runs have been completed so far, and one is
ongoing:

e Run 1, during which pp collisions occured at /s = 7 TeV during 2010 and 2011,
and 8 TeV in 2012.

e Run 2, during which pp collisions occured at /s = 13 TeV from 2015 to 2018.

e Run 3, which is ongoing since 2022, with pp collisions at /s = 13.6 TeV

During these periods, heavy-ion collisions have also been recorded, as well as lower-energy
pp collisions. Between the runs, long shutdowns are scheduled to prepare, upgrade, or
maintain the detectors. This thesis focuses on pp collisions recorded during Run 2 and
Run 3.

To record rare events and accumulate sufficient statistics for precision measurements, the
runs are designed to collect a large integrated luminosity. The instantaneous luminosity
L represents the ability for the LHC to produce a certain number of events with a given
cross-section ¢ per unit of time:

AN
Yo
a _-°

Since the instantaneous luminosity varies over time during a run, the integrated luminosity
is defined as:

Lot = / cat.

It represents the total dataset collected by an experiment and is typically expressed in
units of inverse femtobarns, where barn is the unit of cross-sections (1 b = 1072 m?).
Thus, an inverse femtobarn corresponds to the number of events expected for a process
with a cross-section of one femtobarn. The cumulative luminosity delivered to the ATLAS
detector for pp collisions is presented in Figure 2.2a. During Run 2, ATLAS recorded
139 fb™!, with a relative uncertainty of 0.83% [58]. A precise knowledge of the luminosity
is important, particularly to measure precisely the cross-section of a specific process.

Maximising luminosity is a goal of the LHC’s operation strategy. It involves optimising
various factors such as the number of bunches, the number of protons per bunch, and beam
focusing at the interaction points. New upgrades are planned after the end of Run 3, to
increase the instantaneous luminosity by a factor of five. This phase is called the High
Luminosity LHC (HL-LHC) [59], and is expected to record 3 to 4 ab™" of 13.6-14 TeV pp
collisions, until ~ 2041.

37



Chapter 2. The ATLAS experiment and object reconstruction in ATLAS

In the CERN accelerator chain, protons are grouped into bunches, each containing ap-
proximately 1.15 x 10 protons. These bunches are spaced 25 nanoseconds apart. Since
each bunch contains such a large number of protons, the probability of multiple interac-
tions occurring in a single bunch crossing is high. This phenomenon, known as in-time
pile-up, refers to additional pp collisions happening at the same time as the collision of
interest. It is parametrised by p, the mean number of interactions per bunch crossing,
and is proportional to the instantaneous luminosity. The distribution of p as measured
by ATLAS in pp collisions, for Run 1, Run 2 and Run 3, is shown in Figure 2.2b. During
the HL-LHC phase, the average number of interactions per bunch crossing is expected to
reach 200.

In addition, due to the response time of the detectors (often longer than the interval
between bunch crossings), signals from multiple consecutive bunches can overlap. This
effect is referred to as out-of-time pile-up, where remnants from earlier or later collisions
are recorded together with the event of interest. Pile-up affects event reconstruction in
the detectors, making it more challenging to isolate and analyse the desired interactions.
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Figure 2.2: (a) Cumulative luminosity versus day delivered to ATLAS during stable
beams and for high-energy pp collisions. (b) Luminosity-weighted distributions of the
mean number of interactions per crossing for pp collisions recorded by ATLAS. (p) is the
average i value, and pypy is the most probable value of i for each year of data-taking.
Both figures are taken from [60].

2.2 The ATLAS experiment

The ATLAS experiment [54] is a multipurpose particle detector with a forward-backward
symmetric cylindrical geometry. It is the largest detector at CERN, measuring about 44
meters in length, 25 meters in diameter and weighing about 7000 tons. A schematic of
the ATLAS detector is shown in Figure 2.3.

ATLAS uses a right-handed coordinate system with its origin at the nominal interaction
point (IP) in the centre of the detector and the z-axis along the beam pipe. The z-axis
points from the IP to the centre of the LHC ring, and the y-axis points upwards. Polar
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Figure 2.3: Cut-away view of the ATLAS detector showing its various components. Taken
from [61].

coordinates (r,¢) are used in the transverse plane, ¢ being the azimuthal angle around
the z-axis. In particle physics, the rapidity y is defined relative to the beam axis:

y_2 E_pz

Most widely used is the pseudorapidity, defined in terms of the polar angle 6 as
n = —Intan(0/2).

It is equal to the rapidity y in the relativistic limit. Angular distance is measured in units
of AR = \/ (Ay)?2 + (A¢)2. The coordinate system is represented in Figure 2.4.

The ATLAS detector consists of several subdetectors:

e An inner tracking detector, used to reconstruct the trajectory and momentum of
the charged particles. It is also used to identify the primary and secondary vertices
and separate pile-up vertices from the hard-scatter. It is surrounded by a thin
superconducting solenoid that provides a magnetic field that bends the trajectory
of the charged particles.

o A calorimeter system, to measure the energy and position of electromagnetic parti-
cles and hadrons.

« A muon spectrometer, placed at the outermost part of the ATLAS detector, used to
identify muons and measure their momenta. It features the largest superconducting
toroid magnet, which provides a magnetic field to bend the trajectories of the muons.
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(a) (b)

Figure 2.4: (a) ATLAS Coordinate system (b) Correspondence between polar angle and
pseudorapidity. Adapted from [62].

The luminosity is measured mainly by the LUCID-2 [63] detector, which is located close
to the beampipe.

Some particles, such as neutrinos, traverse the entire detector without leaving a direct
signal, as they only interact via the weak force. Their presence is inferred from the
imbalance in the total transverse momentum measured in the event, referred to as the
missing transverse energy ER. To ensure a reliable measure of EX the detector has
a near 47 coverage in solid angle, and has sufficient depth to contain and measure most
particles.

2.2.1 The inner detector

The Inner Detector (ID) [64,65] consists of a succession of layers of silicon sensors and
gaseous detectors, immersed in a 2 T magnetic field from a solenoid magnet. It has a
coverage up to |n| < 2.5, and is divided into three regions: the barrel, concentric around
the beam axis, covering the |n| < 1 region, and the two end-caps, parallel to the beam
axis, covering the 1 < |n| < 2.5. The layout of the ID is shown in Figure 2.5.

When a charged particle traverses the 1D, it ionises the detector medium and produces hits
in the active elements. As the particle moves through the successive layers of the ID, it
generates multiple hits along its path. These hits are then combined using pattern recogni-
tion and track-fitting algorithms to reconstruct the trajectory of the particle, referred to as
a track. The ID has been designed to provide a pr resolution of o1 /pr = 0.05% X pr®1%,
and a transverse impact parameter resolution of 10 um for high momentum particle in
the central region. It is made of several subdetectors, described in the following from the
closest to the farthest from the beam.

The Pixel Detector (PD) [67] consists of silicon pixel modules arranged in four concentric
barrel layers and two endcaps of three disks each. In the pixels, incident particles generate
electron-hole pairs along their trajectories. These charges drift through the silicon sensors
and are read out by radiation-hard front-end chips, bump-bonded to the sensor. Hits in
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Figure 2.5: (a) Three-dimensional view and (b) transverse view of the inner detector.
Taken from [66].

the pixel are read out if the signal exceeds a tunable threshold. The first barrel layer, the
Insertable B-Layer (IBL) [68], achieves intrinsic accuracy of 10 pum in the (R, ¢) plane
and 66.5 pm along the longitudinal z axis. The remaining barrel layers are composed of
silicon pixel modules that are segmented in R and z. The intrinsic accuracies of the three
main barrel layers are 10 um in the (R, ¢) plane and 115 pm along the longitudinal z
axis. For the endcaps, the intrinsic accuracies are 10 pum in the (R, ¢) plane and 115 gum
in the radial R direction. Thanks to its fine granularity, the PD achieves excellent spatial
resolution of 12 pym in R and 50 pm in z.

The Semi-Conductor Tracker (SCT) consists of silicon micro-strip modules, using the
same technology as the PD. The modules are arranged in four concentric barrel layers,
which are approximately parallel to both the solenoidal magnetic field and the beam axis,
as well as in two endcaps, each comprising nine disks with radially oriented strips. The
micro-strips are read out by radiation-hard front-end chips. Similar to the PD, hits are
recorded only if the signal height exceeds a preset threshold. The intrinsic accuracy of
the barrel modules is 130 pm in the (R, ¢) plane. The SCT does not provide position
measurements along the z direction in the barrel.

The Transition Radiation Tracker (TRT) enables track-following up to |n| = 2.0. It is
made of 4 mm diameter proportional drift tubes (straws) filled with a gas mixture of
xenon, carbon dioxide and dioxygen, with a thin tungsten wire at its centre. As a charged
particle traverses the gas, it ionises the medium, producing electrons that drift toward
and are collected by the central wire. In the barrel region, the straws are oriented parallel
to the beam axis, while in the end-cap region, they are arranged radially in wheels.
Although the TRT has the lowest spatial resolution among the ID subsystems, it can
provide up to 36 measurements per track, significantly enhancing track reconstruction.
Additionally, the TRT offers electron identification through transition radiation, which
arises when a relativistic particle crosses the boundary between materials with differing
dielectric constants. This effect, which is more likely for particles with high E/m ratios,
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enables the discrimination between electrons and pions. Transition radiation is produced
in polypropylene fibres in the barrel region and foils in the endcaps, located between the
straws.

2.2.2 The calorimeter system
2.2.2.1 Principle

Calorimeters are designed to measure the energy carried by incoming particles. As par-
ticles go through the material, they undergo interactions that produce showers. At high
energy, photons mainly interact via electron-positron pair production, while electrons
primarily lose energy through bremsstrahlung, in which they emit photons. These two
processes lead to the development of an electromagnetic shower, a cascade of secondary
electrons, positrons, and photons. Hadrons interact both strongly with atomic nuclei
and electromagnetically. These interactions can result in the emission of secondary par-
ticles (pions, nucleons), which may then further interact with the material, producing a
hadronic shower. A significant portion of hadronic showers includes an electromagnetic
component, primarily from the decay of neutral pions (7 — ), which contributes to the
overall energy deposition. The development and structure of those two types of showers
differ significantly. These differences allow for the discrimination between electromagnetic
and hadronic showers, for example, through their longitudinal and lateral profiles, as well
as the fraction of energy deposited in each calorimeter layer. Moreover, the calorimeter
response, defined as the average signal produced per unit of deposited energy, is generally
lower for hadronic showers than for electromagnetic showers. This is because a fraction
of the energy in hadronic showers is not detectable due to invisible energy losses such as
nuclear breakup, nuclear excitation and neutrino production. The ATLAS calorimeter
system is non-compensating, meaning it is not designed to provide an equal response to
hadronic and electromagnetic showers.

The calorimeters of ATLAS are sampling calorimeters, composed of alternating layers
of absorber and active materials. The absorber layers are used to initiate and develop
the particle showers, while the active layers are used to measure the signal. The main
advantage of sampling calorimeters is their intrinsic segmentation, which helps in particle
reconstruction and identification. However, a key disadvantage is that part of the particle
energy is lost in the absorber material and is not directly measured.

2.2.2.2 Layout

The calorimeter system [69] has been designed to be deep enough to contain the entire
particle shower, and its coverage goes up to |n| < 4.9 to ensure that all the energy of the
event can be measured. It is divided into two subsystems:

» The Electromagnetic calorimeter (ECAL) provides coverage in the region |n| < 3.2.

« The Hadronic calorimeters (HCAL), composed of the tile barrel and extended barrel
modules (TileCal), covering the region |n| < 1.7, and the Hadronic End-Cap (HEC)
calorimeters that extend the coverage to 1.5 < |n| < 3.2. The Forward Calorimeters
(FCal) cover the forward region of 3.1 < |n| < 4.9.
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The transition regions between different calorimeter subsystems pose challenges for jet
calibration as a function of pseudorapidity n (discussed in Chapter 3). These regions
include the interface between the barrel and endcap calorimeters (|n| ~ 1.4), between the
HEC and the FCal (|n| ~ 3.1), and the boundary of the tracker coverage (|n| ~ 2.5).

Due to the presence of inactive material in front of the calorimeter system, the energy
resolution is degraded. To mitigate this effect, a liquid argon presampler is placed inside
the solenoid, covering |n| < 1.8. It provides a measurement of the energy deposited before
the dead material. The structure of the calorimeter system is shown in Figure 2.6.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic

LAr eleciromagnetic
barrel
LAr forward (FCal)

Figure 2.6: Layout of the ATLAS calorimeters. Taken from [70].

The energy resolution of calorimeters can be parametrised as:

@ — E fan i fan) C”
E E ~VE
where NN is the noise term, accounting for electronic noise and the effects of pile-up; S is the
stochastic term, which includes contributions from statistical fluctuations in the shower
development, quantum fluctuations in the signal, and the impact of sampling; and C' is
the constant term, which reflects systematic effects such as imperfect calibration, detector
geometry, energy loss before the calorimeter, and particles escaping the calorimeter.

2.2.2.3 Electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) is a lead-liquid argon (LAr) sampling calorime-
ter with accordion geometry [71,72]. When electrons or photons traverse the lead ab-
sorbers, they initiate an electromagnetic shower. The resulting secondary particles ionise
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the liquid argon, and the charges drift toward the electrodes, producing a signal. Liquid
argon is chosen for its very linear behaviour, its stability over time and its radiation-
hardness. The accordion geometry provides full coverage in ¢ without azimuthal cracks,
and allows a fast signal extraction.

The ECAL is divided into a barrel section (|n| < 1.475) and two end-cap components
(1.375 < |n| < 3.2, EMEC). In the transition region between those two parts, a large
amount of material is present before the first calorimeter layer. To mitigate the resulting
degradation in energy measurement, a scintillator slab is inserted between the barrel and
end-cap to complement the presampler, covering the region 1.0 < |n| < 1.6. The barrel is
segmented longitudinally into three layers in depth, while each end-cap is segmented into
two. The first layer of the barrel is finely segmented in the 7 direction, with a granularity
of An x A¢ = 0.0031 x 0.025, optimised for precision measurements of electrons and
photons. The second layer, which collects most of the electromagnetic shower energy, has
an angular resolution of An x A¢ = 0.025 x 0.025. The third layer is designed to measure
the tails of the showers, and has an angular resolution of An x A¢ = 0.05 x 0.025. The
coarser granularity of the two outer layers is sufficient to satisfy the physics requirements
for jet reconstruction. In the end cap, the lateral granularity is coarser, and the spatial
resolution varies, ranging from An x A¢ = 0.0031 x 0.1 to An x A¢ = 0.1 x 0.1.

The design energy resolution of the ECAL is

o(E) 10%
—— = —= 3 0.7%.
i JE s> 0
The time response of the calorimeter is approximately 450 ns, which is significantly longer
than the 25 ns bunch crossing interval at the LHC, leading to out-of-time pile-up.

2.2.2.4 Hadronic calorimeter (HCAL)

The hadronic calorimeter (HCAL) surrounds the ECAL. It is divided into different parts
with different technologies to suit the different requirements and radiation environments.

The central barrel and extended barrel of the hadronic calorimeter cover the regions
In| < 1 and 0.8 < |n| < 1.6, respectively. These sections use steel as absorber material
and scintillating tiles as the active medium (TileCal) [73]. The TileCal is segmented in
depth in three layers. The scintillator produces ultraviolet photons, which are collected
by wavelength-shifting fibres that convert them into visible light, which is turned into an
electric signal by photomultiplier tubes.

The end-cap hadronic calorimeters (HEC) consist of two independent wheels covering the
region 1.7 < |n| < 3.2, and use two copper plates as absorbers and liquid argon (LAr) as
the active material. The design energy resolution for the TileCal and HEC is

o(E) _ 50%

3.
E e

The region 3.1 < |n| < 4.9 is covered by the Forward Calorimeters (FCal), which is seg-
mented longitudinally into three and uses LAr as the active material and a combination
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of copper and tungsten as absorbers. The use of high-density materials ensures suffi-
cient absorption in the high-radiation environment of the forward region. The hadronic
calorimeters have coarser granularity than the electromagnetic calorimeters, ranging from
An x A¢ = 0.1 x 0.1 for the first layers of tiles to about An x A¢ = 0.2 x 0.2 for the

FCAL. The design energy resolution for the FCAL is
o(E)  100%

E VE

2.2.3 The muon spectrometer

® 10%.

The muons go through the ID and the calorimeter system without being absorbed. As
a result, a dedicated system is required to detect them and precisely measure their mo-
mentum. The Muon Spectrometer (MS) [74] forms the outermost layer of the ATLAS
detector, covering up to |n| < 2.7, as shown in Figure 2.7.

Thin-gap chambers (T&C)
3 ] Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 2.7: Layout of the ATLAS muon system. Taken from [75].

It is based on the magnetic deflection of muon tracks using large superconducting air-core
toroid magnets. Magnetic fields are provided by a large barrel toroid covering |n| < 1.4
and by two smaller end-cap toroids covering 1.6 < |n| < 2.7. The magnetic field strength
is not uniform. The bending power varies from 1.5 to 5.5 T - m in the barrel region
and from 1.7 to 7.5 T - m in the endcap regions. The time stability of the field strength
is monitored by a set of approximately 1,800 Hall probes. The Muon Spectrometer is
composed of four types of detectors: two dedicated to precision tracking, and two used
for the triggering system:

o The Monitored Drift Tubes (MDTs), used for precision tracking in the || < 2.7
region,
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o The Cathode Strip Chambers (CSCs), which are multiwire proportional chambers
providing precision tracking in the 2.0 < |n| < 2.7 region,

o The Resistive Plate Chambers (RPCs), which are gaseous electrode-plate detectors
with coarser granularity but excellent timing resolution operating in the |n| < 1.05
region, used for triggering,

o The Thin Gap Chambers (TGCs), which are fast multiwire proportional chambers,
provide a second measurement in the forward region 1.05 < |n| < 2.7 for the trigger
system.

In addition to triggering, the RPCs and TGCs provide bunch-crossing identification.

In the barrel region, muon tracks are measured using chambers arranged in three cylin-
drical layers around the beam axis. In the transition and end-cap regions, the chambers
are installed in three planar layers perpendicular to the beam axis.

2.2.4 The trigger system

The collision rate in ATLAS is of the order of 40 MHz, which amounts to 10? collisions per
second. This rate is vastly higher than the event recording capability of the detector, which
is limited to approximately 1.5 kHz due to constraints on computing and storage resources.
To reduce the data flow to manageable levels while preserving events of potential interest
for physics analyses, a two-level trigger system [76] is employed to efficiently select relevant
collisions and discard the rest.

The architecture of the ATLAS trigger system is illustrated in Figure 2.8 and described
below:

o The first-level triggers (Level 1 triggers or L1) [77] are fast and hardware-based.
It uses a subset of detector information to perform a fast partial reconstruction of
the event and make a basic selection based on physics criteria. It is implemented
in custom electronics and reduces the event rate from 40 MHz to a maximum of
100 kHz.

o The second-level triggers (High-level triggers or HLT) are seeded by the L1 trig-
gers. Software algorithms with access to the full detector information are used to
reconstruct the event thoroughly. It yields a recorded event rate of about 1.5 kHz.

Typically, those triggers search for high transverse momentum lepton, photons, jets or
missing Fr. There are multiple triggers with very different criteria on all sorts of objects.
They are designed to target a specific phase space such that analysers can rely on only a
few of them, and the criteria are broad enough not to lose interesting events.

To accommodate the bandwidth limit, both L1 and HLT triggers are prescaled. A trigger
with a prescale of w means that only 1/w of the events that pass the kinematic condition
of this trigger are randomly chosen to be kept: those events are said to have fired the
trigger. They are stored and assigned a weight w so that they represent all the events
that fulfil the trigger conditions. All triggers are prescaled independently. The events
are then stored and reconstructed, and further selections can be applied according to the
event topology required for the analysis performed.
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Figure 2.8: Trigger and Data Acquisition system used by ATLAS for Run 2. Taken
from [78].

2.3 Reconstruction and data processing in ATLAS

At this stage, the datasets consist of hits in the tracking detectors and energy deposits in
the calorimeters. These raw signals must be interpreted and associated with the particles
that produced them. The information needs to be stored in a structured and efficient
format to optimise memory usage and computing performance for physics analyses.

2.3.1 General object reconstruction

This section provides a brief overview of the reconstruction of tracks, vertices, electrons,
photons, muons, and neutrinos. The reconstruction of jets is discussed in detail in the
following section.

2.3.1.1 Tracks

Tracks are described by five parameters and a reference point, using a perigee represen-
tation [79]. The reference point is the average position of the pp interactions (beamspot
position). The transverse and longitudinal impact parameters dy and zy are defined with
respect to this reference point. The directional information is given by the azimuthal
angle ¢ and the polar angle §. Finally, the charge of the reconstructed track divided by
the magnitude of its momentum ¢/p characterises the curvature of the track due to the
magnetic field.
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track

Figure 2.9: Illustration of the five global track parameters, dy, 2o, ¢, # and ¢/p. These
are defined relative to a reference point, the perigee, or point of closest approach to the
beam line. Taken from [79].

The track finding process starts by identifying the seeds, which are combined signals from
adjacent channels in the Pixel and SCT subdetectors. The position uncertainty of these
seeds is determined by the detector geometry and sensor pitch. Then, roads are built
along the seed, where the roads define where compatible clusters are searched for, to
potentially extend the seed into a full track.

Track trajectories are constructed using a combinatorial Kalman filter, where at each
step the trajectory is extended by clusters from consecutive detector layers. Once track
candidates are formed, each is assigned a score based on a range of quality criteria.
Ambiguity resolution is then performed: lower-quality candidates sharing a large number
of hits with high-quality candidates are discarded. After this ambiguity resolution, the
remaining track candidates are then refitted using a global x? method to obtain the final,
high-precision track parameter estimate.

2.3.1.2 Vertices

After all track candidates have been reconstructed, the locations of the underlying pp
interactions, vertices, are identified using a dedicated vertex reconstruction procedure.
This is crucial as generally only one pp interaction in a given bunch crossing is rele-
vant for the physics analysis, and its associated particles must be isolated from those
produced in pile-up interactions. Since Run 2, ATLAS uses an imaging algorithm for
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vertex reconstruction [80]. A three-dimensional histogram is built to image the volume
where vertex candidates are expected. The reconstructed track trajectories are linearised
and back-projected onto this histogram. A Fourier transform is then applied to the his-
togram to reveal high-density regions, which correspond to possible vertex locations. To
reduce high-frequency fluctuations and noise, two filters are applied to suppress short-
range noise and eliminate artefacts from detector symmetries. The filtered image is then
inverse-Fourier transformed back to position space, producing a smoothed density map of
potential vertices. The resulting image is then passed to a separate clustering algorithm,
where all seeds are identified from peaks in the image. Finally, a vertex fitting procedure
iteratively assigns tracks to the closest vertex, and the hard scatter vertex is the one with
the highest scalar sum of transverse momenta squared 34,k Pr-

2.3.1.3 Electrons and photons

Electrons and photons are reconstructed using information from both the ID and the
ECAL [81-83]. The reconstruction begins with the identification of energy clusters in
the electromagnetic calorimeter. Cells with significant energy deposits (well above noise
thresholds) are selected, and a clustering algorithm iteratively grows the cluster by con-
sidering the energy and spatial proximity of neighbouring cells.

For electrons, tracks are matched to the clusters by extrapolating them into the calorime-
ter and comparing the expected impact points with the cluster position. If several tracks
match a single cluster, further selection is performed to refine the matching, based on
track quality and consistency of the track’s energy with the cluster’s energy deposit.

Photons do not leave tracks in the tracker unless they convert into ete™ pairs; they are
treated differently. Photon conversions are reconstructed by identifying pairs of tracks
consistent with a common conversion vertex. These vertices are then matched to calorime-
ter clusters using similar spatial and energy-based criteria.

Electron and photon reconstruction is performed simultaneously, which may lead to ambi-
guities when a cluster can be associated with either particle type. These ambiguities are re-
solved using additional information, such as the presence of a track with a bremsstrahlung
pattern (for electrons) or a well-identified conversion vertex (for photons). Finally, pho-
tons and electrons are selected according to isolation criteria to have a good purity, and
their energies are calibrated to account for detector effects.

2.3.1.4 Others

Muons leave tracks both in the MS and the ID. In the MS, a x? fit is performed to associate
the hits with the track. Then, MS tracks are extrapolated inward to the ID, where they
are matched to ID tracks, and their compatibility with the primary interaction point is
evaluated. As for the electrons and photons, isolation criteria are used to enhance purity,
and a dedicated calibration is applied.

Neutrinos interact only via the weak force and therefore leave no direct signal in the
detector. As a result, they are inferred from the missing transverse momentum in an
event. The missing transverse momentum is estimated as the negative vector sum of the
transverse momentum of all identified hard physics objects (electrons, photons, jets and
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muons). To account for additional activity not associated with these objects, tracks not
matched to any of them are included in a separate component known as the soft term.

2.3.2 Jet reconstruction

In ATLAS, jets are reconstructed following the procedure detailed in Section 1.2.4, based
on information collected from the detector. This algorithm requires the four-momenta
of particle-like objects as input. Several approaches exist in ATLAS to construct such
objects: topological clusters, optionally corrected using local hadronic calibration weights,
as well as Particle Flow objects. These methods are detailed in the sections below.

2.3.2.1 Topological clusters

Hadrons entering the ATLAS detector deposit energy across multiple calorimeter cells.
Thanks to the fine granularity of the calorimeter system, the resulting hadronic showers
can be reconstructed in three dimensions. To achieve this, particle-like objects built from
groups of calorimeter cells, called topo-clusters [84,85], are used. These clusters allow for
the full reconstruction of the four-momentum of the particle that initiated the shower,
along with detailed information about the shower shape. Additionally, the clustering
algorithm suppresses contributions from electronic noise and pile-up, improving the purity
of the reconstructed signal. The algorithm works as follows:

1. For each calorimeter cell, the signal significance is defined as the ratio between the
measured energy and the expected average noise: Si' = EL)/0htte con- The noise
includes contributions from both electronic sources and expected pile-up, the latter

estimated from the average number of interactions per bunch crossing.

2. Cells with a high significance (SE) > 4) are selected as seeds for the proto-clusters.

3. The cluster is expanded by including neighbouring cells which satisfy SEM > 2. Two
cells are considered neighbours if they are directly adjacent within a given sampling

layer or, in the case of adjacent layers, if they overlap in the (7, ¢) plane.

4. All direct neighbouring cells are included, regardless of their signal significance.
Cells with negative energy are discarded.

During the cluster-building process (steps 2 and 3), proto-clusters may merge if they
share common cells. To prevent proto-clusters from becoming too large to provide a
good measurement of the energy flow, those with two or more local maxima, defined by
EEM > 500 MeV and at least four neighbours with smaller energy, are split between the
corresponding signal peaks. The splitting is performed in all three spatial dimensions. The
resulting proto-cluster is characterised by a core of cells with highly significant signals,
surrounded by an envelope of cells with less significant signals. The topo-cluster formation

is represented in Figure 2.10.

Then, various moments of the topo-clusters are computed based on their shape and in-
ternal signal distribution:

» Geometrical moments, such as the barycentre in (1, ¢) and the cluster direction,
which can be used to reconstruct the momentum of the topo-cluster, under the
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Figure 2.10: Representation of the different stages of topo-cluster formation. (a) Seeds
(b) Neighbouring cells with significance above 2 (c¢) all neighbouring cells included. Taken
from [84].

assumption that clusters are massless particle-like objects.

« Signal moments, which describe the distribution and quality of the signal within the
cluster. These include the overall signal significance, the energy density, the cluster
timing, the composition (i.e. the distribution of energy among contributing cells)
and the topological isolation from nearby clusters or noise.

They provide information sensitive to the nature of the shower generating the cluster
signal.

2.3.2.2 Local hadronic cell weighting

To provide a calorimeter signal suitable for physics object reconstruction without assuming
the particle type, topo-clusters are calibrated using the local hadronic cell weighting
(LCW) scheme. This approach consists of applying a moment-dependent, cluster-by-
cluster calibration to correct several detector effects, including the non-compensating
nature of ATLAS calorimeters, accidental signal losses due to the clustering strategy
(in particular at the margins of the topo-clusters), and energy lost in inactive material
in front, between and inside the calorimeter modules. The calibration is derived using
MC simulations of single pions (charged and neutral) at various energies in the ATLAS
calorimeter regions.

2.3.2.3 PFlow objects

Most particles within jets are charged and therefore leave tracks in the inner tracking
detector. This tracking information can be matched to topo-clusters in the calorimeter
to improve jet reconstruction. The objects resulting from this combined use of tracking
and calorimeter information are referred to as particle flow objects [86], (PFlow objects
or PFO).

The particle flow algorithm consists of the following steps:

1. Tracks are filtered based on quality criteria (pr threshold, hit requirements).
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2. Selected tracks are matched to nearby calorimeter clusters based on geometric and
energy compatibility.

3. For each matched track-cluster pair, the energy-to-momentum ratio (E£/p) is com-
puted.

4. The algorithm checks if energy from one particle is spread over multiple clusters
(shower splitting). If there is splitting, additional clusters in the vicinity are added
to account for split showers, and E/p is recomputed, and this step is repeated.

5. A cell-based energy subtraction algorithm is used to remove overlapping contri-
butions between the momentum measured in the inner detector and the energy
measured in the calorimeters.

6. If the remaining calorimeter energy is consistent with expected shower fluctuations
from a single particle, the residual topo-cluster energy is discarded.

Figure 2.11 illustrates how the particle flow algorithm deals with the different cases en-
countered: one or more particles (charged or not) producing one or more topo-clusters.
This method helps resolve ambiguities arising when a single particle deposits energy across
multiple topo-clusters or when multiple particles contribute to the same topo-cluster. It
also significantly reduces the impact of pile-up by removing energy deposits associated
with tracks matched to pile-up vertices. Moreover, tracking provides superior resolution
at low pr, where calorimeter measurements are less precise.

This procedure is applied to tracks sorted in descending pr order, starting with cases
where a single topo-cluster is matched to the track, and then to the remaining selected
tracks. In recent implementations, tracks with transverse momentum above 100 GeV
are not used, and the PFlow algorithm becomes equivalent to EMtopo, benefiting from
excellent calorimeter performance at high energies.

2.3.2.4 Constituent-level pile-up rejection

The collection of PFOs consists of charged PFOs (tracks matched to clusters, with
calorimeter energy subtracted) and neutral PFOs (derived from modified and unmodi-
fied topo-clusters not fully explained by charged tracks). To reduce the contribution from
pile-up, the Charged Hadron Subtraction (CHS) method is employed: charged PFOs that
are not associated with the primary vertex are removed, by requiring |z sin(#)| < 2 mm,
where zy is the longitudinal impact parameter, and 6 is the polar angle of the charged
PFO momentum.

2.3.2.5 Jet reconstruction

Jets are reconstructed from PFlow objects (“PFlow jets”) or topo-clusters (“EMTopo
jets”), using the anti-kr algorithm, introduced in Section 1.2.4.2. Both types of jets are
referred to as “reco-jets,” whether they are defined in data samples or simulations. Jets
that do not satisfy pr > 7 GeV and |n| < 4.5 are discarded.

In MC samples, jets can be reconstructed from the simulated particles, using stable final-
state particles (with lifetime 7 satisfying ¢r > 10mm), excluding muons, neutrinos, and
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Figure 2.11: Idealised examples of how the algorithm is designed to deal with several
different cases. The red cells are those which have energy from the 7", the green cells
energy from the photons from the 7° decay, the dotted lines represent the original topo-
cluster boundaries, with those outlined in blue having been matched by the algorithm to
the 7t, while those in black are yet to be selected. Taken from [86].

particles from pile-up interactions. Such jets are referred to as “truth-jets”. They are
selected with the same pr > 7 GeV and |n| < 4.5 thresholds as EMtopo and PFlow
jets, and are geometrically matched to those jets using the angular distance R with the
requirement R < 0.3.
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Afterwards, reco-jets are calibrated with the Jet Energy Scale (JES) calibration, thor-
oughly described in Chapter 3.1.

2.3.3 Jet Cleaning

At each stage of jet reconstruction, specific measures are taken to mitigate the effects of
pile-up. For instance, CHS is applied consistently to suppress pile-up contributions in
PFOs. The anti-kt jet algorithm itself is inherently resilient to soft radiation. Addition-
ally, the jet calibration procedure includes dedicated corrections to account for pile-up.

To further improve jet quality and reduce residual pile-up effects, a range of jet-level and
event-level mitigation techniques has been developed.

2.3.3.1 Jet Vertex Tagger

The JVT (jet-vertex-tagger) variable [87] is a 2-dimensional likelihood that quantifies the
probability for a jet of being signal-like. It is defined in the phase space: 20 < pT" < 50 GeV
and |n| < 2.4. Tt relies on variables that capture the fraction of a jet’s pr originating from
tracks associated with the hard-scatter vertex:

o corrJVF (corrected Jet Vertex Fraction) compares the scalar sum of pr of tracks
matched to the primary vertex to the total pr of tracks associated with any vertex,
with a correction to account for the increasing track multiplicity with the number
of primary vertices Npy. The Jet Vertex Fraction (JVF) was the variable used in
almost all physics analyses in Run 1 for the same purpose.

e R,r compares the scalar sum of track pr associated with the primary vertex to the
total calibrated jet pr, which includes information from the calorimeter. R,r can
be interpreted as the fraction of the total jet pr that comes from charged particles
associated with the hard-scatter vertex.

The distributions of these two variables for pile-up jets and jets coming from the hard-
scatter vertex are displayed in Figure 2.12. Together, these variables allow the JVT to
efficiently distinguish between pile-up and hard-scatter jets, particularly in the low-to-
moderate pr region where pile-up contamination is most significant.

The likelihood is evaluated on a simulated Z(— ee)+jets sample. In this sample, EMTopo
jets geometrically matched to truth-level particles from the hard-scatter process (within
AR < 0.4) are labelled as hard-scatter jets, while unmatched jets are considered pile-up
jets. The fake rate (fraction of pile-up jets misidentified as hard-scatter) versus efficiency
(fraction of true hard-scatter jets retained) of the JVT, corrJVF and R,r, is shown in
Figure 2.13.

2.3.3.2 Event level selection

At this point, jets from pp collisions need to be distinguished from misidentified jets of non-
collision. These might arise from proton losses upstream of the interaction point. These
losses can produce secondary cascades resulting in high-energy muons (with energies close
to the beam energy) that may be reconstructed as fake jets. This phenomenon is referred
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The selection of so-called good jets is based on several discriminating variables:
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(resp. HEC) calorimeter cells,

e fmax the maximum energy fraction in a single calorimeter layer, defined as the
fraction of the jet’s total energy deposited in the layer with the highest contribution;

o fa the jet charged fraction, i.e. the ratio of the scalar sum of the pr of the tracks
associated to the jet and the total jet pr. The ratio of fu,/fumax 1S also used to
identify good jets.

In addition, fake-jets can arise from detector-related effects, such as calorimeter noise
originating from large-scale coherent noise or isolated pathological cells not flagged by
the data quality monitoring system [88]. To reject such jets, the characteristic ionisation
signal shape recorded in each LAr calorimeter cell is compared to the expected pulse
shape from simulations of the electronic response. The quadratic difference of the two is

computed as Q%4F, and several jet-level quantities are derived, such as:

. f(SAr the fraction of the energy in the LAr calorimeter cells with poor signal shape
quality, as identified by a threshold on QL4:

cell »

« fG7C the same variable defined for the HEC calorimeter cells.

LAr
cell »

o (Q) the average jet quality defined as the energy—squared weighted average of
across all relevant cells in the jet.

The E,; variable is also used to flag fake jets from calorimeter noise.

The exact selection criteria are detailed in [89]. Their efficiency has been studied both
in simulation and using in situ data. Several working points are defined to offer different
compromises between selection efficiency and fake jet rejection.

2.3.4 MC simulations

In ATLAS, MC simulations are used at various stages of an analysis, including for the
calibration of detector response, the modelling of signal and background processes, the
optimisation of selection criteria, and the unfolding of detector effects to correct recon-
structed data to particle or parton level. These simulations play a central role in ensuring
the robustness and accuracy of the final physics measurements. Hard scatter collisions
are emulated with general-purpose Monte Carlo simulators (GPMC, described in Sec-
tion 1.2.3.1). In order to accurately reflect the conditions of pp collisions at the LHC,
those samples have to be overlaid with softer pp collisions, representing pile-up. This is
typically achieved by superimposing zero-bias pile-up events simulated with PYTHIA 8,
following the Npy distribution. The resulting events, combining both hard scatter and
pile-up, are then passed through a detailed simulation of the detection process, accurately
modelling the geometry, materials, and digitisation procedures of the detector. This is
performed using the Geant4 [90] simulation toolkit. The information on the particles
available before the detector simulation is denoted as “truth-level information” whereas
detector information available after simulation by Geant4 is referred to as “reco-level
information”.

During data-taking, the observed distribution of the average number of pile-up interac-
tions may differ from the one simulated during the pile-up overlay step in simulations.
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To account for this discrepancy, simulated events are reweighted during data analysis to
match the pile-up distribution observed in data. This procedure is referred to as pile-up
reweighting.

2.3.5 The ATLAS data flow

During Run 2, ATLAS recorded approximately 18 billion complete events. To support
physics analyses, 2-3 times more simulated (Monte Carlo) events are typically produced
than real detector events. This large volume of simulation is essential to reduce statistical
uncertainties in predictions and to enable studies of potential new physics signals.

ATLAS computing relies on a globally distributed infrastructure composed of about one
million CPU cores, 350 PB of disk storage, and nearly 450 PB of tape storage. This
infrastructure includes the CERN Tier-0 site, responsible for prompt data processing, as
well as the Worldwide LHC Computing Grid (WLCG), which includes 11 ATLAS Tier-1
sites and around 70 Tier-2 sites. Additional resources include high-performance comput-
ing centres, the high-level trigger processing farm located near the detector to minimise
latency, and commercial cloud services. These distributed resources are collectively used
to process and analyse all real and simulated data produced by the ATLAS experiment.
ATLAS uses an extensive software suite [91,92] for data simulation, for the reconstruction
and analysis of real and simulated data, for detector operations, and for the trigger and
data acquisition systems of the experiment.

The processing of real and simulated data in ATLAS involves multiple steps. Once events
pass the trigger selection, detector data are recorded in the RAW format, with each
event typically around 1.6 MB. In the case of simulation, the energy deposits are passed
through a digitisation step, where the detector electronics are modelled. This results in
Raw Data Objects (RDO), which conceptually resemble the RAW data and are slightly
larger (typically around 2 MB per event)'.

Then, both real and simulated events undergo the same reconstruction and analysis chain.
Physics objects are reconstructed, and events are stored in the Analysis Object Data
(AOD) format, which typically ranges between 0.2 and 0.5 MB per event. As a result, the
total size of full AOD datasets can reach about 1 PB per year, making them too large for
direct use in most analyses. To address this, the data are centrally reduced into Derived
Analysis Object Data (DAOD) formats, which are tailored to the needs of specific analyses
or physics groups. Each DAOD contains only the relevant object selections, calibrations,
and variables, with a typical event size of 50-150 KB depending on the analysis. Finally,
individual analysis teams often produce Ntuples, which contain only the minimal subset
of information required for their specific studies. These Ntuples are typically a few tens
of gigabytes in size and allow for efficient and flexible analysis.

IThe exact size of these data formats can vary from year to year, depending on pile-up conditions and
improvements in software and data reduction.
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Chapter

The Jet n-intercalibration

Introduction

At high-energy hadron colliders like the LHC, jets have a production cross-section that
exceeds most other final-state observables by several orders of magnitude, making them
a crucial element in most analyses, whether as signal or background. As such, they must
be accurately reconstructed, with their energy and direction (i.e. four-vector) precisely
measured at the particle level.

The goal of calibration is to ensure that, on average, the reconstructed energy of the
jet matches the true energy of the corresponding jet of stable particles that entered the
detector, in real data or Monte Carlo simulations. To achieve this, several effects must
be accounted for and corrected, such as:

The energy lost in the upstream material (before the calorimeter),
The energy lost in dead material (beam pipe, structure, cryostat, electronics...),

The non-compensating nature of ATLAS calorimeters, i.e. the fact that the response
of the calorimeters is different for hadrons and electromagnetic objects (electrons or
photons),

The bending of charged particles in the magnetic field,

The busy data-taking environment resulting from multiple proton-proton interac-
tions (pile-up),

The possible biases in the jet n reconstruction, caused by the transition regions
between different calorimeter technologies or layouts. Pseudo-rapidity is used rather
than rapidity because it directly reflects the detector geometry and segmentation.
For small-R jets, the jet mass is typically small enough that the difference between
pseudorapidity and rapidity is negligible.

The calibration must ensure good response linearity, energy resolution, and position recon-
struction. Additionally, it must provide a uniform response across the (7, ¢) plane, particle
compositions and energy distributions. Since jets are complex objects, the uncertainty in
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their energy measurement is the dominant experimental uncertainty for numerous physics
results. Therefore, it needs to be refined to allow more precise physics measurements.

There are multiple sources of systematic uncertainties, arising from both the detector
description and the physics modelling. These must be combined with statistical uncer-
tainties, which stem from the finite amount of data.

This chapter deals with the n-intercalibration, one of the last steps of the jet calibration
chain. First, an overview of the current status of the Jet Energy Scale (JES) in ATLAS
is given. Then, the n-intercalibration method is detailed, and its derivation as part of
the pre-recommendation for the ATLAS collaboration is presented. Finally, the various
improvements made to the method are discussed.

3.1 Current status of jet calibration in ATLAS

The JES calibration involves multiple consecutive stages derived from a combination of
methods based on the precise comparison between data and Monte Carlo simulations
and in situ techniques. The aim is to determine correction factors to apply to the jet
four-vector, depending on its pseudorapidity and transverse momentum, to match the
four-momentum of the stable particles within the jet. The set of corrections is illustrated

in Figure 3.1.
Residual pile-up Absolute MC-based
correction calibration

Reconstructed pr-density-based

jets pile-up correction
Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum
tracking- and/or event pile-up p; density dependence, as a to the particle-level energy
calorimeter-based inputs. and jet area. function of i1 and N, scale. Both the energy and
direction are calibrated.

Global sequential Residual in situ

calibration calibration

Reduces flavour dependence A residual calibration
and energy leakage effects ~is applied only to data
using calorimeter, track, and  to correct for data/MC
muon-segment variables. differences.

Figure 3.1: Overview of the 2015 ATLAS calibration scheme for EM-scaled jet, at /s = 13
TeV. Taken from [93]. Some calibrations, not included in this flow chart, are dedicated to
specific phase space regions.

First, two sets of pile-up corrections are derived to remove the extra energy coming from
additional proton-proton collisions (Section 3.1.2). Then, MC-based calibration steps cor-
rect the reconstructed jet four-momentum to match that derived from the particles within
the jet (Section 3.1.3) and improve the jet pr resolution and uncertainty by removing the
dependence of the jet response on selected variables (Section 3.1.4). In situ techniques
are then used to measure the difference in jet response between data and Monte Carlo
simulation, with residual corrections applied to jets in data only (Section 3.1.5).
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3.1.1 Reconstruction and origin correction

For most ATLAS analyses as well as for the derivation of the calibration, jets are recon-
structed using the anti-kr algorithm [43] with a radius parameter R = 0.4, commonly re-
ferred to as small-R jets. Details on the anti-kt algorithm can be found in Section 1.2.4.2.
The inputs to the algorithm are four-vector objects, which can represent various observ-
ables derived from detector information or stable particles in Monte Carlo simulations.

For example, jets can be reconstructed from topo-clusters [84], which are 3D clusters
of noise-suppressed calorimeter cells, described in Section 2.3.2.1. The topo-clusters are
calibrated at the electromagnetic scale (EM-scale), which is the basic signal scale ac-
counting for the energy deposited in the calorimeter by an electromagnetic shower. Jets
reconstructed from topo-clusters are called EMTopo jets. Topo-clusters can be further
calibrated using the local cell weighting (LCW) method, which is designed to provide
the correct energy scale for charged pions originating from the interaction point. This
method reduces energy fluctuations caused by the non-compensating nature of the AT-
LAS calorimeter, as well as losses due to energy deposition outside the cluster and in dead
material.

Another approach to jet reconstruction consists of incorporating information from the
tracking system. Particle Flow Objects (PFlow) [86] are created by matching energy
deposits in the calorimeter to extrapolated tracks from the tracking system. They are
described in Section 2.3.2.3. The final set of constituents is a combination of tracks and
energy clusters. Jets reconstructed from PFlow jets demonstrate improved performance
and greater stability to pile-up at low pr compared to EMTopo jets. In either case, jets
follow the same calibration scheme afterwards.

Jets must meet specific quality criteria designed to reject fake jets, described in Refer-
ence [93]. In Monte Carlo simulations, the reco-jets (reconstructed from detector outputs)
are geometrically matched to a truth-jet (reconstructed from the four-vector of the stable
particles), such that the angular distance between the two AR = \/Ap? + An? is smaller
than 0.3. Then, a jet origin correction is performed to correct the direction of the jet
to match the primary vertex instead of the centre of the detector, used in the initial jet
reconstruction.

3.1.2 Pile-up corrections

There are two types of pile-up: in-time pile-up, which results from additional proton-
proton collisions occurring in the same bunch-crossing as the collision of interest, and
out-of-time pile-up, which comes from proton-proton collisions in nearby bunch-crossings.
Pile-up events deposit additional energy in the detector, which combines with that from
hard-scattering objects, leading to a bias in the total jet energy and degrading the res-
olution of hard-scatter jets. The main goal of the pile-up corrections is to estimate and
subtract the contribution from pile-up to the object energy and filter out objects that
originate from pile-up events. For that purpose, two corrections are derived.

The first correction is a jet area-based pile-up correction. For each jet, an active area
A¥** [94] representing the jet susceptibility to contamination is computed. The calculation
of A is done by ghost-association: a large number of soft particles (called ghosts) is
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added, and the region in the (7, ) plane where the ghosts are clustered into the jet is
assessed. The pile-up contribution is estimated from the median pr density of jets in the
(n, ) plane: p = median( ﬁtz JAFY) A correction proportional to A % p is then removed
from the jet pr. This method is applied event-by-event, jet-by-jet and is described in
Reference [95].

However, it is observed that the corrected jet pr still exhibits a small residual dependence
on pile-up activity. To address this, a residual correction is derived. This second correction
is based on Monte Carlo simulations, where the difference between the calorimeter-jet pr
and the associated truth-jet pr is evaluated as a function of Npy and (u). Here, Npy
denotes the number of reconstructed primary vertices in the event, which is sensitive
to out-of-time pile-up, while (u) represents the mean number of interactions per bunch
crossing, which is sensitive to in-time pile-up.

The jet pr after the two corrections is given by:

P = D = pr A—ax (Npy — 1) — Bx p

The coefficients « and 3 are derived with independent linear fits in bins of pf"® and |nget|,
where pi© is the pr of the truth-jet that matches the calorimeter-jet. The effect of the
various pile-up corrections is illustrated in Figure 3.2.
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Figure 3.2: Dependence of PFlow jet p on pile-up as a function of |nge| for pi*e = 25 GeV,
for (a) in-time pile-up and (b) out-of-time pile-up. Errors are taken from the fit results
and are too small to be visible on the scale of the plot. Taken from Reference [93].

Three uncertainties are derived to account for the modelling of y, Npy and p in MC
simulations. An additional uncertainty is included to cover the residual pt dependence.

3.1.3 MC absolute calibration (MCJES)

At this point, a baseline jet energy scale calibration is applied to correct the calorimeter-
jet energy to that of the truth-jet, in MC-simulated dijet samples. Here, both energy and
direction are calibrated.

62



3.1. Current status of jet calibration in ATLAS

The jet energy response Rg, defined as

E
R — < reco>
g Etrue
is calculated in bins of 74ey and Elye, With Elee, the energy of the reco-jet and FEyu. the
energy of the matching truth-jet. The brackets indicate that Rp is defined as the mean

parameter of a Gaussian fit to the distribution. Then, a calibration function is determined

for each nge¢ bin by fitting a smooth function to a graph of Rg vs Eieco, as described in
Reference [96].

Jet energy response before and after MC-based jet calibration is shown in Figure 3.3 as a
function of Ei.e and 1. Small non-closure effects (deviation from unity) after application
of the correction factor are seen at low-pr, implying that the kinematic observables of the
calibrated calorimeter-jet are not fully restored to those of the corresponding truth-jet.
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Figure 3.3: The jet energy response before (a) and after (b) the MCJES calibration, at
fixed energies as a function of 7qe;. Taken from Reference [97].

For the jet pseudorapidity, an additive correction is included to account for biased recon-
struction due to changes in the detector technology in some regions of the detector. In
the poorly instrumented regions, the topo-clusters are reconstructed with lower energy,
which entails a bias in the jet direction toward the better-instrumented regions. The cor-
rection is derived as the average difference between nye and 7Norigin, i Firye and 74e¢ bins,
and parameterised as a function of the calibrated jet energy EEMIES and the uncorrected
Naet- 1he overall correction is very small, and larger in the transition regions, as shown
in Figure 3.4.

3.1.4 Global sequential calibration (GSC)

To reduce the jet-by-jet response dependence, the Global Sequential Calibration scheme
(GSC) is performed. The jet topology, and therefore the detector response, fluctuates
according to the parton at the origin of the jet, i.e. whether it comes from a gluon, a light
quark or a heavy quark. For example, a gluon jet will typically contain a higher multiplic-
ity of particles with softer pr than quark jets, which entails a lower calorimeter response
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Figure 3.4: Average difference between 7yye and 7oigin, in bins of E* and 7ge, as a
function of the uncorrected 7qe. This view highlights the transition regions where the
detector is poorly instrumented. Taken from Reference [96]

and a wider transverse profile. The GSC consists of six multiplicative corrections, exploit-
ing observables that describe the longitudinal shower structure, its transverse structure,
or the activity in the muon chambers. The observables, in the order in which they are
derived and applied, are the following:

o feharged: The fraction of the jet transverse momentum carried by charged parti-
cles, calculated using ghost-associated tracks with pr > 500 MeV within a detector
pseudorapidity range of |[nget| < 2.5.

e frieo: The fraction of the jet energy measured in the first layer of the hadronic tile
calorimeter, constrained to |nget| < 1.7.

e frars The fraction of the jet energy measured in the third layer of the electromagnetic
LAr calorimeter, considering [nget| < 3.5.

e Ny The number of tracks with pp > 1 GeV that are ghost-associated with the jet,
within [nge| < 2.5.

o wyk: The average transverse distance, weighted by pr, between the jet axis and all
ghost-associated tracks with pr > 1 GeV in the n — ¢ plane, for |nget| < 2.5.

* Ngegments: Refers to the number of muon track segments ghost-associated with the
jet, defined within |nge| < 2.7. This corrects the effect of high-pr jets that are
not fully contained in the calorimeter, and it is also known as the “punch-through”
correction.

frars and frie0 serve as indicators of the jet penetration depth, while ng and w act
as indicators of the jet particle multiplicity and their transverse profile. The Ngegments
correction reduces the tails of the response distribution caused by high-pr jets that are
not fully contained in the calorimeter. Correction factors are then derived by a procedure
similar to that of the MCJES, in bins of n and pr, for each variable successively. The
process is further explained in Reference [93].

The mean response in the dijet sample where these correction factors are derived remains
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unchanged, but the jet energy resolution (JER) improves as corrections are added and
flavour dependence is reduced, as shown in Figure 3.5. The GSC is validated in situ
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Figure 3.5: Jet Energy Resolution after MCJES and after the successive steps of the GSC.
The JER is improved at each step. Taken from Reference [93].

with dijet events: the average pr asymmetry between back-to-back jets is measured as
a function of each observable, to check that the dependence of the jet response on each
variable is reduced.

One of the recent developments in jet calibration has been to replace this sequential cal-
ibration with a Deep Neural Network (DNN) trained to predict the pr response. This
method, called the Global Neural Network Calibration (GNNC), exploits the correla-
tions between the variables used and therefore allows using more of them. In particular,
calorimeter-based variables, such as the fraction of energy measured in various sub-parts
of the calorimeter system, and jet kinematics variables, are used in addition to the GSC
variables. The GNNC is used in the latest versions of the calibration and is thoroughly de-
scribed in Reference [97]. It shows an improved pr resolution (about 15-25%) on average
compared to baseline GSC.

Five uncertainties are derived to cover the effects of the residual dependence of the
calorimeter response on jet flavour:

e Proportional sample composition of quarks and gluons,
o Response of gluon-initiated jets,

o Response of b-quark-initiated jets,

e Punch-through correction

» Single-particle response

3.1.5 Residual in situ calibration

The in situ calibrations aim to compare data and Monte Carlo with a data-driven approach
and to correct for the residual differences between the two using reference events. These
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differences can be caused by imperfect simulation of both the detector materials and the
physics processes involved: the hard scatter and underlying event, jet formation, pile-up,
and particle interactions with the detector. Moreover, modelling the response to hadrons
is complicated by the wide range of physics processes involved in hadronic interactions
and the non-compensating design of the ATLAS calorimeters.

The in situ calibration relies on the “tag and probe” method, which consists of exploiting
the transverse momentum balance between a well-calibrated object (tag, or reference)
and the remaining jet under study (probe). The reference object may be another jet
from a well-calibrated region (n-intercalibration, described in Section 3.2), a Z or a =
(Z/~v+jet method, described in Section 3.1.5.2), or multiple jets (Multi Jet Balance, or
MJB, described in Section 3.1.5.3). Figure 3.6 shows the event topologies for the three
methods. Calibration factors ¢(pr,nqe;) are derived from the detector response both in
Monte Carlo simulations and data, then the correction factors are taken as the ratio of
the two, and applied only to data:

c=tmmal,, o]

MC,reco

This way, the data is corrected to match the Monte Carlo.

Another implementation of the tag and probe method consists in using the truth-level
information in the Monte Carlo simulation: the calibration factor cyc is calculated at
truth-level and used as the denominator of the correction factor C. It allows the deconvo-
lution of physics and detector effects in the calibration coefficient and therefore reduces
the modelling uncertainties. It is called the absolute implementation and was studied in
the case of the n-intercalibration by Louis Ginabat [98].

The three in situ analyses are performed sequentially, and therefore systematic uncertain-
ties are propagated from each to the next. The in situ chain is presented in Figure 3.7
It starts with the n-intercalibration, which aims at making the calibration homogeneous
in pseudorapidity across the whole detector. Then, the Z/v+jet and MJB calibration,
which focus on the central part of the detector, are derived.

(a) (b) ()

Figure 3.6: Topologies of events for the tag and probe techniques of the in situ calibration
step: (a) dijet events for the n-intercalibration, (b) Z+jet or v+jet events, (c) Multijet
system for the multi-jet balance. In all these topologies, additional radiations can affect
the balance between the probe jet and the reference object.
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Figure 3.7: In situ calibration chain. Reproduced from [98].

3.1.5.1 n-intercalibration

The purpose of this method is to investigate the jet response across the detector in terms
of pseudorapidity and remove any residual dependence, as variations in the detector struc-
ture lead to different jet responses across its various regions. This variation arises from
differences in the technologies employed in different sections, gaps between instrumented
regions, or the reduced tracking capabilities at high 7. The n-intercalibration method is
also referred to as the relative in situ correction since it calibrates regions of the detector
relative to others. The other in situ methods are derived in the central region only, and
the JES is propagated thanks to the n-intercalibration. The method is the subject of
Section 3.2, and will therefore not be detailed here.

3.1.5.2 Z/v+ jet method

The next step of the in situ calibration uses the pr balance between a jet and a well-
calibrated photon or Z boson (decaying to two electrons or two muons) to derive calibra-
tion factors in the central region of the detector (|n| < 0.8). Electrons and muons, coming
from Z boson decays, and photons are well measured in the ATLAS detector, and the
uncertainties in their respective energy scale are small [82] [99]. The Z-+jet response mea-
surement suffers from low statistics in the high-pr region, thus, it covers the low /medium
pr range, from 17 GeV to 1 TeV. On the contrary, the v+jet response measurement ben-
efits from higher statistics at higher pr and therefore can extend to 1.2 TeV, but starts
at 25 GeV due to jet trigger prescales and prevalence of soft jet misidentified as photons.

Two methods can be used to derive the calibration. The Direct Balance method (DB)
directly exploits the pr balance between the two objects by deriving the calibration factor

c in bins of pf such that

L (Ron) = ()

Pt
with (Rpg) being the mean of the Rpp distribution, evaluated using a fit of a modified
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Poisson distribution. The DB method is sensitive to pr imbalances from out-of-cone
radiation (OOC), initial or final state radiations (ISR, FSR) and pile-up.

The Missing Et Projection Fraction (MPF) method [96,100] balances the boson against

—

the full hadronic recoil measured with Particle Flow Objects. Assuming pi" 4 pp"! +

pr™ = 0, the calibration factors ¢ are then defined in bins of pif such that:
1 /ﬁ/ref X p—r'FmiSS
— = (Rmpr) = (1 + —
c < pr

with 2™ being the unit vector in the direction of the reference object. Again, (Rypr) is
the mean of the Rypr distribution evaluated with a fit of a modified Poisson distribution.
It is displayed in Figure 3.8 as a function on the reference pr, for Z(— ee) + jet, Z(— pup)
+ jet and y+jet events.
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Figure 3.8: (Rypr) for PFlow jets as a function of reference pr for (a) Z(— ee) + jet
events, (b) Z(— pp) + jet events and y+jet events (c). Taken from Reference [93].

The MPF method is robust against both pile-up and underlying event, as their contribu-
tions each cancel out directionally on average over a large collection of events. It is also
less sensitive to out-of-cone radiation since the jet definition only intervenes in the calibra-
tion application. However, applying calibration factors derived from the hadronic recoil
to jets of finite radius is not a straightforward process and requires careful consideration
to ensure accuracy.

Additionally, two corrections are derived from MC: the “showering correction” and the
“topology correction”. The showering correction quantifies the migration of energy across
the jet boundaries in calorimeter jets, relative to the matching truth-jets. The topology
correction accounts for the differences in the calorimeter response for different types of
energy deposits, whether they be sparse or dense, like in the core of jets.

The MPF method is found to be more stable compared to the DB method for low pr jets
and is therefore used as a baseline.

3.1.5.3 Multijet balance

The Multijet Balance method (MJB) is used to derive a correction for jets with very
high pr. For this purpose, high pr jets are calibrated against a system of lower pr jets,
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which are well-calibrated thanks to the previous in situ methods. This is done in two
successive iterations in order to extend the pr reach. The first iteration focuses on jets
with pr < 1.8 TeV, with jets with pr < 1.2 TeV considered for the multi-jet system.
In the second iteration, the pr range is extended up to 2.4 TeV, enabling jets from the
multi-jet system to have pr values between 1.2 and 1.8 TeV. The exact threshold depends
on /s and on the luminosity of the data sample, and the values quoted here are those
of Reference [93]. Those jets are calibrated with the calibration factors from the first
iteration. The response is defined as:

pjet,lead

_ T

RMJB - < multi-jet>
Pr

where pls"'®? is the transverse momentum of the probe jet and p?um'ja the vectorial sum
of lower pr jets. The mean response is obtained in bins of p2™"3° and mapped to pl"*?.

The response Ryyp is illustrated on Figure 3.9.
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Figure 3.9: Detector response as defined in the MJB method, as a function of pf, for
data and various Monte Carlo generators. Taken from Reference [93].

3.1.5.4 Systematic uncertainties

For each in situ method, uncertainties are derived as a function of 1 and pr to account
for several effects.

o Mis-modelling of physics in Monte Carlo, for which an uncertainty component is
defined as the difference in calibration obtained using two different Monte Carlo
generators.

« Event topology dependence on the momentum balance of events is taken into ac-
count by deriving the calibration on a dataset obtained by varying the selection cuts
and comparing it to the nominal calibration.
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« Uncertainties associated with the reference object (electrons, muons, and photons)
are propagated by varying each object calibration by +1c¢ of their uncertainty, the
calibration is derived and compared to the nominal calibration.

e Statistical limitations of the data and Monte Carlo datasets.

e Non-closure, for which an uncertainty can be evaluated for each method by deriving
the calibration on a calibrated dataset, and taking the difference to 1.

A re-binning procedure is applied to each systematic uncertainty to enhance statistical
significance by avoiding fluctuations from small event counts. This is done only where
the response does not vary sharply with pr to preserve real physics effects. Then, a
smoothing is performed to prevent the uncertainties from being too impacted by statistical
fluctuations.

3.1.5.5 Combination of the in situ measurements

The various absolute in situ response ratios have to be combined to derive a single cali-
bration covering the whole jet pr range, from 17 GeV to 2.4 TeV. Each calibration ranges
over a different pr range, but those ranges can overlap, and the combination procedure
must handle the possible tensions in measurement and account for their relative uncer-
tainties. In the combination, the Z(— ee)+jet and Z(— pp)+jet channels are treated
separately since they are affected by different systematic uncertainties.

The procedure is as follows. For each calibration, the parameterisation is adjusted to
be based on the jet pr rather than on the reference object pr. An interpolation by
a second-order spline is then used to obtain a smoother calibration in 1 GeV bins. A
x? minimisation is performed in each bin, using the measurements and their associated
uncertainties as inputs. This minimisation acts as a weighted average, where the weights
are determined by the uncertainties of the measurements. As a result, the measurement
with the smallest uncertainty has the greatest influence on the estimate of the response
ratio within that bin. The weights assigned to the different techniques are shown in
Figure 3.10a. It shows that for pr below 500 GeV, the Z+jet method dominates, then the
~v+jet prevails at intermediate pr up to 1000 GeV, where the MJB method dominates.

To account for tensions between the input measurements, the value of /x2/NDoF is
used to scale the uncertainty when it exceeds 1, according to the PDG guidelines [11].
This adjustment ensures that the uncertainties reflect the level of consistency between
the measurements. The |/x2/NDoF metric can be seen in Figure 3.10b. It demonstrates
that the different processes yield compatible results in the overlapping pr regions. The
final calibration curve is determined by smoothing the output from the combination with
a Gaussian kernel, to minimise the influence of statistical fluctuations, ensure continuity
and avoid artificial fluctuations. The result is shown in Figure 3.11. Starting from 2.4
TeV and above, the calibration factors are kept constant.

Since the three in situ analyses are performed sequentially, systematic uncertainties are
propagated from each to the next. For each method, the measured response is varied by
lo in the uncertainty component, and the propagation procedure is repeated using the
weight of the nominal combination to prevent the varied uncertainty from altering the
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Figure 3.10: (a) Weights assigned to the different absolute in situ methods in the com-

bination process. (b) y/x2/NDoF metric obtained during the combination. It represents
the tension between the different measurements and is used to rescale the uncertainties.
Taken from Reference [93].
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Figure 3.11: Combination of the corrections of the in situ methods, along with their
combined uncertainties. Taken from Reference [93].

contribution to the measurement. The uncertainties are treated as fully correlated over
the pr and 1 range but fully uncorrelated with all other uncertainty sources in most cases.
The uncertainties in (Z — ee)+jet and y+jet arising from the e/~ calibration are taken
as fully correlated. Similarly, uncertainties common to Z+jet, y+jet, and MJB are also
treated as fully correlated, since MJB uses the outputs of the Z+jet and y+jet analyses
as inputs.

The sum in quadrature of the uncertainties is shown in Figure 3.11 as an uncertainty
band around the calibration. The fractional uncertainties are shown as a function of pr
and 7 in Figure 3.12.

3.1.5.6 Single-particle response calibration

The in situ pp-balanced based corrections (Z + jet and v + jet) suffer from limited kine-
matic reach in the high-pr regime due to low statistics, as well as limitations due to MC
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Figure 3.12: Fractional uncertainties as a function of pr (a) and n (b). Taken from
Reference [93].

modelling of additional radiations altering the pr balance. Previously, the MJB method
was used to derive a correction for jets with very high pr, by calibrating them against a
system of lower-pr jets, which were well-calibrated thanks to the previous in situ meth-
ods. A more general in situ approach, using jet substructure information, can be used
to obtain a calibration over the full pt range. Since jets are composed of collections of
single particles, the single-particle response measurements can be used to derive an in situ
calibration and its corresponding uncertainties.

Reconstructed jet Calorimeter cells

correct/smear using

single particle
response

measurements

C . E —
%ﬂlﬂliﬂn Hadronization

Energy deposition inside
calorimeter by stable particles

Figure 3.13: Sketch of the particles associated with a jet and the corresponding energy
depositions in the calorimeter. The colours represent the energy depositions of the var-
ious particle types. In the deconvolution method, the energy depositions are corrected
and smeared to obtain the data-to-MC jet energy correction from calorimeter response
measurements to single particles. Taken from [101].

The deconvolution method [101] treats reconstructed jets as a superposition of individual
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particle energy depositions. It relies on MC simulations but includes data-driven single-
particle calorimeter response measurements for different particle types to compute the JES
correction. For each calorimeter cell associated with a jet, truth particle energy deposits
are identified and corrected using the measured data-to-MC response ratio for isolated
particles of the same type and kinematics. The ratio of total energy depositions before
and after correction is computed in data and in MC, and the mean of the data-to-MC
ratio is used for calibration.

Single-particle response measurements depend on particle type and kinematics. The most
abundant particle types in jets are charged and neutral pions, but some other particle
types contribute as well. Charged hadron responses are measured from pion decays in
W — 7v events and low-pr minimum-bias collisions, while electron and photon cali-
brations use Z — ete™ events. The same data-to-MC correction is used for all types
of hadrons, and additional uncertainties are derived to account for the difference in the
calorimeter response to hadrons of different types.

The uncertainty in the JES is derived from single-particle response uncertainties through
MC pseudo-experiments. In each pseudo-experiment, the single-particle response is ran-
domly varied within its uncertainty range, the JES correction is recalculated, and the
final JES uncertainty is taken as the spread of corrections across pseudo-experiments. In
addition, a jet fragmentation modelling uncertainty is derived by comparing PYTHIA and
SHERPA MC generators.

The single-particle method and the pr-balance methods yield consistent results, but the
uncertainty from the single-particle response method is lower than that from the prp-
balance methods for pr > 200 GeV, providing better precision at high-pt. Since the
two types of methods are complementary in terms of pr range, they can be combined
to reduce systematic uncertainties and ensure consistency across the full pr range. The
combination procedure is the same as described in Section 3.1.5.5, where MJB is replaced
by the single-particle method.

The output of the combination is shown in Figure 3.14. The combined JES uncertainty
reaches 0.3% at pr = 300 GeV and 0.6% at 4 TeV, the most precise jet energy calibration
achieved in ATLAS. For this reason, the single-particle response calibration will replace
the MJB method in future derivations of the JES.

3.1.6 JES uncertainties application and reduction scheme

To evaluate the JES uncertainties in physics analyses, the jet pr is scaled up and down
by lo for each uncertainty component, reflecting the impact of that component on the
measurement. The full jet energy scale uncertainty is described by 125 independent
components, presented in Appendix A.1, which is excessive for most analyses. To address
this, reduced uncertainty schemes are used, offering simplified descriptions that retain the
essential correlation structure. This is done by constructing a covariance matrix of the full
set and identifying the largest uncorrelated contributions, which are retained as individual
components. Two reduction schemes are available: the global reduction, which combines
all pr-dependent in situ uncertainties regardless of origin into 8 components, and the
category reduction, which groups uncertainties based on their source (detector, statistical,
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Figure 3.14: Data to MC jet response ratio as a function of the jet pr, for the combined
in situ F'/p and pr-balance methods (Z + jet and v+ jet). The points indicate the various
measurements with their statistical (inner bars) and systematic uncertainties added in
quadrature (outer bars). The line indicates the nominal combination result, while bands
indicate its statistical (inner bands) and total uncertainty (outer band), respectively.
Taken from [101].

modelling, or mixed), resulting in 15 components. A stronger reduction strategy can be
employed for analyses requiring even fewer parameters.

3.1.7 The Jet Energy Resolution (JER)

Once the JES is applied, the transverse momentum of jets can be determined with high
accuracy, but the measurements still exhibit some spread due to the finite resolution of
the detector. This spread is called the Jet Energy Resolution (JER), and it is generally
assumed to have a Gaussian shape of width o(pr). The relative JER can be parametrised
using a functional form expected for calorimeter-based resolutions:

oer) _N o 5 ge (3.1)
pr P \/Pr

where @ is the sum in quadrature (a®b = v/a? + b?). The precise measurement of the JER
in data and MC allows for validating the simulation of the detector, as well as correcting
for the data/MC difference by smearing the distributions of MC to match those of data.

3.1.7.1 JER measurement using dijet events

For the most recent measurement [93], a tag-and-probe method relying on dijet events is
used to measure the JER in situ. A perfect dijet system (after application of the JES)
should be perfectly balanced in pr. However, this is not observed in practice because of a
combination of experimental resolution, presence of additional radiation in the event, and
biases due to the event selection used in the measurement. This imbalance is measured

ref

through the pr asymmetry variable A = (p*° — pif)/piv8. Here, pie' is the pp of a
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reference jet in the central region of the calorimeter, while pir°*® is the pr of the jet for

which the resolution is measured, located anywhere in the detector. The average pr is
defined as p3® = (P + pief) /2.

avg

The width of the A distribution at reco level for a particular (p7®, 7P%°"), (0.4)meas
is extracted using an iterative fitting procedure, assuming a Gaussian convolution of
detector effects with the particle-level balance spectrum. To isolate detector effects, the
contribution from physics phenomena such as additional radiation (e.g. a third jet or
out-of-cone radiation) is estimated from the width of the true A distribution, denoted
(0.4)true, and subtracted from (0 4)meas 10 get o4, which represent the intrinsic detector
resolution. Finally, the JER for the probe jet is obtained by quadratically subtracting the

. . X p probe b o ref
relative resolution of the reference jet: <ﬁ> =06 <ﬁ> .

The main uncertainties in the determination of the JER are:

e The non-closure uncertainty, evaluated as the difference between the resolution
measured in MC simulation and the particle-level resolution, o(R)/R, where R =

pEee /piie. This uncertainty is around 0.4% and increases with pr.

o The uncertainties propagated from the JES, dominant at low-pr.

o The uncertainties due to the event selection, derived by varying the selection cut
and comparing with the nominal result

o Physics modelling uncertainty, obtained by comparing the nominal result with that
derived with an alternative MC generator.

The relative JER and its absolute uncertainty are displayed as a function of pr in Fig-
ure 3.15.

In previous publications, measurements based on y+jet and Z-+jet events have also been
employed [102].

3.1.7.2 Noise measurement

The noise term of Equation 3.1 can be directly estimated by measuring the fluctuations in
energy deposits due to pile-up, using data samples. These measurements are performed
using the random cones method, in which energy deposits in the calorimeter are summed
at the energy scale of the constituents, within circular regions that mimic the typical
jet area. Two cones are defined at random ¢ values and in opposite £7 regions, and
the difference of their transverse momentum sums, ApfC, is computed. The width of
that distribution orc, defined by the 68% confidence interval, provides a measurement
of the random fluctuations of deposited energy. The estimated pile-up noise is estimated
in multiple || bins as NPV = ogrc/(2v/2). This method captures the non-Gaussian
behaviour of noise contributions to the JER. Since the energy deposits are defined at the
constituent scale, a conversion factor is required to obtain the measurement of the noise
term at the fully calibrated scale. The nominal JES calibration factor is used to perform
this conversion. The result is then fitter with N/pr®S/,/pr, to account for non-negligible
stochastic contributions

A closure test is performed by comparing the in situ measurement of the calibrated NV
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Figure 3.15: (a) Relative jet energy resolution and (b) absolute uncertainty in the relative
resolution as a function of pr in the central region of the detector, measured using the dijet
balance method. The resolution in data is shown in black points with error bars indicating
statistical uncertainties; the resolution in detector-level simulated events is shown by the
blue curve, with total systematic uncertainty given by the blue band. The systematic
uncertainty is dominated by terms propagated from the JES uncertainty. Taken from
Reference [93].

with the expectation in MC simulations. To isolate the contribution to the JER from
pile-up in MC simulations, the noise term is calculated using samples with and without
pile-up. The contribution from pile-up noise is then extracted as the quadratic difference
of the two noise terms obtained. The result is then fitted with N/pr, and the non-closure
is the difference between the N values obtained.

Finally, to estimate the electronic noise, the JER measured in MC simulations without
pile-up is fitted with the function of Equation 3.1, where the electronic noise term is the
N term. The total noise term used in the JER combination is taken as the quadratic sum
of the calibrated NFV and the electronic noise term. The estimation of the noise term
with the random cone method is affected by the following sources of uncertainty:

e An uncertainty due to the non-closure of the method, which is dominant,

o uncertainties in the JES,

o Statistical uncertainties,

o The variations of the quantile of the confidence interval for the measurement of orc,

e An uncertainty due to the fit parameterisation and stability of the electronic noise
term,

» The data/MC differences in the electronic noise component are conservatively esti-
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mated to be 20%.

The total noise term and its systematic uncertainties are presented in Figure 3.16.

S‘ \\\\‘\\\\‘\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\
() 12; ATLAS —e— Full noise term |
O, [ (5= 4 N non-closure |
- Vs=13TeV,24pb™ ... JES conv. factor
% 10~ Antirk, R=0.4 o O definition B
L PFlAwe 1IEC e H=0 MCvs. data |
= [ PFlow+JES wme =0 fit instabilty
.8 8; Total uncertainty 7
(@) = i
Z = i
5 e b
) C 8
ar
2

0 05 1 15 2 25 3 35 4 45
nl

Figure 3.16: Noise term due to pileup estimated using the random cone method and its
uncertainties as a function of |n|. = 0 in the legend refers to the electronic noise term,
measured in no-pile-up conditions. Taken from [93].

3.1.7.3 Combination and application

A combined measurement of the JER is obtained by fitting the dijet balance measurement
using the function form of Equation 3.1, with the N term constrained by the total noise
term measured with the method presented in Section 3.1.7.2. The uncertainties in the
noise term are propagated by repeating the fit with different values of N. The uncertainties
from the dijet measurement are propagated in the same way as for the JES, using a
similar eigenvalue decomposition to reduce the final number of nuisance parameters. The
resulting combined measurement is shown with its uncertainties in Figure 3.17.

For data analyses, a smearing procedure is recommended to ensure that the resolution of
the jet energy scale in simulation matches that in data, wherever possible. Specifically,
in regions of jet pr where the resolution in data exceeds that in simulation, the simulated
jets are smeared to match the broader resolution observed in data. On the contrary, no
smearing is performed when the resolution is smaller than in the simulation.

The uncertainties are propagated through analyses by smearing the jets according to a
Gaussian function of width ogpear such that 02 . = (Cuominal + |Fvaried|)? — T2ominal, With
Onominal the nominal JER (after MC smearing if necessary) and oyaieq the one-standard-
deviation variation in the uncertainty component evaluated.
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Figure 3.17: Relative jet energy resolution (a) and its absolute uncertainty (b) as a
function of pr. Taken from Reference. [93].

3.2 Detailed description of the n-intercalibration

The n-intercalibration is one of the main focuses of this thesis. It is the first in situ method
applied in the calibration sequence. Its goal is to remove any dependence in g of the
jet pr response, defined by:

pprobe
R =L (3.2)

ref

Pr

where p%mbe is the transverse momentum of the jet under investigation and pi' is the

transverse momentum of the reference jet. By conservation of the transverse momentum
in the centre-of-mass frame, the transverse momenta of the two jets of a dijet event
should be balanced. However, in practice, R is sensitive to effects such as the presence of
additional radiative jets or the detector resolution. Therefore, the intercalibration factors
c are defined using dijet events to measure the average imbalance between the two leading
jets of a multi-jet event:

c(pr, Naet) * R(Pr, Ndet) = 1

Then, calibration factors C are derived in bins of pr and 74, following the detector
structure, as the double ratio of the intercalibration factors c:

C = {c(pT,ndet)] /[C(pT,Udet)}
data MC

3.2.1 Event selection
3.2.1.1 Datasets

The method makes use of both experimental data and Monte Carlo samples. For this
study, T used experimental data recorded during the Run 2 (2015-2018) and the early Run 3
(2022-2023) data-taking period of the LHC, with collisions of protons at an energy in the
centre of mass of 13 TeV (Run 2) and 13.6 TeV (Run 3), at high pile-up conditions. The
simulated data uses POWHEG+PYTHIA 8 [21,22] as the nominal Monte Carlo generator to
simulate proton-proton collisions under the same conditions as for data. The simulation
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provides information on the “truth” level, meaning it contains detailed information on the
final particles themselves. Then, the interactions of stable particles in the ATLAS detector
are fully simulated using GEANT4 [4] [90], which generates outputs at the reconstruction
(“reco”) level, meaning that objects are reconstructed from the detector information in
the same way as in the data.

In each type of dataset, jets are reconstructed with the anti-kr algorithm [43] with a
radius of R = 0.4 and calibrated with the first calibration steps described in Section 3.1.
No in situ correction is applied since the n-intercalibration correction is always the first
in situ calibration to be derived and applied.

3.2.1.2 Basic event selection and triggers

First of all, events that may be affected by data-taking issues, whether in LHC or ATLAS,
are discarded. This is achieved using a “Good Runs List” (GRL), which lists periods
during which the data-taking conditions are satisfactory. Moreover, events that involve
parts of the detector affected by local problems are removed. To ensure good quality jets,
a primary vertex is required, which must have at least two tracks in the tracker and two
track particles associated with it. Then, an event-level cleaning is performed to reject
jets of non-collision origins, which can stem from the beam-induced background due to
proton loss upstream of the interaction point, cosmic ray showers or calorimeter noise. It
is described in Section 2.3.3.2.

Events are required to pass a combination of two single-jet triggers made of one central
jet trigger (working in the |n| < 3.2 range) and one forward jet trigger (working in the
3.2 < |n] < 4.9 range). Each jet trigger is made of an L1 jet trigger and an HLT jet
trigger, as explained in Section 2.2.4, which both impose a criterion on the pr of the jet.
Each combination is considered in the pr region where it is 99% efficient, as the method
requires the sample to cover the whole pseudorapidity range covered by the detector. For
the n-intercalibration method, events are only required to pass one or the other trigger of
the combination to be added to the dataset. Each selected event is then weighted by the
appropriate amount (depending on whether it passes a central trigger, a forward trigger
or both), following the inclusion method described in Reference [103]. The “trigger menu”
summarises the list of triggers used for the analysis. It is specified in Table 3.1 for Run 2.
I performed the trigger efficiency study for Run 3, see Section 3.4.2.1.

3.2.1.3 Dijet selection

To ensure a clean back-to-back dijet topology, the following event selection cuts are applied
to both data and MC:

o Agrefprobe > 9 5 t0 ensure a large azimuthal separation between the two leading
jets,

avg

. pjT?’ /p7® < 0.25 to suppress contributions from any additional third jet,

o JVT < 0.25 for jets having pr < 50 GeV and |n| < 2.4, to minimise the contribution
from pile-up (see Section 2.3.3.1). This criterion is only applied to the two leading
jets.
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Central trigger Forward trigger L1 pt criterion | HLT pt criterion
HLT j15 HLT j15_ 320eta490 0 15
HLT j25 HLT j25 320eta490 0 25
HLT j35 HLT j35 320eta490 0 35
HLT j45 HLT j45 320eta490 15 45
HLT _j60 HLT_j60__320eta490 20 60
HLT j85 HLT_j85_ 320eta490 20 85
HLT j110 HLT j110_320etad490 30 110
HLT j175 HLT j175_320eta490 20 175
HLT j260 HLT j260_ 320eta490 75 260
HLT j360 HLT j360_320eta490 100 360
HLT j380 - 100 380
HLT j400 - 100 400
HLT j420 - 100 420

Table 3.1: Trigger table with pr criteria for different triggers.

These selection criteria, with threshold values optimised as in Reference [104], aim to
eliminate systematic bias in the sample. In particular, they prevent physics effects like
additional radiation (third jet, out-of-cone radiation) from becoming dominant. Those
effects could bias the pr balance between the two jets of the dijet system. When a
variation of one of the physics selection criteria is applied, a different set of events is
selected, resulting in a distinct calibration. This alternative calibration is used to derive a
systematic uncertainty in the nominal calibration, as explained in Section 3.2.4.1. These
cuts are applied in data and Monte Carlo simulations, both at reco and truth levels, except
for the JV'T cut since there is no pile-up and thus no use of the JVT selection criteria at
truth level. In addition, an “MC cleaning” is performed in Monte Carlo simulations at
the reco level to mitigate the mismodelling of the pile-up. It consists in comparing the
truth and the reco pr and rejecting an event if the two leading jets at reco level are too
far from the truth leading jet: piv® e /pleading et truth 9 4 " Rejected events can happen
when pile-up jets can be overlaid to lower pr events at high pr. Figure 3.18 shows the
effect of the successive cuts in data, Monte Carlo truth and Monte Carlo reco.

3.2.1.4 Binning

ref probe
After this selection, the events are separated into p7® = ".=2T— bins, which are then

treated independently in the first steps of the n-intercalibration. The binning is chosen
to be nearly equally spaced in log(p7'®) and to contain a satisfying amount of statistics.
One trigger combination is used for one p7'® bin. The pT7® binning used here had been
chosen up to 1200 GeV, as explained in Reference [96], and bins up to 2000 GeV have
been added, see Reference [104]. The n-intercalibration is empirically known to be rather
smooth in pr, hence the pi® bins can be quite broad. The events that do not enter any

pT® bin are discarded.

Each p}'® is further split into rapidity bins (7!, n®*P¢). The n binning is chosen indepen-
dently for each p7® bin. In each case, the n binning is designed to reflect the detector
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structure. For example, a finer binning is used in the transition region around |n| = 2.5,

which corresponds to the end of the tracker coverage. Since the n-intercalibration is the

only in situ calibration that corrects in 7, the binning is chosen to be fairly thin while
av,

keeping a sufficient amount of statistics in each (p7®, 7', pP®) bin. The exact binning
used is displayed in Figure 3.19.
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Figure 3.19: (p7®,n) binning. The red box delimits the phase space region in which
calibration points are obtained, and the dot shows the barycentre of the used bin.

3.2.2 Derivation of the intercalibration factors

Two strategies exist to derive the correction. The simplest strategy is the “central-
reference method”, or “standard method”, which uses dijet systems in which the reference
jet is in the central region of the detector (|n| < 0.8) and the probe jet is in the forward
region (|n| > 0.8). The second strategy, called the “matrix method”, uses all dijet systems
of the sample. For each method, the mean of the pr asymmetry of the dijet system is
computed as a first step. In the next section, the assessment of the mean of the asymme-
try is explained in the case of the central-reference method, but the reasoning is similar
to the matrix method.

3.2.2.1 Determining the mean asymmetry

The p5°°°/piet distribution is not symmetrical around its peak, which makes it difficult
to retrieve the intercalibration factor ¢ by a simple numerical inversion. Therefore, the
dijet asymmetry variable is used. It is defined by:

probe ref
A= Pr  —DPr
- avg
Dy
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probe

Here is the transverse momentum of the jet investigated, prsf is the transverse
) T ) T

pprobe+prTef

T

momentum of the reference jet, and p7® = 5 is the average of the two. The
asymmetry quantifies the deviation from a perfectly balanced pr of the system, which

would infer pPr®® — pref = 0. Tts distribution is symmetrical around its peak due to the

fluctuations of p%wbe and pr! compensating, and the tails fall rapidly. This makes it easier

to determine the average of the distribution as the position of the peak.

For every p7® bin, the asymmetry distribution A is evaluated in bins of Myrobe (With 7y
represented by a single bin), resulting in a distribution that can be approximated by a
Gaussian. The asymmetry distributions can look very different depending on the phase
space region considered. For example, the forward n bins suffer from reduced statistics
compared to bins with two central jets (1 close to zero) for kinematic reasons, and the bins
in the higher p7'® region benefit from a large number of statistics since the triggers used
here are unprescaled. For this reason, the asymmetry binning is chosen relatively small
(0.06), and a re-binning procedure, explained in the next paragraph, is implemented for
each asymmetry distribution to ensure an appropriate representation of the distribution.

The mean value of the distribution (A) is defined as the central value of a Gaussian fit to
the A distribution, if the statistics allow, or else as an arithmetic mean of the distribution.
In both cases, an iterative procedure is used to extract the mean value. In the following,
(A),, defines the mean asymmetry computed at the n-th step of the iterative procedure,
and (A) is the final value. The process to obtain the mean asymmetry through the
arithmetic mean is the following:

1. (A); is computed as the arithmetic mean in the [—0.7,0.7] interval.

2. (A) is computed as the arithmetic mean in the [(A4); — 0.5, (A); + 0.5] interval,
and the uncertainty A(A) is taken as the RMS of the distribution divided by the
effective number of entries.

The process to obtain the mean asymmetry through the Gaussian fit is as follows:

1. The asymmetry histogram is re-binned to facilitate an accurate Gaussian descrip-
tion. This is done by successively merging pairs of bins until the bin width exceeds
the optimal value, defined as woptimar = 3.5 * RMS * Ne_ffl/ ®, Here, N.g is the effective
number of entries defined by Neg = (X7, w;)? /(X" w?), where w; is the weight of
the i-th event entering into the histogram'. This optimal bin formula is taken from
Reference [105].

2. (A); and A(A); is taken as the central value and associated uncertainty of a Gaus-
sian fit to the distribution in the [—0.8,0.8] interval.

3. (A)y and A(A), is taken as the central value and associated uncertainty of a Gaus-
sian fit to the distribution in the [(A); —a*x A{A);, (A); + a* A(A),] interval, with
a=1.5.

4. (A) and A(A) are taken as the central value and associated uncertainty of a Gaus-
sian fit to the distribution in the [(A)y — a* A{A)s, (A)s + ax A(A),] interval, with

IFor an unweighted histogram, Neg is simply the number of entries. For a weighted histogram, it is
the hypothetical number of entries an unweighted histogram with the same statistical power would have.
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a=1.5.

An example of a distribution and its associated fit is presented in Figure 3.20.
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Figure 3.20: Asymmetry distribution for a 400 < pp° < 525 GeV, —0.8 < nprope < —0.4
bin and associated Gaussian fit (in purple), for 2017 data. The black dots represent the
total distribution, while the coloured dashed line represents one trigger combination.

The entire procedure relies heavily on the accurate estimation of the mean asymmetry.
Ensuring that the mean asymmetry is determined with minimal bias is crucial for the
success of the n-intercalibration.

3.2.2.2 The central reference method

At first order, within a relatively narrow bin of p7®, the average value of the asymmetry
(phroP) — (piet
(PROP)+(piet)

the jet pr response defined by (R) = (p°°) /(pif) in one p&® bin and the 7P bin i,

can then be written:
<1> 2+ (A);

is given by (A) = 2 x The intercalibration factors ¢;, which is the inverse of

. 2— (A);
and the associated uncertainty is defined as

() e-ar

C

Jets in the central region (|n| < 0.8) receive an average correction of 1 at this step of the
calibration. The result for one p7'® bin is shown in Figure 3.21.

Due to the constraints imposed on the dijet system, this method suffers from reduced
statistics. The Matrix Method was created to circumvent this issue by using all dijet
events.

3.2.2.3 The matrix method

The principle of the Matrix Method is to use all dijet events to calibrate every region
relative to the others. To maximise statistics, neither jet is required to be in the central
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Figure 3.21: Calibration factors derived with the central reference method for 400 < p1° <
525 GeV, for 2017 data. The uncertainty in the calibration factors is propagated linearly
from the uncertainty in the asymmetry fit, provided by the MINUIT minimiser [106].

region: instead, each jet of the dijet system serves as a reference jet for the other one. This
way, the intercalibration factors for one 1 bin are calculated using measurements from all
the other n bins, contrary to the central reference method, where only the reference region
is used. If one measurement fails, is inaccurate or imprecise, its impact is reduced by the
combination with all the other measurements. This provides strong robustness to the
method, along with significantly enhanced statistics.

The two leading jets are labelled “left” and “right”, such that meg < 7rignt, and the
asymmetry variable is defined as:

left right
./4 o p T p T
- avg
T

Similarly to the central reference method, for each p7'® bin, the jet response is defined in
bins of eft (1)7 Tlright (.]) as:

2+ <.A>Z
(Rij) = -
2= (A)y
and the associated statistical uncertainty is
4A(A);
A(Ri;) -
(2 (A)y)?

For each pr bin, the response matrix is computed as the 2D distribution of R;; in pitt,

prTight bins. An example of a response matrix is presented in Figure 3.22.

It is an upper triangular matrix (hence the name of the method), and its components act
like a set of N2 — N constraints on the evaluation of the N intercalibration factors of the
considered p7'® bin. The intercalibration factors are chosen to fulfil ¢igni(R) — crere = 0,

which results in (Acatibratea) = 0. This results in an over-constrained system, and for
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Figure 3.22: Response matrix for 400 < pp'® < 525 GeV, in 2017 data. This matrix is
used to constrain the intercalibration factors.

each p1'® bin the intercalibration factors ¢; are derived simultaneously from an analytical
minimising procedure of the response matrix (thoroughly described in Reference [98]),
which consists in minimising this function:

N j-1

Seryeen) =3 Z(@(Qm.ﬁ _ CJ))? X (1, o) (3.3)

j=11i=1

Finding the minimum of this function ensures that the ¢; is chosen to correct the jet
response to be closer to 1. The system is over-constrained, so more weight can be given
to the constraints for which the uncertainty is lower. In addition, in some cases where the
determination of (R;;) is not satisfactory (bad asymmetry fit, lack of statistics, central
value too far from the expected value of 0), the contribution from the corresponding bin
can be dropped with little impact on the result. However, the more constraints there are
from the 1 combinations, the more robust the method is. This is why, during my PhD, I
focused on recovering the maximum number of constraints, as detailed in Section 3.3.1.
Moreover, the compatibility between those constraints can be assessed by evaluating the
contribution of each combination to a global x? of the global minimisation. This is a
novelty developed in the context of my PhD. It is further explained in Section 3.3.2.

Since the normalisation of the ¢; factors is not constrained by the minimisation of the
first term of the S function, the X function, defined by

1 & 2
X(epyyen) = /\< > - 1)
N=

is added to fix the value of the average of ¢; to unity. It also prevents the minimising
algorithm from choosing the trivial solution, which is all ¢; = 0, thanks to the Lagrange
multiplier A, which is arbitrarily chosen to be large (A ~ N), for numerical stability. The
value of A does not affect the solution. A recent development of the n-intercalibration has
been the implementation of an analytical minimisation of the S function instead of the
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standard MINUIT minimiser [106], by Robert Hankache [104]. It made the minimisation
approximately a thousand times faster, enabling the use of time-consuming techniques
such as the Bootstrap Method, described in Section 3.3.3, as well as finer 7 binning to
better scrutinise detector features. The exact definition of the analytical minimisation
function is provided in Reference [93].

The correction being relative, the resulting intercalibration factors ¢; are defined up to an
overall multiplicative constant. To fix this arbitrariness, the central region is chosen as
the reference. The calibration factors are scaled afterwards such that the simple average
of the factors in the central region is equal to 1. The result is shown in Figure 3.23.
The statistical uncertainties in the calibration factors are smaller than in the case of the
central reference method (see Figure 3.21).
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Figure 3.23: Calibration factors derived with the matrix method for 400 < p;° <
525 GeV, for 2017 data. The statistical uncertainties in the calibration factors are prop-
agated from the uncertainty in the asymmetry fit using pseudo-experiments (see Sec-
tion 3.2.4.2). Dashed lines are drawn to guide the eye: green and red lines correspond to
corrections of 2.5% and 5%, respectively.

3.2.3 Derivation of the calibration factors

The residual calibration is derived in bins of (p7®,n) as the ratio of the intercalibration

factors, in data and in MC.

e~/

However, the calibration is meant to be applied to any jet regardless of the topology of
the event, so the calibration factors need to be derived in bins of (pr,n). With the Central
Reference method’s notations, the relation between p7® and pr is defined considering a jet
with transverse momentum pr as part of a dijet system along with a jet in the reference
region. Thus, the reference jet has pif = pr * ¢ = pr/R (with R defined in Equation 3.2)

avg

and the p° would be:

C(pTa 77) MC

avg_pT+prTef_1+R*
Pro=""9"" 7R

pr
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Then, the calibration is expressed at the barycentre of the (pr,n) bin and a Gaussian
kernel smoothing is performed to smooth statistical fluctuations and ensure a continuous
calibration, removing any unphysical discontinuity. The result is a calibration function
F(pt,n) which is expressed in fine bins: the Gaussian kernel also performs the interpola-
tion and extrapolation over the whole (pr, n) range. The calibration is frozen above the
highest pr calibration point pi*®® = 1651 GeV. An example of the final calibration for
2017 data is given in Figure 3.24. The calibration is smooth with respect to pr, and dis-
plays fast variations around |n| &~ 1.4, |n| =~ 2.5, |n| & 3.1, as expected given the detector
structure.

/s =13 TeV, Anti-k, R = 0.4 PFlow jets
Calibration for datal7

1.02

Figure 3.24: Full calibration after smoothing and freezing, for 2017 data.

3.2.4 Uncertainties
3.2.4.1 Systematic uncertainties

The n-intercalibration aims to correct the mismodelling of the detector simulation. Still,
the calibration factors are sensitive to other effects, such as the mismodelling of physics
processes, and the choice of criteria for the event selection. Systematic uncertainties cover
these effects.

Event selection Selection cuts are applied to target the dijet topologies as described
in Section 3.2.1.3. The threshold values have been optimised in Reference [104] to remove
unwanted events while keeping a reasonable amount of statistics: they result from a
compromise and do not fully remove physics effects, arising from additional radiation in
the event (third jet, out-of-cone radiation) that would bias the pr balance of the dijet
system. As a result, systematic uncertainties have to be estimated to account for the
residual physics effects. Since the choice of the exact cut-off values is arbitrary, the
systematic uncertainties are evaluated by deriving the final result after varying these
selection criteria. Each selection criterion is varied up and down, with the values shown
in Table 3.2, the calibration is derived for both variations, and the result is compared to
the nominal calibration. The relative systematic uncertainty is taken as the maximum
difference between the varied and the nominal calibration.
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Cut
Loose | Nominal | Tight Cut
JVT - 0.2 0.5 Loose | Nominal | Tight
Aprti? 2.3 2.5 2.8 Aprti? 2.3 2.5 2.8
3 IpRve ] 0.35 0.25 0.15 3 IpRve ] 0.35 0.25 0.15
(a) Selections for reco events (b) Selections for truth events

Table 3.2: Variation of the selection for reco (a) and truth (b) events.

Modelling uncertainties In Monte Carlo simulations, different models can be used
to describe the showering and the hadronisation processes. Uncertainties related to the
modelling of the parton shower, jet fragmentation, and multiple parton interactions, which
impact the pt balance between the photon and the jet, can be estimated by using different
Monte Carlo generators. The calibration is derived using the alternative Monte Carlo
generators, and the relative systematic uncertainty is taken as the difference from the
nominal calibration. Here, the nominal generator is POWHEG+PvyTHIA 8 [21,22], and the
alternative generator is SHERPA [24]. They use different models for parton showering and
different PDFs, and SHERPA works at Leading Order (LO) while POWHEG+PYTHIA 8
works at Next to Leading Order (NLO). The modelling uncertainties can be reduced
using the absolute implementation method explained in Section 3.1.5 and presented in
Reference [97].

Combination of the uncertainties The systematic uncertainties are then smoothed
using the same method as for the nominal case, but with stronger smoothing, achieved
by using a wider Gaussian in the Gaussian kernel. This is because no fine structure is
anticipated in the systematic uncertainties since they are designed to cover physics effects
which are expected to be smooth. The residual structure that might be seen would then
be due to detector effects, which are not meant to be covered at that stage, so they must
be smoothed out.

Usually, the systematic uncertainties evaluated are not symmetrical relative ton = 0. This
is expected to come from statistical fluctuations since the physics effects are symmetrical.
This is corrected conservatively by choosing max(|AC(pr,n)|,|AC(pr, —n)|) both for n
and —n. Then, for the azimuthal separation and third jet radiation, the uncertainties
obtained with the up and down variations are combined by taking the maximum absolute
value of the two. Finally, the four remaining uncertainties are summed in quadrature to
provide a single uncertainty to physics analyses.

An example of systematic and statistical uncertainties, derived for PFlow jets at /s =
13 TeV, is presented in Figure 3.25. At all pr, the MC modelling term dominates the
uncertainty, except in the central region of the detector (|nget| < 0.8). The derivation of
the statistical uncertainties is explained in the next section.

Closure test The calibration closure is tested to check whether the calibration has
successfully corrected all the differences in the jet response. For that, the calibration is
derived once, then applied to a sample and derived again on the corrected sample. If the
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Figure 3.25: Statistical and systematic uncertainties associated to the n-intercalibration
as a function of n for PFlow+JES jets of pr = 50 GeV. The solid purple band shows the
total systematic uncertainty, while the grey band shows the statistical uncertainty alone.
Coloured lines mark individual sources of uncertainty. Taken from [93].

method is ideal, the correction factors from the second derivation are compatible with
unity, and the closure is good. The non-closure of the method, i.e. the difference of those
factors to unity, is taken as a methodological systematic uncertainty:.

3.2.4.2 Statistical uncertainties

For the central reference method, the statistical uncertainty is simply linearly propagated
from the uncertainty in the mean value of the asymmetry AA, taken from the fit and
provided by the MINUIT minimiser [106]. For the Matrix Method, the statistical uncer-
tainty is derived as follows. The minimisation gives the central values of the ¢; for each
pr bin k. To assess the statistical uncertainty, 1000 toy models are generated by ran-
domly fluctuating the nominal (R) distribution, following a central Gaussian of width
A(R) = 4% A(A)/(2 — (A))?, A(A) being the uncertainty in the central value of the
asymmetry fit:

(R)' = (R) + A(R) x G(0,1)

Then, the new S function, as defined in 3.3, is minimised again and the cEOy are derived for
the 1000 toys. The uncertainty of each ¢; is then defined as Ac; = RMS(c}”). Figure 3.26
shows an example of the calibration factors derived with the matrix method for the
nominal sample and 1000 toys.

This method relies on the approximation that the distribution of the central value of
the Gaussian fit to the asymmetry distributions is itself Gaussian. However, it has been
found that this is not always accurate. I have studied and implemented the so-called
Bootstrap method to evaluate the statistical uncertainties. The Bootstrap Method does
not rely on approximation and generates statistical fluctuations at the event level to
provide additional information on the correlations between the measurements. It is further
explained in Section 3.3.3.
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Figure 3.26: Calibration factors derived with the matrix method for 400 < p7° <
525 GeV, for 2017 data (black dots), along with the results for the 1000 toys, which
each enter on the Z axis. The statistical uncertainties are taken as the RMS of the distri-
bution of these toy results.

3.3 Improvements to the n-intercalibration method

3.3.1 Recovering constraints
3.3.1.1 Discarded constraints

The matrix method is based on the fact that the intercalibration factors are constrained
by many contributions corresponding to all the possible combinations of nier and 7yigns.
In practice, not all those combinations are kept: several criteria on the quality of the
asymmetry distribution need to be met.

o If the effective number of entries Neg is too low (< 45), the bin can either be dumped
or merged with its neighbour.

o If the asymmetry fit is not deemed good enough, e.g. if its x*/NDF is too large
(> 15) or if the uncertainty in the central value is too large, the bin is not dumped
but (A) is taken as the arithmetic mean of the distribution, which is a weaker
indicator compared to the mean value of the Gaussian fit.

o If the central value of the Gaussian fit is not reasonable, i.e. too far from 0 or too
far from the arithmetic mean, the arithmetic mean is taken instead.

o The arithmetic mean is taken if the bin width after the rebinning procedure is too
coarse.

Examples of asymmetry bins discarded in the matrix method are shown in Figure 3.27.
For a more robust method, the number of constraints coming from the mean value of the
Gaussian fit needs to be maximised, without introducing any biased contributions.
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Figure 3.27: Determination of the mean asymmetry for different (p7®, niefe, Mrigne in datals,
by a Gaussian fit (a) or by the arithmetic mean (b, ¢, d, e). (a) Example where the fit
works (b) Example where the x?/NDF of the fit is too large (c,d) Examples where the fit
is rejected because the uncertainty in the fit central value is too large (e) Example where
the central value of the fit is too different from the arithmetic mean of the distribution
(f) Example where the bin is dropped because there are not enough effective entries.
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3.3.1.2 Asymmetry binning

One way to recover constraints is to tune the asymmetry binning as a function of the
number of effective entries in the bin: when the statistics are high (e.g. at high pr, low
In]), the x?/NDF of the Gaussian fit to the asymmetry distribution becomes very large,
even though the fit looks correct. This happens when the bins are too broad: they contain
many entries, meaning that the bin represents a wide range of data values. The fitting
function is evaluated at the centre of each bin, but since the bin covers a large range,
the actual data within the bin may vary significantly from the Gaussian function at the
centre. As a result, the difference between the bin content and the value of the Gaussian
at the bin’s centre becomes larger, leading to a poorer fit. In other words, broad bins
reduce the accuracy of the fit by failing to capture the finer structure of the data, which,
in the context of the Matrix Method, can result in the exclusion of valid contributions.

Therefore, a finer binning is implemented in this region. The re-binning strategy is also
adapted to take advantage of this: the optimal bin width defined in Section 3.2.2.1 is
optimised empirically. Both the initial bin width and the optimal bin width have been
studied to ensure an optimal constraint recovery. An initial bin width of 0.008 and an
optimal bin width of Woptimar = 1.5 * RMS * Ne;/ ® are found to give the best results. In
addition to these optimisations, a ratio plot was added below the asymmetry distribution
plots to check for potential biases in the fit. The ratio plot compares the data to the fit,
and if a noticeable pattern or deviation appears in this ratio, it indicates that the fit may
be biased or inaccurate. An example of a constraint recovered after this optimisation is
shown in Figure 3.28. A pattern can be seen in the ratio plot. It is symmetrical around
the peak, suggesting that the bias originates from the tails of the distribution, which
are not well-represented by the Gaussian fit. These non-Gaussian tails also enhance the
X%/NDF of the fit. This can be addressed by tuning the fit range.
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Figure 3.28: Asymmetry distribution for a given p7'®, M, Mignt bin, before (a) and after
(b) optimising the binning, as explained in Sec 3.3.1.2.
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3.3.1.3 Fit range

The non-Gaussian behaviour of the asymmetry distribution, particularly in the tails, tends
to inflate the x?/NDF in high-statistics bins. However, since the tails are not crucial for
determining the mean value, the fit range can safely be reduced to focus on the peak of
the distribution. Therefore, for the last two steps of the iterative procedure, the fit range
is narrowed for bins where the effective number of entries exceeds a certain threshold. As
a reminder, the fit range was defined as [(A;) —axA(A;), (Ai) +axA(A;)], with (A;) and
A(A;) the value extracted from the previous fit, and o = 1.5. Now, the multiplicative
factor v depends on the effective statistic in the bin. The optimal threshold and final fit
range have been carefully studied to ensure accurate constraint recovery. The best values
are found to be the following:

o If Neg > 100,000; a=0.7,
o If Neg > 20,000; a=1.0,
o else, the previous fit range is kept: a=1.5.

An example of a bin recovered by this process is illustrated in Figure 3.29.
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Figure 3.29: Asymmetry distribution for a given py'®, e, Mrigne bin, before (a) and after
(b) optimising the binning and the fit range, as explained in 3.3.1.3.

3.3.1.4 Results

With the implementation of these two improvements, many contributions are recovered,
mainly in the central region of the response matrices (high pr, low |n|) where the statistic
is the highest. The result of these two improvements is best illustrated in Figure 3.30,
which represents the x?/NDF of the asymmetry fit for each g and Tright combination,
before and after the constraint recovery, for one p7® bin. An empty bin means that the
arithmetic mean was used or that the bin was dumped. In this example, in addition to
recovering 54 constraints, the x?/NDF are globally reduced, meaning that the method is
more reliable.
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Figure 3.30: Distribution of the x?/NDF of the Gaussian fit for a given pT® bin, before
(a) and after (b) optimisations.

3.3.2 The global x?/NDF test
3.3.2.1 Principle

As described in the previous sections, calibration of all detector regions relative to one
another is achieved by solving an over-constrained system of linear equations through a
x? minimisation. For corresponding calibration coefficients, a global reduced x? can be
evaluated for each p7® bin, using the following expression (based on the first term of

Equation 3.3):
j—1

X = g:l ;(@ (Ci<Rij> - Cj))2

The reduced x? is given by x? /Ndof, Where the number of degrees of freedom nquf is given
by the number of used relative response terms minus the number of calibration factors.
Since there is one term per bin in the upper half of the N x N response matrix and N
calibration factors, nge corresponds to nger = (N> — N)/2 — N — Nrop, Where Ngyop 18
the number of contributions excluded due to insufficient statistics. The global reduced
x? provides insight into the consistency of the calibration obtained from the input (R;;)
terms and their uncertainties.

To study potential tension within the minimisation, a pull statistic is used, defined by:

1
Zij = A(Rzﬂ(cl (Rij) = ¢;)

The x? of Equation 3.3 is hence a sum of pulls squared. The pull can reveal inconsistencies
between the obtained calibration and the (R,;;) terms, and no such test has been performed
in the ATLAS n-intercalibration before.

3.3.2.2 Results

The global reduced x? test was performed on Run 2 data and their associated Monte
Carlo samples. The results for the combined 2015 and 2016 data sample (called datal516
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hereafter) for one particular p7'® bin are presented in Figure 3.31. Overall, there does not
appear to be any significant bias originating from a specific region. Minor tensions are
noticeable in some isolated bins (e.g. red bins in Figure 3.31a and 3.31c) and can be traced
back to bad evaluations of the average of the asymmetry distribution they originate from.
This often occurs due to poor asymmetry fits that still pass the quality criteria, such as
double-peaked structures where only one peak is properly fitted, or very asymmetrical
distributions. The minor tensions can be explored further to optimise the computation of
the mean asymmetry values. A study was conducted where bins contributing significantly
to the global reduced x? were excluded, and the minimisation was repeated. This study
confirmed that the calibration factors are stable relative to such a change of inputs.
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Figure 3.31: Pull statistic for each (Mies, Mrignt) for 330 < P78 < 400 GeV for data collected
in 2015-2016 (a) and MC (c), and distribution of the pull (b) and (d).

3.3.2.3 Perspective

To reduce inconsistencies in the system, a second minimisation can be performed, omitting
the bins that contribute the most to the tension. This second minimisation approach was
tested, but it resulted in only marginal improvements in the calibration and, therefore, was
dropped. The application of this test also raises the question of whether the uncertainties
should be rescaled using the global reduced x? to account for the tensions between con-
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tributions, following similar techniques of the Particle Data Group [11]. However, such
a quantitative use of the y?/NDF would require including systematic uncertainties in
the global x? evaluation, along with detailed studies of the corresponding (uncertainties
in) the correlations.

3.3.3 The bootstrap method for the evaluation of statistical un-
certainties

3.3.3.1 Principle

The Bootstrap method [107] is a technique used for evaluating and propagating statistical
uncertainties. It is especially helpful when the analytic linear propagation of statistical
uncertainties is challenging or impossible. The principle of the Bootstrap method is
to perform the analysis with alternative datasets, each representing a possible dataset
that could have been collected under the same conditions. Such alternative datasets are
referred to as replicas and lead to corresponding replica measurements.

A set of N replicas that are statistically equivalent to the nominal dataset is created by
introducing Poisson perturbations that simulate statistical fluctuations: to each event is
assigned a unique and deterministically-generated weight, following a Poisson distribu-
tion with a mean of unity. Then, each replica is analysed in the same way as the nominal
dataset, resulting in a distribution for each observable. These distributions contain N
entries, corresponding to the number of replicas, and they can be treated as the proba-
bility distribution function for this observable. An uncertainty in this observable can be
retrieved e.g. from the standard deviation.

In addition, the bootstrap method allows the evaluation of the statistical covariance be-
tween any two observables a and b as:

Covep = N1 Z(ar —a)(b, —b)

where N is the number of bootstrap replicas, a,,b, are the measured values of the ob-
servable for the replica r, and @ = & Y- j a". The correlation between the measurement
is then given by

COV&[,

\/ COVa,a COVbJ,

This correlation matrix encodes information on the correlations between two observables:
a value close to 1 means that the observables are 100% correlated, and a value close to
—1 means that the observables are 100% anti-correlated.

Corrgp =

Moreover, the Bootstrap method is deterministic. Specifically, the seed for the random
number generator is based on the event number, ensuring that the results are fully corre-
lated with those from different analyses using the Bootstrap method as well. This feature
enables the evaluation of statistical correlations between measurements that use either
fully or partially overlapping input data.
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3.3.3.2 For the n-intercalibration

In the context of the n-intercalibration, the goal is to use this method to evaluate the
statistical uncertainties, taking into account the correlations between different 7 regions.
Correlations between the calibration factors are expected, as each selected event contains
a dijet pair that impacts two n bins. The Bootstrap method shall replace the current
process, described in Section 3.2.4.2, which does not account for the correlations.

For this purpose, 1000 bootstrap replicas of the asymmetry distributions are computed and
the mean asymmetry is retrieved as explained in Section 3.2.2.1. The response matrix is
evaluated in bins of p7'®, and correction factors are deduced with the y? minimisation. As
a result, for one (pT®, Net) bin, there are N = 1000 corrections factors C! for r € [1, N].
The statistical uncertainty in the calibration factor for this bin is then determined as the
RMS of the C; distribution.

The covariance matrix between the calibration factors is then defined as:

N

1 _ _
Cov;; = N_1 (€7 = G)(C] = C)
r=0

with C; = % >N, Cr. Then the correlation matrix is computed as follows:

COVZ‘J‘

\/ COVMCOVJ‘J

COI‘I‘i’j =

3.3.3.3 Results

[ implemented the Bootstrap method in the n-intercalibration code using the THBootstrap
class from ROOT [108-110], to produce statistically correlated distributions of asymmetry,
response matrices, intercalibration and calibration factors. Those distributions, their
mean and standard deviation, are studied at each intermediate step of the process, and
compared with the results of the previous method. The previous method is applied to
the nominal distribution and is referred to as such in the following. An example of each
is given in Figure 3.32. The mean values of those distributions are compatible with
the nominal values, and the standard deviations are about two times larger than the
uncertainty propagated from the fit to the nominal asymmetry distributions, as indicated
in Table 3.3. This is the case for most (7, Mright) bins, as shown in Figure 3.33a and
Figure 3.33b, where the ratio is generally below unity, indicating that the uncertainty
from the fit to the asymmetry distribution underestimates the statistical uncertainty of
the mean asymmetry.

The distributions of the mean asymmetries obtained from the asymmetry fits exhibit
non-Gaussian tails (as illustrated in Figure 3.32), and their widths tend to be larger
than the uncertainty obtained from the fit to the nominal distribution. However, the
previous method assumed these distributions were Gaussian, with widths matching the
uncertainties in the central values derived from the asymmetry fits. As a result, the
statistical uncertainties in the calibration factors yielded by the bootstrap method are
found to be up to two times larger than with the previous method, the enhancement

avg

varying with both p;° and 7. This indicates that the previous method underestimated
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Figure 3.32: Distribution of 1000 Bootstrap replicas at intermediate steps of the n-

intercalibration process, for 60 < p1® < 85 GeV. Mean asymmetry (a) and response
T y y

(b) distributions are shown for —2.40 < miere < —2.20, —1.40 < Myigny < —1.20. (c) Inter-
calibration factor distribution is shown for —1.40 < 1g¢; < —1.20.

Value + uncertainty from fit Bootstrap mean + std. dev.

Mean asymmetry 0.0108 % 0.0460 —0.0218 £ 0.0828
Relative response 1.0108 £ 0.0465 0.9817 + 0.0809
n-intercalibration factor 0.9898 £ 0.0041 0.9867 £ 0.0116

Table 3.3: Comparison of the mean asymmetry (A), relative response (R), and 7-
intercalibration factor ¢ obtained from the fit to the asymmetry distributions, and the
means and standard deviations of the associated bootstrap distributions. The results
correspond to the bins illustrated in Figure 3.32.

the statistical uncertainties in comparison with the bootstrap method. Examples for three
p7 ® bins are shown in Figure 3.34. Given that the Bootstrap method does not rely on the
strong assumptions of the previous method, and that the study demonstrates that those
assumptions were incorrect, it can be confidently concluded that the Bootstrap method
is more accurate and should be used from now on.
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Asymmetry, difference between nominal value and Asymmetry, ratio of uncertainty from fit
bootstrap mean, divided by bootstrap standard deviation over bootstrap standard deviation

= 4 15 2
3
1
2
1 0.5
0 0
-1 -05
) ATLAS Preliminary ATLAS Preliminary
(s=13TeV, 36 fb"' -1 (s=13TeV,36fb"
-3 Anti-k, R = 0.4 (PFlow+JES) Anti-k, R = 0.4 (PFlow+JES
4 60 <p2®<85 GeV -1.5 60 <p.?<85 GeV
o b b b b b b b by el b b b b b b b a1y
4 3 2 -1 0 1 2 3 4 e =
r.Ilen r.Ileft
(a) (b)

Figure 3.33: (a) The difference between the mean asymmetry derived from the nominal
dataset with the average of the mean asymmetry of the 1000 replicas, divided by the
Bootstrap RMS, for every (M, Mignt) combination. The difference is close to zero, indi-
cating no bias in the Bootstrap method. (b) The ratio of the uncertainties obtained with
the two methods (previous/Bootstrap), for every (mief;, Miignt) combination. The empty
bins correspond to cases where the lack of statistics prevents a reliable evaluation of the
mean asymmetry. Figure for 60 < p7® < 85 GeV.

The Bootstrap method also allows the derivation of correlation matrices for each py'®

bin. An example is shown in Figure 3.35. Correlation between the bins of high 7 and
anti-correlations between the bins of low 1 can be seen, especially at low pT®. Several

effects can explain this:

e One mean asymmetry value (A) constrains two different 1 bins,

e The normalisation tends to shift matrix entries to positive values,

e Some bins have higher statistical significance than others,

o The strong anti-correlations in the 4 central bins are due to the normalisation of
the central part such that their mean is equal to 1.

Until now, the correlation matrices had never been evaluated, and the correlations had not
been considered in the computation of the statistical uncertainties of the n-intercalibration
method. These (anti-) correlations between the n-intercalibration factors affect the statis-
tical uncertainties associated with the method and should be taken into account to prevent
double-counting of uncertainties. Furthermore, this method allows the correlation of the
statistical uncertainties of the n-intercalibration with those of any other analysis that uses
overlapping datasets.

3.3.3.4 Application in physics analysis

In most physics analyses using jets, the events used to perform the study overlap with
those used for the n-intercalibration. Namely, the same jet triggers are used. For this
reason, the statistical fluctuations in the sample impact the outcome at two levels: event
counting and calibration. Using the bootstrap replicas generated at the event level during
the calibration and propagating the statistical uncertainties from there in the analysis
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Figure 3.34: Calibration factors for various p7® ranges. The statistical uncertainty prop-
agated with the previous approach is in dark blue, while the statistical uncertainty prop-
agated with the Bootstrap Method is in yellow. The bottom panel displays the ratio of
the statistical uncertainties evaluated with the two approaches.
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Figure 3.35: Correlation matrix for 60 < p7® < 85 GeV. Correlation between the bins of
high 7 and anti-correlations between the bins of low 7 can be seen.

allows for properly accounting for these correlations, i.e. to evaluate and propagate them.

The following procedure is proposed for analysers who wish to use correlated uncertainties
for the n-intercalibration factors.

1. For each data taking period (2015-2016, 2017, 2018), for each p3® bin, I provide a
Bootstrap histogram (i.e. an object that stores the nominal histogram and the 1000
replicas), each replica providing a set of correction factors derived by doing

cMmc 2(e
Creplicai / Crominal = ( ) . / ( ) .
Cdata ’ replica;” \ Cqat, 7 ROminal

2. The analyser creates a Bootstrap histogram with 1000 replicas for the variable of
interest.

3. The analyser fills each replica with the jets pr divided by the appropriate correction
factors Creplica, (P75, 7) (from the right data taking period), from the i*" replica of
my Bootstrap histogram.

The results on correlations are considered robust to minor differences that may be found
between the analysis and the calibration, such as jet collection, recommendation, version
of the software, etc. These have little impact on the event selection, and any difference
in the result on the correlation can be considered as an uncertainty in the statistical
uncertainties. This procedure was used in the context of the inclusive-jet cross-section
measurement and is described in Chapter 4.
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3.4 Deriving the official n-intercalibration corrections
and uncertainties

To become an ATLAS author, one needs to complete a “qualification task” (QT), which
consists of performing a task that is beneficial to the whole ATLAS community, such
as performance studies. In the context of my qualification task, I worked on providing
pre-recommendations, which are early results of the calibration derived using the latest
version of the ATLAS software, to be used by analyses using jets. In particular, my goal
was to derive an uncertainty in the calibration factors from the n-intercalibration, linked
to an update of the global analysis framework of the ATLAS collaboration, Analysis
Base, which was updated from release 21 (R21) to release 22 (R22). When I produced
the pre-recommendation, the improvements to the method described in the last sections
were implemented, except for the Bootstrap Method. All samples and calibrations were
provided by the Jet/ETMiss group.

3.4.1 Pre-recommendations phase-I

In the context of the pre-recommendations, early results are provided using the new
version of the software. Major changes are not anticipated, so deriving the calibration from
scratch is not necessary, and a non-closure uncertainty is derived to cover any difference
between the calibration derived with R21 and R22. For this, the n-intercalibration code is
ported to R22 and the calibration is derived on samples calibrated with the R22 MCJES
(Section 3.1.3) and GSC (Section 3.1.4) and with the R21 in situ calibration. Examples
of calibration factors obtained for a low-pr bin, a medium-pr bin and a high-pt bin of
2018 data are shown in Figure 3.36. Non-closure (i.e. deviation from unity) is observed
at low-pr while good closure is achieved at higher pp. The difference to 1 of the output
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Figure 3.36: Calibration factors at (a) low-pr bin, (b) medium-pr bin, (c) high-pr bin,
derived from a sample calibrated with the R21 in situ calibration, for 2018 data and
associated MC16e. It shows the non-closure of the R22 n-intercalibration relative to the
R21 n-intercalibration. Non-closure is observed at low-pr while good closure is achieved
at higher pr.

calibration factors is taken as the non-closure uncertainty for the pre-recommendation
phase-I: AC(pr,n) =C(pr,n) — 1.

It was decided that a unique uncertainty would be provided for all data years. Thus, the
global non-closure uncertainty is the sum of the non-closure uncertainty for each year,
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weighted by their relative luminosity:

lis - |ACis| + lig - [ACi6| 4 li7 - |ACi7| + l1s - [ACus]
lis + lie + lir + lis

with ly5 resp. lig, [17 and l;g the luminosity for the 2015 resp. 2016, 2017, and 2018 years of
data taking. An additional Gaussian kernel smoothing was applied to this result in a (p7',
n) plane, with a strong smoothing effect to provide users with highly smooth uncertainties.
This is needed because sharp transitions in uncertainties can affect analyses, potentially
causing convergence or fit stability issues. The result as a function of p7'® and 7 is shown
in Figure 3.37. It demonstrates small non-closure uncertainties across the plane, with
larger uncertainties at low pr and high 7.

ACTOT =

Vs =13.6 TeV, Anti-k, R = 0.4 PFlow jets
Closure uncertainty for Run-2

ey

10° 10°
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T

Figure 3.37: Smoothed non-closure uncertainty for the full Run 2.

After this, a non-closure uncertainty was also derived for the other two in situ methods,
and the pre-recommendation phase-I result was propagated to the collaboration.

3.4.2 Pre-recommendations phase-I1

Phase-1II of the pre-recommendations provides a preliminary calibration for analysers to
work with early Run 3 data (2022 and 2023 campaigns). A new MC-JES is derived using
the latest Monte Carlo samples (MC23) that emulate the Run 3 conditions. For the in situ
part, similarly to phase-1, a non-closure uncertainty linked to the application of the Run 2
R21 in situ calibration to Run 3 data is derived. To achieve this, Run 3 samples (2021
and 2022 years of data-taking and MC23) are calibrated with the new MC-JES and the
R21 in situ calibration, and the calibration factors are derived. The difference to one is
taken as a non-closure uncertainty.

To work with Run 3 data, a trigger efficiency study must be conducted, since several
significant improvements were introduced during the long shutdown between Run 2 and
Run 3. In particular, the central HLT triggers now use PFlow HLT jets for the partial
reconstruction. The Run 3 trigger menu was also updated (see Table 3.4 requiring the
development of a new trigger strategy for the n-intercalibration.
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3.4.2.1 'Trigger efficiency study

Principle In order to avoid biases when selecting events using triggers, it is essential to
ensure that each trigger is used only within the region where it is fully efficient. For this
purpose, a trigger efficiency study has to be performed. The efficiency of a given trigger
(referred to as the probe trigger) is determined using an unbiased reference dataset relative
to the trigger being evaluated. The efficiency is calculated by measuring the proportion of
events from this reference dataset that pass the probe trigger, as a function of the relevant
kinematic variable in the analysis:

N,

Eff — probe N Nreference

N, reference

The representation of the efficiency as a function of the kinematic variable of the analysis
is called a turn-on curve. In the case of the n-intercalibration, it is evaluated as a function
of p7®. A trigger is considered fully efficient when its efficiency is at least 99%. The
associated pp'® value is called the turn-on pr.

To construct an unbiased dataset, a reference trigger can be used. It should be inde-
pendent of the signal or probe trigger, provide a sufficiently large dataset to ensure good
statistical precision, and have significant overlap with the dataset selected by the signal
trigger. Using a minimum bias trigger as the reference trigger is the most unbiased ap-
proach because it triggers on random events. In particular, it operates independently
of the calorimeter trigger system, making it completely separate from the probe trigger.
However, only a limited number of minimum bias events are recorded, which restricts the
pr reach of this trigger. Additionally, the probability of a low-pr trigger and a minimum
bias trigger firing simultaneously is quite low, as both triggers have high prescales.

Another way to construct a reference dataset for a trigger efficiency study is with the
so-called Bootstrap method (NB: despite the similar name, this is different from the boot-
strap method for the evaluation of the statistical uncertainties, described in Section 3.3.3).
In this method, the efficiency of the trigger with the lowest threshold is evaluated with
an independent trigger, such as a minimum bias trigger. That trigger can then be used
as a reference trigger to evaluate the efficiency of a trigger with a kinematic threshold
higher than the turn-on pr of the first trigger. This process is done iteratively until the
jet trigger with the highest threshold is reached. This method maximises the available
statistics, since the prescales decrease with increasing pr thresholds of the triggers.

To further enhance the statistical precision of the trigger efficiency study, the emulation
method is used. The aim of this method is to recover events where a jet meets the
kinematic threshold of the probe trigger but does not activate the trigger due to prescaling.
This can happen when the event has fired another trigger, but still fulfils the conditions
of the trigger under study. Since the HLT triggers are prescaled independently, only a
limited number of events fire both the probe and the reference trigger. Thus, instead of
the trigger information, the information on the L1 trigger before prescale, together with
the information on the HLT jets (both available in the event record), can be used. The
HLT jets are reconstructed from partial information and partially calibrated to assess the
trigger decision during a run. They enable the emulation of the HLT decision by requiring
that at least one HLT jet pass the trigger threshold. This method is only limited by the
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number of events firing the reference trigger and is independent of the probe jet trigger
prescale. With this method, the efficiency is defined by:

Bff — N (fire reference trigger) N N(pass L1 trigger before prescale & pass probe emulation)
B N (fire reference trigger)

Results For the n-intercalibration, dijet events with jets that span the whole 1 range of
the detector are needed, so the jets are required to fire a forward jet trigger or a central
trigger, or both (as described in Section 3.2.1.2. Therefore, for the trigger efficiency study,
the probe trigger combines a central and a forward trigger, with comparable pr thresholds.

The trigger efficiency study was initially conducted for the central triggers, followed by the
forward triggers, to identify a combination of triggers with a similar turn-on pt. Then, the
trigger efficiency study was done for the combination. An issue with the low-pr triggers
during the early Run 3 prevented the use of the first two triggers, so the study starts
with the third lowest pr trigger. The resulting turn-on curves for data22 are presented
in Figure 3.38. The turn-on pr is estimated as the py® for which the efficiency crosses
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Figure 3.38: Trigger efficiencies as a function of p7® for year 2022 of data-taking. Each
trigger combination is shown in a different colour and with a different symbol. The turn-

on pr is defined as the p7® for which the efficiency crosses 0.99. The full name and

characteristics of the triggers are shown in Table 3.4.

0.99. For safety, a trigger is considered efficient for a pr that is around 10GeV above the
turn-on pr, and turn-on curves are produced in a (n, p7'®) plane to ensure that the trigger
is considered on its efficiency plateau in the whole 1 range.

3.4.2.2 Phase-II pre-recommendations results

A new p7’® binning strategy is adopted to match the Run 3 trigger menu, following the
recommendations presented in Section 3.2.1.4. To circumvent the issue with the low-pr
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triggers, a zero-bias sample is used for the two lowest p7® bins. It corresponds to a sample
triggered randomly with a very high prescale. It contains just enough data to perform the
n-intercalibration at low-pr as a temporary solution for the pre-recommendations. Since
the pr spectra fall rapidly, this sample contains very few events with pt high enough for
the second pr bin: the binning is adapted to ensure sufficient statistics in those two bins.

Similarly to what was done for the phase-I of pre-recommendation, the n-intercalibration
is derived from the Run 3 sample. Example of calibration factors derived for the non-
closure are shown in Figure 3.39. Non-closure is observed at low-pr while good closure is
achieved at higher pr. The difference to 1 is taken as a non-closure uncertainty for the
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Figure 3.39: Calibration factors at (a) low-pr bin, (b) medium-pr bin, (c¢) high-pr bin,
derived from a sample calibrated with the R21 in situ calibration, for 2022 data and
associated MC23a. It shows the non-closure of the Run 3 n-intercalibration relative to
the R21 Run 2 n-intercalibration. The open symbols show the discrete n-intercalibration
factors from which the smoothed calibration is deduced.

phase-II of pre-recommendations. The 2022 and 2023 years of data-taking are combined
to provide a single uncertainty, with a similar approach to phase-I:

lag - |ACas| + laz - |ACas]

AC =
ot log + log

The resulting uncertainty is smoothed in the (n,pT®) plane with a Gaussian Kernel
smoothing, to avoid sharp transitions in uncertainties, which can be detrimental to anal-
ysis. The non-closure uncertainty for the early Run 3 is shown in Figure 3.40. It shows

larger non-closure at high 1 and in the transition regions, especially at low pT®.

3.5 Conclusion

Jets are ubiquitous in the hadron collider environment and often represent either signal
or background in most analyses. As such, accurate jet calibration is crucial and must be
continuously monitored and improved. This chapter presented several studies aimed at
improving the reliability of the jet n-intercalibration. In particular, the overconstrained
system used to derive the calibration factors has been strengthened by incorporating
additional terms and introducing a compatibility test between them. Furthermore, a
new, more robust method for estimating the statistical uncertainties in the calibration
factors has been implemented. This approach results in larger, more realistic uncertainties
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/s =13.6 TeV, Anti-k, R = 0.4 PFlow jets
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Figure 3.40: Smoothed non-closure uncertainty for the 2022 and 2023 datasets. At low-

pT e, a zero-bias sample with lower statistics is used.

and enables the study of their correlations among different phase-space regions and with
other measurements. Finally, the n-intercalibration step of the JES has been derived for
direct application by analysts working with Run 2 and Run 3 data. This required the
development of a new trigger strategy for the application of the calibration to Run 3
data.
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Central Trigger name Preselection | L1 criterion | HLT criterion
HLT_jo_perf L1IRDO0O_FILLED 0 0 0
HLT j15_pf ftf L1RDO_ FILLED 0 0 15
HLT j25_ pf ftf L1RDO_FILLED 0 0 25
HLT j35_pf ftf L1RDO_FILLED 0 0 35
HLT j45 pf ftf preselj20_L1RD0_FILLED 20 0 45
HLT_j60_pf ftf preselj50_11J20 50 20 60
HLT_j85_pf ftf preselj50_L1J20 50 20 85
HLT j110_pf ftf preselj80_1L1J30 80 30 110
HLT j175_pf ftf preselj140_L1J50 140 50 175
HLT_j260_pf ftf preselj200_ L1J75 200 75 260
HLT j360_pf ftf preselj225_ L1J100 225 100 360
HLT_j400_pf_ftf preselj225_1.1J100 (data23) 225 100 400
HLT j420 pf ftf preselj225 L1J100 (data22) 225 100 420
Forward Trigger name Preselection | L1 criterion | HLT criterion
HLT_j15f L1RDO0_FILLED 0 0 15
HLT_ j25f L1RDO_FILLED 0 0 25
HLT ;j35f L1RDO0O_FILLED 0 0 35
HLT j45f 1.1J15p31ETA49 0 15 45
HLT_j60f L1J20p31ETA49 0 20 60
HLT_j85f L1J20p31ETA49 0 20 85
HLT_j110f L1J30p31ETA49 0 30 110
HLT j175f L1J50p31ETA49 0 50 175
HLT_j220f L1J75p31ETA49 0 75 175

Table 3.4: Run 3 jet triggers table with pr criteria for different triggers. The pre-
selection refers to a cut on calorimeter cells before the HLT jet reconstruction to
reduce the timing cost of tracking when using the PFlow algorithm. The central
triggers are defined in the |p| < 3.2 range while the forward triggers are defined
in the 3.2 < |n| < 4.9 range. LIRD0 FILLED triggers on bunch crossing, and
HLT _jO requests the presence of a jet with no condition on its pr. For 2022, the
first unprescaled trigger is HLT j420 pf ftf preselj225 L[1J100, while for 2023 it is
HLT j400_pt ftf preselj225 11J100.
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Trigger Turn-on p1'® (GeV) | pT° bin (GeV)
HLT noalg L17ZB - 20-25
HLT noalg L17ZB - 35-60
HLT j35 OR_HLT j35f 46.5 60-85
HLT j45 OR._HLT j45f 56.5 85-125
HLT j60 OR._HLT j60f 84.5 125-150
HLT j8_ OR_HLT_j85f 120.5 150-175
HLT j110_OR_HLT j110f 147.5 175-220
HLT j175 OR_HLT j175f 192.5 220-270
HLT j260_ OR_HLT j260f 274.5 270-330
HLT j360 377.5 330-400
HLT _j420 (resp HLT _j400) 419.5 (resp 418.5) 400-525
HLT j420 (resp HLT j400) |  419.5 (resp 418.5) 525-760
HLT j420 (resp HLT j400) |  419.5 (resp 418.5) 760-1100
HLT j420 (resp HLT j400) 419.5 (resp 418.5) 1100-1500
HLT j420 (resp HLT j400) |  419.5 (resp 418.5) 1500-2000

Table 3.5: Turn-on pr for the Run 3 jet triggers and py'® binning strategy for the 7-
intercalibration. Due to an issue with low-pr triggers, a zero-bias sample is used for the
first two bins. For the highest p7® bins, HLT j420 is used in 2022, while HLT j420 is
used in 2023.
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Chapter

The Inclusive Jet Cross-Section Analysis

Introduction

Jets are ubiquitous in high-energy proton-proton collision environments, making them
one of the main observables at the LHC. They enable a wide range of physics studies,
spanning from low-energy non-perturbative QCD to high-energy QCD measurements,
while also playing a role in searches for physics beyond the Standard Model. The jet
production cross-section measurement is one of the high-energy QCD measurements. It
represents the probability of emission of a jet in proton-proton collisions at a given centre-
of-mass energy. Experimentally, this translates to counting jets and normalising the
measurement by luminosity. These measurements have multiple uses. First, they enable
the precise evaluation of Standard Model parameters, such as the strong coupling constant
as or the determination of Parton Density Functions (PDFs). Additionally, they can
be used to optimise the tuning of free parameters in Monte Carlo generators. These
measurements can also be compared with theoretical predictions to test the Standard
Model and indirectly probe physics beyond it. Any discrepancy between the measurement
and theory predictions could hint at new physics effects in virtual loops.

4.1 The inclusive jet double-differential cross-section
measurement

Various observables can be used to study the jet production cross-section, including the
inclusive jet production double-differential cross-section. This chapter focuses on small-R
jets (R = 0.4) reconstructed using the anti-kr algorithm, regardless of their flavour. In
this measurement, each jet in an event is considered individually, as a function of jet pr
in eight equal-size bins of the absolute jet rapidity |y|. Only jets in the kinematic range
pr > 55 GeV and |y| < 4.5 are considered. The inclusive jet production cross-section is
defined as the ratio of the number of jets in data Njes within a given range of transverse
momentum Apt and rapidity Ay, to the integrated luminosity L:

d20' _ ]Vjets
dprdy  LAprAy
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Figure 4.1: Inclusive jet cross-section as a function of pr and |y|, for anti-kt jets with
R = 0.4. The statistical uncertainties are smaller than the size of the symbols used
to plot the cross-section values. The shaded areas indicate the experimental systematic
uncertainties. Taken from [109].

It has been thoroughly studied in proton-proton collisions, both in ATLAS [109-111]
and CMS [112,113]. Figure 4.1 shows the latest results of the ATLAS collaboration.
Historically, this measurement has exhibited significant tensions in the quantitative com-
parisons between experimental results and theoretical predictions, both in ATLAS and
CMS. In particular, while there is good agreement within individual (pr,|y|) bins, the
global x?/NDOF, which accounts for the full bin range and their correlations, is remark-
ably high. This points to the importance of accounting for the correlations, and multiple
ideas have been tested to reduce this tension from the experimental side. For example,
even if the amplitude of this uncertainty is at the few-permil level, having hundreds of
local statistical uncertainties for the n-intercalibration instead of one single fully corre-
lated uncertainty over the full (pr,n) range has reduced the x? by more than 200 units.
This gives hope that the new treatment of the n-intercalibration statistical uncertainties,
presented in Chapter 3 Section 3.3.3, could have a significant impact on the inclusive jet
production cross-section analysis.

4.2 Dataset

4.2.1 Data

The measurement uses proton-proton collision data at a centre-of-mass energy of /s =
13 TeV recorded by the ATLAS detector during the Run 2 data-taking period, in high pile-
up conditions. The 2015 and 2016 samples are combined and treated as a whole, alongside
the 2017 and 2018 samples. The total integrated collected luminosity is presented in
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Table 4.1.

2015 2016 2017 2018 Total
3.244+0.04 | 33.40 £0.30 | 44.63 £0.50 | 58.79 £ 0.64 | 140.07 £0.64

Table 4.1: Per-year and total integrated luminosities of the Run 2 of LHC, recorded by
the ATLAS detector, in fb™". Values are from Reference [58]. The relative uncertainty in
the total integrated luminosity amounts to 0.46%.

Jets are reconstructed from PFlow objects [86] using the anti-kt algorithm [43] with
parameter R = 0.4 and calibrated following the most recent recommendation of [93],
with single-particle calibration (Section 3.1.5.6) replacing the MJB in situ method (Sec-
tion 3.1.5.3), offering better precision relative to earlier derivations. For the n-intercalibration
part, the calibration of 2017 is applied to the 2018 sample and a non-closure uncertainty

is added for the 2018 sample to account for any discrepancy. Events are required to pass
multiple selections to ensure the good quality of the sample:

o Events that may be affected by data-taking issues, whether in LHC or ATLAS, are
discarded using the ATLAS Good Run List,

o Corrupted events with jets landing in parts of the detector affected by local problems
are removed with an acceptance cut,

o To ensure good quality jets, a primary vertex is required, and must have at least
two tracks in the tracker and two track particles associated with it,

o The event must pass at least one trigger from the trigger menu, which consists of
single-jet triggers with thresholds varying from 55 GeV to 360 GeV, considered in
pr regions where their efficiency is above 99.9% (see Section 3.4.2.1),

o The jet must be considered in-time relative to the collision that produced the event.
This is achieved via a simple cut |tje;] < 10 ns where tje; is computed relative to the
event time recorded by the trigger (which is synchronised with the bunch-crossing
time),

« Jet cleaning, to reject fake jets in the high 1 and high pr region. It relies on a simple
set of selection criteria based on noise-sensitive variables. The jet cleaning process
has been tailored to this analysis and is thoroughly presented in [114],

e The transverse momentum of the jet is required to be above 100 GeV and the
absolute rapidity is required to be below 4.5. For the unfolding procedure, an
additional pr bin extending down to 70 GeV is introduced to account for possible
migrations of jets into or out of the region below 100 GeV.

These selection criteria can introduce inefficiencies. The inefficiencies from the jet timing
selection and the trigger selection are found to be minimal and consistent between data
and Monte Carlo. The jet cleaning induces a larger inefficiency (~ 2% over the entire jet
pr range) and therefore requires a correction. This is done at the unfolding step, described
in Section 4.3. No additional uncertainty due to this correction is assumed [89].

The dataset is then split into nine equally spaced absolute rapidity bins |y| of width 0.5.
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4.2.2 MC simulations

Simulated data is used for the correction of detector effects. It is produced using PYTHIA 8.230 [21,
22], including matrix elements for the leading order processes of dijet production inter-

faced to a pr-ordered parton shower. The interaction of the particles in the ATLAS
detector is fully simulated using GEANT4 [90]. As described in Section 2.3.4, the distri-

bution of the average number of pile-up interactions in simulations is re-weighted during

data analysis to match that observed in the Run 2 data.

At the reconstructed level, events are required to fulfil the same conditions as for the data
sample, except for the GRL, the corrupted events and the trigger selection. An MC clean-
ing criterion is added: the event must have at least one truth jet and p3®™*® /ppi™™ <

1.4. At the truth level, only the timing and kinematic selection are required.

4.3 Unfolding

4.3.1 Motivation

In high-energy physics, experimental distributions are modified by detector effects such
as limited acceptance, finite resolution, and other systematic factors that entail a transfer
of events between different regions of the spectra. For example, the non-zero JER (see
Section 3.1.7) causes some jets to be reconstructed with a pr value that is either higher or
lower than their true value, resulting in their migration to adjacent analysis bins. When
these effects are well understood and controlled, they can be included in MC simulations
of the detector response, which can then be used to correct the data accordingly. This
correction procedure is known as unfolding.

In most applications, unfolding is used to estimate the truth-level distribution of an
observable, such as the transverse momentum of a jet. Due to detector inefficiencies and
resolution effects, the truth-level and reconstructed-level distributions may indeed differ.
Unfolding methods aim to provide an estimator that corrects for these effects statistically,
providing a more accurate representation of the underlying physical process with minimal
bias and minimal model dependence. Unfolding data enables a direct comparison of
measurements from different experiments or with theory, as well as data preservation and
re-interpretation. It also allows for simplifying phenomenological studies.

4.3.2 General unfolding strategy

The following notations are used: d represents the data distribution, while r and t cor-
respond to the reconstructed and truth-level distributions in the MC simulation. The
unfolded data distribution is denoted by wu.

For binned observables, the unfolding method relies on a transfer matrix 7; ; which rep-
resents the number of events originating from the truth bin j that is reconstructed in
the reco bin i. The folding matrix describes detector effects and can only be determined
using simulations. An unfolding matrix U, ; is constructed from the transfer matrix such
that each element of the unfolding matrix represents the probability that an event in a
particular reconstructed-level bin originates from a specific particle-level bin, given the
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assumed input particle-level spectrum:

Uiy =p(r € (Ar)i, t € (At);)

In practice, the unfolding matrix can be refined using various methods. In the case of
the inclusive jet cross-section measurement, an iterative, dynamically stabilised method
(IDS) [115,116], described in Section 4.3.3, is used.

Selected events, chosen to minimise potential biases, are used to build the histograms
of the cross-section spectra and the transfer matrix. However, some events may not
contribute to the transfer matrix due to detector inefficiencies, such as limited acceptance
or finite resolution. To address this, the matching purity and matching efficiency are

defined as: ™% = ZJTTJ and e?fﬁdemy = %, respectively. The first step of the
unfolding procedure is applying the impurity correction to the data spectrum, ensuring
consistency between the number of jets used to build the transfer matrix and the number
of jets in the corrected data spectrum. Specifically, events in the reconstructed bin ¢
are weighted by the matching purity at the reconstruction level. In the second step, the
unfolded data spectrum is obtained using the unfolding matrix. The third step is the
application of a correction to account for matching efficiency losses: events in bin j are
weighted by the inverse of the matching efficiency at the particle level. An example of
efficiency and purity for the inclusive jet cross-section measurement is shown in Figure 4.2.

Vs = 13 TeV, Full Run 2 data, Pythia8 MC Vs = 13 TeV, Full Run 2 data, Pythia8 MC
Inclusive anti-k, R = 0.4 EMPFlow jets, 1.0<y <15 Inclusive anti-k, R = 0.4 EMPFlow jets, 1.0<y <15
Matching efficiency Matching purity
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Figure 4.2: Matching efficiency (a) and purity (b) for the inclusive jet cross-section mea-
surement, for 1.0 < |y| < 1.5.

4.3.3 The IDS method

In practice, several methods are used to evaluate the unfolding matrix, one of which is
the Iterative Dynamically Stabilised (IDS) [115,116] method. The method relies on the
transfer matrix giving an accurate description of the detector effects and on the quality
of the model used for the truth-level MC spectrum. The latter may not be perfect, as
the truth-level spectrum (and thus the transfer matrix) is iteratively improved through-
out the unfolding process, by comparing the truth-level MC and unfolded distributions.
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The transfer matrix may also be imperfect, and this limitation is accounted for through
the JER systematics. The number of iterations and the binning serve as regularisation
parameters.

An initial folding (resp. unfolding) matrix is constructed from the transfer matrix by
normalising row-by-row (resp. column-by-column) so that the sum of the elements corre-
sponding to a given truth-level (resp. reconstructed-level) bin is unity.
T;; Ty
Fj=c>2 Uj=c"
>k Tk >k Lin
F;; gives the probability for an event in the truth bin j to arrive in the reco bin ¢, and Uj;
provides the probability for an event in the reconstructed bin i to come from the truth
bin j. An example of a folding matrix for the inclusive jet cross-section measurement is
shown in Figure 4.3. At each iteration, the unfolded spectrum is given by:

Vs =13 TeV, Full Run 2 data, Pythia8 MC

Inclusive anti-kt R = 0.4 EMPFlow jets, 1.0<y <1.5
Folding matrix (with matching inefficiency/impurity)

coo0O000O000R
RPNWKAOOOO N0 O

0
pIee® [GeV]
Figure 4.3: Example of a folding matrix for the inclusive jet cross-section measurement,
for 1.0 < |y| < 1.5. The side bands are the projection along the pi¢® and p%"*" axis. They

represent the matching purity and efficiency, respectively.

+kaAdekg (1—f;)Ad

where ]vadata is a normalisation factor, and Ad, = dj — Nd;tar quantifies the difference
between the data and scaled MC reconstructed distribution. The term fr acts as a
regularisation term that dictates the fraction of events that migrate from the bins k,
based on the associated uncertainty, with o the statistical uncertainty in dy:

Ady yo

fo=1—¢ Ga),
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In this equation, A is a positive regularisation parameter that can, in principle, be dif-
ferent at each step of the procedure. The setup used here employs, however, very little
regularisation, other than the one induced by the choice of the number of iterations.

Between iterations, the truth-level spectrum is refined through a reweighting procedure
that accounts for the discrepancy between the truth-level MC and the unfolded data at
the current step. This process leads to an update of the transfer matrix as follows:

Nuic

" ]+ 1 ]Ndata

with Au; = u; — ]]\E\—“ftj. Each iteration reduces the bias caused by an imperfect MC
model and shape differences between data and MC, but leads to increased statistical
uncertainties. The number of unfolding iterations must be chosen carefully to balance

bias reduction and the control of statistical uncertainties.

For the inclusive jet cross-section measurement, the number of unfolding iterations is
taken as N = 1 (optimised in Reference [98]), meaning that the unfolding is performed
twice, once with the original transfer matrix and with the reweighted one. The com-
parison of data before and after unfolding is provided in Figure 4.4. The differences are
more pronounced at low pr, where the pr resolution is larger, and at high pt (above
1 TeV), where the jet production cross-section starts being more affected by statistical
fluctuations.

— Data
Vs = 13 TeV, Full Run 2 data, Pythia8 MC

Inclusive anti-k, R = 0.4 EMPFlow jets, 1.0 <y <1.5 —— Unfolded data
Data and unfolded data
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Figure 4.4: Inclusive jet cross-section spectrum for 1.0 < |y| < 1.5, before (in black) and
after (in red) unfolding with 1 iteration. The bottom panel shows the ratio of the unfolded
spectra to the non-unfolded spectra.

4.3.4 Data-driven closure test

The transfer matrix 7; ; is built from simulated data, making it dependent on the choice
of the MC model. However, this model dependence decreases as the number of unfolding
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iterations increases. Any residual bias can be estimated through a data-driven closure
test, presented in Reference [115]. The test consists of applying the unfolding procedure
to a pseudo-data distribution " that shares the same overall characteristics as the data
distribution and has a known corresponding truth distribution ¢’. The associated unfolded
distribution v’ is then compared to t": a non-closure bias is evaluated as b = (v’ —t')/t'.

To obtain the pseudo-data distribution /, the MC events are reweighted as a function of
the truth-level variable to better match the data at the reconstructed level. These weights
are chosen to improve the agreement between the data (after applying the matching
efficiency at the reconstructed level) and the reconstructed MC (obtained by projecting
the modified matrix onto the X axis, corresponding to the pr of the reconstructed jet).
Then, r" and ' are normalised to have the same number of events as d, and the statistical
uncertainties of v’ are set to be those of d. The reweighting can be done in several ways.
In the inclusive jet analysis, a smooth function of pr is applied, whereas for the Lund jet
plane analysis, a simple binned ratio is used.

4.3.5 Application to the inclusive jet cross-section analysis
4.3.5.1 Object definition

For the inclusive jet cross-section analysis, the detector effects are mostly bin migrations
due to the large pr resolution of jets. The transfer matrix is populated on a jet-by-jet
basis by matching a truth-level jet with a reconstructed-level jet when the two satisfy
specific criteria. Namely, they must:

« Be closer to each other than to any other jet,

Lie within a radius of R = 0.3,

Have a transverse momentum of at least pr > 75 GeV,
Belong to the same rapidity bin.

A truth jet with an assigned reconstructed jet is considered matched, and similarly, a
reconstructed jet with an assigned truth jet is also considered matched.

4.3.5.2 Data-driven closure test

For the data-driven closure test, the reweighting is performed using a smooth function
f(pr). It is modelled as a polynomial with the degree N depending on the number of bins
in the distribution:

f(pr) = > ci (logpr — log pf)

N
=0
The f function is optimised such that 7’ is as close to d as possible, by minimising the
following function:
(di —17)?
= 2
Ad; + Ar;

The shape differences between data and MC before and after reweighting of the truth

distribution by f, along with the local x? before and after minimisation, are displayed in
Figure 4.5.
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The number of unfolding iterations has been optimised in Reference [98] by minimising
the quadratic sum of the unfolding bias and statistical uncertainties. The optimal number
of iterations is found to be one.

+ Data / MC_reco
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Figure 4.5: Illustration of the reweighting process: the d/r distribution is shown before
(a) and after (b) reweighting. The smooth function f used for the reweighting process
is shown alongside the initial d/r distribution. The local ¥? before (c) and after (d)
reweighting is shown as well.

4.4 Experimental uncertainties

Multiple sources of uncertainty affect the cross-section measurements:

« Statistical uncertainties linked to the finite amount of data,

o Systematic uncertainties related to the missing tile modules,

» Systematic uncertainties related to the application of the JES and the JER,

o Uncertainty linked to the non-gaussianity of the JER,

« Bias related to the sensitivity of the IDS unfolding to the data/MC shape difference,
o uncertainty in the luminosity measurement,

For the quantitative comparison of the data and the theory prediction, individual system-
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atic uncertainty sources are treated as uncorrelated with each other, as they correspond
to independent sources.

4.4.1 Statistical uncertainties
4.4.1.1 Evaluation through the bootstrap method

The statistical uncertainties of the inclusive jet cross-section measurement are evaluated
using the bootstrap method, thoroughly explained in Section 3.3.3.1. One thousand
bootstrap replicas are generated for every distribution (data, MC transfer matrix) by
assigning a deterministically generated weight drawn from a Poisson distribution with a
mean of unity. As a convention, the random number used to select the Poisson weight is
seeded by the event number, allowing for coherent statistical fluctuations across different
measurements that use the bootstrap method. Each replica dataset is treated in the same
way as the nominal dataset.

The total statistical uncertainty and the bin-to-bin correlations are obtained from the co-
variance matrix, which encodes on the diagonal the statistical uncertainty as the standard
deviation of the bootstrap, and the bin-to-bin correlations in the off-diagonal elements.
Such a correlation matrix is displayed in Figure 4.6. Correlations and anti-correlations

Vs = 13 TeV, Full Run 2 data, Pythia8 MC
Inclusive anti-k, R = 0.4 EMPFlow jets, 1.0 <y < 1.5
Correlation matrix, unfolded spectra

Y mie
Q
o 0.8
Q103
10 0.6
0.4
0.2
10°
-0.2
10? 10°
p_ [GeV]

Figure 4.6: Statistical correlations obtained with the bootstrap method for the inclusive
jet cross-section analysis in the 1.0 < |y| < 1.5 bin, after unfolding.

are observed near the diagonal, as expected, since the unfolding causes jets to move to
the adjacent bins. Outside the diagonal, a rather uniform background of 4+ 20% reflects
the statistical noise in the determination of the correlations.
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4.4.1.2 Correlation with the n-intercalibration factors

In addition to the evaluation of the statistical uncertainties, the bootstrap method also
enables the assessment of statistical correlations between measurements that share over-
lapping input data, thanks to the use of a deterministic seed. The inclusive jet cross-
section measurement uses an input sample that largely overlaps with that used by the jet
n-intercalibration. In particular, the n-intercalibration relies on dijet events selected using
the same single-jet triggers as the inclusive jet cross-section measurement. Studying these
correlations has been made possible with the recent development in the n-intercalibration.
It is essential for avoiding the double-counting of information and accurately estimating
the total uncertainty.

The correlations between those two measurements are evaluated here for the first time.
Correlation matrices are computed, where the lower-left block represents the inclusive jet
cross-section correlation matrix (before unfolding), and the upper-right plot represents the
correlation matrix of the n-intercalibration factors. The potential correlations between
the two measurements would be displayed in the off-diagonal blocks. This is done for all
combinations of the |y| bins of the inclusive jet cross-section analysis and the pT® bins of
the n-intercalibration, for every year of LHC data-taking.

Vs = 13 TeV, Full Run 2 data
Anti-k, R = 0.4 EMPFlow jets, 1.0 <lyl <1.5

and n-intercalibration factors, 115 < pivg <145 GeV

log(p.)

Figure 4.7: Correlation matrix for the inclusive jet cross-section measurement and the
n-intercalibration, for the 1.0 < |y| < 1.5, 60 < p7® < 85 GeV bin combination, for
2017 data. The lower-left block is the inclusive jet cross-section correlation matrix be-
fore unfolding, in log(pr[GeV]). The upper-right plot is the correlation matrix of the

n-intercalibration factors, in nges.

As shown in Figure 4.7, no significant correlations are observed on the off-diagonal, in-
dicating no correlation between the two analyses. This is the case for all the others |y],
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pT & combinations, and all datasets tested. The dilution of the expected correlations can

be attributed to several factors:

o The narrower pr binning of the inclusive jet cross-section measurement.

o The different use of the events: the inclusive cross-section counts individual jets,
whereas the n-intercalibration relies on the asymmetry of dijet systems to constrain
calibration factors.

o The tighter selection applied for the calibration.

4.4.2 Systematic uncertainties

4.4.2.1 Missing Tile Modules

It occasionally occurs that some modules temporarily fail during data-taking. The mod-
ules and period affected are recorded. The missing Tile calorimeter modules induce a
systematic bias in the pr to be reconstructed at lower values. This bias becomes more
pronounced at higher pr, since the Tile calorimeter has a higher energy fraction in this
regime. The previous recommended procedure was to derive an uncertainty based on
the ratio of the jet cross-section with and without the missing Tile calorimeter modules,
but the uncertainty was largely overestimated as jets in the regions with missing Tile
calorimeter modules are either mis-measured or absent.

A more effective approach that had never been implemented before is to exclude the (n, ¢)
regions corresponding to missing Tile calorimeter modules from the reconstructed jet
cross-section for each data period, in data and MC. Since these regions are removed from
the reconstructed spectra but not from the truth spectra, any jet falling within these areas
would remain unmatched and thus be accounted for in the matching efficiency correction
of the unfolding process. An uncertainty can then be assessed to cover for the inefficiency
observed. The impact of this treatment is illustrated in Figure 4.8, which shows the
ratio of the inclusive jet cross-section spectra with and without the acceptance cut, before
and after unfolding. Figure 4.8a corresponds to the previous treatment of dead Tile
modules, where the largest effect reaches about 0.5%. In contrast, Figure 4.8a includes
the acceptance correction, reflecting the new approach, and shows that the difference
between spectra with and without the acceptance cut is about 0.3 — 0.3%. Since it is
really small, no systematic uncertainty is assigned for this effect. This study also shows
that in the old approach, the main effect is due to the acceptance loss and not to the bad
jet measurement.

4.4.2.2 JES uncertainties

To evaluate the JES uncertainties, the jet pr is scaled up and down by 1o for each uncer-
tainty component, the pr spectra are refilled and unfolded using the nominal unfolding
matrix, and the systematic uncertainty is determined as Au = Uyaried /Unominal — 1. Since
these uncertainties evaluate a relative effect of a change in the calibration, they can be
evaluated on an MC sample acting as pseudo-data, allowing for reduced statistical fluctu-
ations in the propagation of the systematics, especially in the high-p region. In this case,
Unominal cOrresponds to MC reco unfolded as if it were data. The observed changes in the
uncertainties due to the unfolding are at the level of a few percent of the uncertainties
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Figure 4.8: Ratio of the inclusive jet cross-section spectra with and without the acceptance
cut, before (a) and after (b) unfolding with the modified MC samples. The inefficiencies
due to the missing tile modules are taken into account during the unfolding procedure,
as described in Section 4.3.2.

themselves.

While the JES uncertainties are initially symmetric, the propagation of the uncertainties
from the jet level to the level of the reconstructed cross-section spectra introduces asym-
metries, mostly due to the non-linearly falling shape of the cross-section. Each variation
is applied consistently across the entire (pr, |y|) range and is treated as fully correlated
within the phase space, as it arises from a single source (whether it be of physical or
statistical origin). However, it remains independent of other systematic uncertainties.
The origins of the JES systematic uncertainties are shown in Table 4.2. A statistical un-

Category Statistical uncertainty | Systematic uncertainty
n-intercalibration 1000 4x2 4+1x2 (2018 only)
Single particle at high-pr 2 X2 27 x 2

Flavour 6 x 2

v+jet 16 x 2 8 x 2

Z+jet 28 x 2 12 x 2

Pile-up 4x2

Punch through 1x2

Total: 1155 1092 63

Table 4.2: Origin of the JES systematic uncertainties. The n-intercalibration statistical
uncertainties are obtained from the new approach using the bootstrap method. A non-
closure systematic uncertainty accounts for the application of the 2017 calibration on 2018
data. The x2 accounts for the up and down variations.

certainty in the systematic uncertainties estimates is derived using the bootstrap method
with 100 replicas. To prevent local statistical fluctuations from impacting the propagation
of the systematic uncertainties and hence the global x?/NDF, the systematic uncertainties
are rebinned until they become statistically significant and smoothed using a Gaussian
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kernel.

The standard treatment of the statistical uncertainties of the n-intercalibration is the
use of one nuisance parameter, fully correlated between the jet n and pr bins for which
the n-intercalibration was performed. Previously in the analysis, the n-intercalibration
statistical uncertainties were treated as 532 x 2 nuisance parameters, added in quadrature,
for each data period considered (2015-16 and 2017-18), corresponding to individual 7-
intercalibration statistical uncertainties local in (pr,|y|). Using this scheme instead of
one fully correlated uncertainty helped to reduce the x? by 200 units in Reference [110].
In this scheme, the uncertainties are not smoothed, allowing for a further reduction of
the x2. The smoothing procedure causes local uncertainties to “leak” into adjacent bins,
artificially inflating correlations between them.

This motivates another approach, taking advantage of the recent improvement in the de-
termination of the n-intercalibration statistical uncertainties using the bootstrap method
(Section 3.3.3). The 1000 bootstrap replicas of the calibration can be used to provide
as many alternative datasets, each calibrated using the factors derived from the statisti-
cally fluctuated samples, following the procedure described in Section 3.3.3.4. Each of the
1000 alternative datasets is unfolded, and the resulting relative uncertainty Au is scaled
by a factor of \/ 1/(Nyeplica — 1) and handled in the same way as the other systematic
uncertainties.

Using the statistical uncertainties from the bootstrap method enables the use of the
accurate, enhanced statistical uncertainties (the evaluation of which is described in Sec-
tion 3.3.3.3), as well as evaluating and propagating the correlations due to the large
overlap between the samples if the n-intercalibration and the inclusive jet cross-section
analysis. A complete study of the correlations between the two datasets is detailed in Sec-
tion 4.4.1.2. The n-intercalibration statistical uncertainties derived with the older method
(using 532 x 2 nuisance parameters) and the new method (using the bootstrap replicas)
are shown in Figure 4.9 for the full Run 2. It can be observed that the amplitude of

é\ 1'2_L T L ‘ T T T T T T L ‘ —]
}'_,E i \E _13 TeV, full run-2 Previous approach |
8 L Anti-kt R=04 Bootstrap method i
5 | Inclusive EMPFlow jets i
2 g 15<y<20 ]
©
©
@

Figure 4.9: Scaled uncertainties are added in quadrature, equivalent to the RMS of the
Bootstrap distribution.
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the uncertainty enhancement differs between the spectra and the calibration factor lev-
els, with the expected factor of 2 not being recovered. A further study reveals that this
discrepancy arises from dilutions caused by the different pr and rapidity binning used
in the determination of calibration factors and in the analysis, as well as the modified
correlations in rapidity.

Vs = 13 TeV, 2018 Data, Pythia8 MC Vs = 13 TeV, 2018 Data, Pythia8 MC
Inclusive anti-k, R = 0.4 EMPFlow jets, 1.0 < |y| < 1.5 Inclusive anti-k, R = 0.4 EMPFlow jets, 1.0 < |y| <1.5
Correlation matrix, before unfolding Correlation matrix, after unfolding
= 1 s 1
& ; 0.8 & 0.8
8 0.6 8 0.6
a10° 0.4 ar10° 0.4
0.2
0
-0.2
-0.4
-0.6
10° 0.8 10°
2 3 -1 2 3
10 10 10 10
preee [GeV] pre=2 [GeV]
(a) (b)

Figure 4.10: Correlation matrix for the 1000 n-intercalibration statistical uncertainty com-
ponents, before (a) and after (b) unfolding. The checkboard pattern before the unfolding
is caused by numerical instability in this low-statistic region.

In practice, the components are only added in quadrature for visualisation purposes,
because the quadratic sum doesn’t account for the correlations between them. These
can be displayed in a correlation matrix, as represented in Figure 4.10. Fully correlated
blocks can be seen along the diagonal. This effect arises from the n-intercalibration
bins being larger than those used in the inclusive jet cross-section analysis. Each block
corresponds to a pp® bin of the n-intercalibration: in one block, all jets are calibrated
with the same factors, hence the 100% correlation among the bins of each block. Anti-
correlations are visible at the higher-pt border of the block. This effect arises because
the last bin of a block straddles two n-intercalibration regions. Due to the steeply falling
cross-section spectrum, most jets in a straddling bin originate from the lower-pr side
and are therefore calibrated with the corresponding lower-pr n-calibration factors. When
these factors fluctuate downward, jets in the affected bin are over-corrected and tend
to migrate toward higher-pt neighbour bins, which are calibrated with a different set of
n-intercalibration factors. This induces anti-correlations between the straddling bin and
the bins above it. When the lower-pr calibration factors fluctuate upward, jets migrate
toward lower-pt neighbouring bins, which are calibrated with the same set of factors.
This yields positive correlations between the straddling bin and the bins below it.

The checkboard pattern in the last bin before the unfolding is caused by low-statistics
migrations induced by variations of the systematic uncertainties in this low-statistic re-
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gion, and disappears when rebinned. During the unfolding procedure, some jets migrate
into other bins, causing correlations and anti-correlations around the diagonal. This phe-
nomenon is seen in the correlation matrices of the nominal dataset as well, as seen in
Section 4.4.1. In the case of the n-intercalibration statistical uncertainties, the unfolding
smears the correlation scheme around the diagonal.

4.4.2.3 JER uncertainties

The uncertainties in the jet energy resolution arise from three sources. The first source
consists of systematic uncertainties in the measurement of the JER (detailed in Sec-
tion 3.1.7). They are evaluated by smearing the pr of the reconstructed jets in the
MC simulation such that the resolution is degraded by the size of each uncertainty

component. Namely, the jet pp is smeared by a Gaussian function of width o2 =

smear
(T nominal — Ovaried)> = 02 minal, With Tnominal the nominal JER and o yarieq the one-standard-
deviation variation in the uncertainty component evaluated. When oyapieq > 0, the reso-
lution is degraded and the pr of the jets entering the transfer matrix is smeared. When
Ovaried < 0, the resolution is improved. Since the transfer matrix cannot be un-smeared,
the pr of the jets entering the pseudo-data spectra is smeared, and the transfer matrix is
left unchanged. Then, the transfer matrix is used to unfold the pseudo-data spectra. As

for the JES, the uncertainty is derived as Au = Uyaried /Unominal — 1.

The second source is the difference between the JER measured in data and MC simula-
tions. Indeed, during the calibration procedure, when the resolution is better in MC than
in data, the resolution of reconstructed jets in MC is smeared to match the resolution in
data. When the resolution is better in the data than in MC, the difference between the
two is taken as an additional JER systematic uncertainty and propagated similarly to the
others.

The third source is the non-gaussianity of the JER. As described in 3.1.7, the JER is
evaluated in situ as the width of the Gaussian fit to asymmetry distributions, with the
assumption that those distributions are Gaussian. However, those distributions have non-
Gaussian tails. An uncertainty to cover for this effect has been derived for the first time
in Reference [98]. The effect of the non-gaussianity of the distributions manifests in the
off-diagonal terms of the transfer matrix. Thus, the approach is to compare the unfolding
result using a “Gaussian transfer matrix” with the nominal result, which includes the
non-Gaussian effects, and treat the difference as an uncertainty. The Gaussian transfer
matrix is constructed by replacing the reconstructed jet pr in the transfer matrix with a
convolution of the truth distribution and a Gaussian of width equal to the JER value in
the given bin, using a very fine binning. The associated systematic uncertainty is found
to be non-dominant but non-negligible.

4.4.2.4 Other uncertainties

An uncertainty is derived to account for the bias related to the sensitivity of the IDS
unfolding to the data/MC shape difference. It is evaluated through the data-driven closure
test, as discussed in Section 4.3.4.

The relative uncertainty in the total luminosity recorded by ATLAS during Run 2 [58]
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translates into a fully correlated uncertainty of the same magnitude across the entire
phase-space in the inclusive jet cross section analysis.

4.5 Results

4.5.1 Unfolded data and uncertainties

The inclusive jet cross-section spectra are obtained in the nine |y| bins. Figure 4.11 shows
the unfolded distribution alongside the non-unfolded one.
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Figure 4.11: Inclusive jet cross-section spectra as a function of pr, in rapidity bins. The
unfolded data spectrum is shown alongside the non-unfolded data spectrum.

The systematic uncertainties are shown in Figure 4.12. In this figure, the individual
sources of uncertainty are added in quadrature in three subcategories: JES, JER, and
other (luminosity and unfolding uncertainty). The JES uncertainty is the largest among
all sources, amounting to approximately 2-3% in the central region and 5-10% in the
forward regions. It is smallest around pr = 300 GeV and generally increases toward
higher pr. In the highest-pr region, it reaches about 10% in the central region and can
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rise up to 30% in the most forward region. The unfolding uncertainty and the luminosity

are relatively small.
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Figure 4.12: Systematic uncertainties components on the unfolded inclusive jet cross-
section as a function of pr in rapidity bins. The statistical uncertainties are shown as
small black horizontal lines. Plots kindly provided by Tancredi Carli.

The breakdown of the JES and JER uncertainties propagated during the unfolding pro-
cedure is shown in Figure 4.13. The JES and JER uncertainties show little variation at
the jet level. For example, the JES uncertainty is about 0.4% at pr = 300 GeV and
increases to 0.6% at pr = 3000 GeV in the central region [93]. In the forward region,
the uncertainties are larger due to n-intercalibration modelling and non-closure effects.
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However, at the cross-section level, differences emerge due to the varying slopes of the jet
pr distributions. These slopes become steeper at high pr, especially in the forward region
where the cross-sections fall rapidly. This steep behaviour leads to larger propagated JES

and JER uncertainties.
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Figure 4.13: Systematic uncertainties arising from the propagation of JES and JER un-
certainties as a function of pr in rapidity bins. The uncertainties are added in quadrature
within each subcategory. The peaks are due to issues related to the pile-up uncertainty;,
and they are corrected at a later stage.

The systematic uncertainty related to the sensitivity of the unfolding method to the
shape difference between reconstructed MC and data, determined through the data-driven
non-closure test (as described in Section 5.3.2.1), is shown in Figure 4.14. Finally, the
statistical uncertainties in the cross-section, propagated through the unfolding using the
bootstrap method, are shown in Figure 4.15. The number of iterations has been optimised
in Reference [98] to optimise the quadratic sum of the two: it is set to N = 1.
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Figure 4.14: Uncertainty related to the sensitivity of the unfolding method to the
data/MC shape difference, as a function of pr in rapidity bins.
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Figure 4.15: Statistical uncertainties in the cross-section propagated through the unfolding
via the bootstrap method as a function of pr in rapidity bins.
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4.5.2 Comparison to theory predictions
4.5.2.1 Theory predictions

The theoretical predictions for the inclusive jet cross-section are obtained at fixed order
using fixed-order perturbative QCD calculation tools (see Section 1.2.3.2). The NNLO-
JET++ [35,36] framework provides predictions for the hard-scattering, on an event-by-
event basis. The LHAPDFG6 library [117] is used to access the PDFs, and several sets of
PDFs are tested. The predictions are calculated using the scalar sum of all partons as the
renormalisation scale and the factorisation scale (ur = pir = Hr, parton). This is justified
by the fact that scale choices based on the kinematics of the reconstructed jets inherit a
dependence on the jet cuts and jet algorithm employed in the analysis [118].

Non-perturbative effects, such as hadronisation or the underlying event, are not simulated
on an event-by-event basis; they are accounted for in the prediction through multiplicative
correction factors. Those multiplicative factors are derived using PYTHIA 8, by turning
the MPI and hadronisation models on and off and computing the bin-by-bin ratio of the
inclusive jet cross-section with and without these effects. The non-perturbative correction
factors obtained are close to 1, and increase up to 1.04 at low-pr. Non-perturbative
corrections are also derived with various PYTHIA 8 and HERWIG 7 tunes in order to derive
an uncertainty in this correction, conservatively obtained as the envelope for all studied
MC tunes.

Given the high precision of both the NNLO calculations and the measurements, elec-
troweak corrections become non-negligible and must be accounted for. They include vir-
tual electroweak loop corrections and real emissions of weak bosons, as well as electroweak
Sudakov logarithms, which take the form a log?(p3./Mg2,), where « is the electroweak cou-
pling and My, is the W boson mass. These logarithmic terms become sizable at high
energy and typically lead to a suppression of the jet production cross-section. The elec-
troweak corrections to the inclusive jet cross-section have been calculated at fixed order by
Dittmaier et al [119]. They are generally small for large |y| bins and for low jet transverse
momenta. However, they reach up to 12% at the highest pr of 2 TeV for the central |y|
bin, corresponding to the phase-space region where the effects of Sudakov logarithms and
virtual weak boson exchange become increasingly important.

At this stage, several choices must be made in the theoretical prediction chain, including
the selection of parton distribution functions (PDFs), the values of the renormalisation
and factorisation scales, the strong coupling constant «g, etc. In addition, uncertain-
ties associated with these inputs must be properly propagated through the calculations.
However, fixed-order QCD predictions are computationally intensive, and recalculating
them for every possible combination of parameters would be highly impractical. This
is addressed more efficiently using the tools from the APPLGRID [38] (at NLO) and
APPLfast [37] (at NNLO) projects, described in Section 1.2.3.2, which enables fast a
posteriori convolutions of the perturbative coefficients with different choices of PDFs and
scale settings.

4.5.2.2 Uncertainties

There are three main types of systematic uncertainties in the theoretical prediction:
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o The scale uncertainty, estimated by varying the renormalisation and factorisation
scale by a factor of two, considering all possible permutations except the opposite
directions variation. Since the dependence of the cross-section on pugr and pp is an
artefact of the truncation of the perturbative series, this uncertainty serves as an
estimate of the theoretical uncertainty due to missing higher orders.

e The strong coupling uncertainty, estimated using two additional PDF sets that
assume different values of «y, varied up or down by one standard deviation from the
world average [11].

e The PDF uncertainties, provided by the PDF set authors as a collection of equally
likely PDF sets (called replicas) and propagated through the calculations. The
total uncertainty for each individual PDF set is the RMS of the predictions from
the replicas.

In addition to the systematic uncertainties, the number of MC events generated introduces
a statistical uncertainty, which amounts to 0.5% for most pr and rapidity regions.

For NLO QCD, the renormalisation and factorisation scale uncertainties are the dominant
source of uncertainty. They amount to about 5% at low pt and increase to around 15% at
high pt. The uncertainty associated with the strong coupling constant is approximately
1-2% across the full pr range. The PDF uncertainties are a few percent at low pr and
reach up to 10% at high pr.

At NNLO QCD, the dependence on renormalisation and factorisation scales is significantly
reduced compared to NLO. As a result, the PDF uncertainty becomes the dominant
contribution to the total theoretical uncertainty.

4.5.2.3 Smoothing of the predicted jet cross-section spectra

Since the NNLO QCD calculation requires a huge amount of computing resources, it is
practically impossible to further reduce the statistical uncertainty in the calculation. To
mitigate statistical fluctuations in the NNLO component of cross-section predictions, a
Gaussian smoothing technique is applied. This smoothing is performed on the NNLO
prediction after the convolution step, using a precomputed smoothing matrix. It is then
combined with the LO and NLO components to obtain the final prediction.

The smoothing process begins by normalising the NNLO cross section by dividing it by
the corresponding LO cross section vector, which is much smoother. This normalisation
reduces the biases arising from smoothing the steeply falling NNLO distribution directly.
After normalisation, the points are convolved with a Gaussian smoothing kernel, and
the LO cross-section factor is reapplied to obtain the smoothed NNLO cross-section.
For computational efficiency, these steps are combined into a single Gaussian smoothing
matrix transformed by the LO cross section to produce the final smoothed NNLO cross
section. The smoothing can be achieved by a simple single matrix multiplication on the
output results of the fast convolution.
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4.5.2.4 Quantitative comparison with data

The inclusive jet cross-section measured with ATLAS Run 2 data is compared to NNLO
QCD theory predictions with various NNLO PDFs, from CT18 [120], ATLASPDF [121],
MHST [122] and NNPDF [123]. The individual systematic uncertainty sources are treated
as uncorrelated with respect to each other. The result for 1.0 < |y| < 1.5 is presented
in Figure 4.16. The agreement between data and theory is quantified with a x?/NDF, in
the legend of the figure. The y? is calculated from data and the full covariance matrix of
statistical and systematic uncertainties, including experimental and theory uncertainty.
The NNLO prediction with all tested PDFs provides a similar description of the data
shape, with comparable values of the associated x?/ndf. At lower pr, they overestimated
data by 10 to 20%, and they tend to underestimate at very high pr. In each rapidity
bin, the x?/NDF is generally good. The small x?/ndf values, in contrast with the by-eye
comparison, arise from long-range correlations between the pr bins.
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Figure 4.16: Ratio of NNLO QCD prediction to the data for various PDFs, as a function
of pr for 1.0 < |y| < 1.5. The NNLO predictions are used unsmoothed in this figure. The
x2/NDF values are indicated for each bin and PDF. The error bar indicates the PDF and
scale uncertainties added in quadrature, the ay uncertainty is not considered here, since it
can not be computed for the ATLAS PDF. The grey bands give the statistical (dark) and
systematic (light) experimental uncertainties. This plot was kindly provided by Tancredi
Carli.

When taking all the rapidity bins into account, the global x?/NDF is very high. This
tension between theory and data has already been observed in the previous measure-
ments [109, 110].

The global x?/NDF is mainly sensitive to global trends, local fluctuations and correlations.
Moreover, in the past, using individual n-intercalibration statistical uncertainties in (pr, n)
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bins instead of a single fully correlated uncertainty helped reduce the x? by 200 units.
Similarly, using unsmoothed n-intercalibration uncertainties also helped, yielding a further
reduction of the x? by 150 units.

With the updated n-intercalibration statistical uncertainties including correlations be-
tween the calibration factors, it was expected that their propagation to the inclusive jet
cross section would impact the global x?/NDF. In addition, this propagation resulted in
an overall increase in the associated uncertainty, although smaller than initially antici-
pated, as discussed in Section 4.4.2.2. The new x?/NDF, calculated after the propagation
of the updated n-intercalibration statistical uncertainties, is found to be increased by a
few units compared to the previous method, particularly in the forward region, starting
from 2.0 < |y| < 2.5. When considering all rapidity bins combined, the total x? increases
by approximately 20 units. This is likely due to the inclusion of correlations, which modify
the description of the uncertainty.

4.5.2.5 QCD interpretation

The strong coupling constant is currently the least precisely known among all the funda-
mental couplings. A precise determination of a4 is of critical importance, as it enters the
calculation of many key processes in particle physics. The current world average value
of a4 is obtained from a combination of lattice QCD computations and experimental
measurements, including 7-lepton decay, global PDF fits, electroweak boson decays, and
hadronic final states in ete™ collisions [11,124]. Jet production at LHC provides direct
constraints on oy at a very high momentum transfer. At leading order, the inclusive jet
cross section is sensitive to a2, and reaches up to 3 TeV.

The extraction of ag from the inclusive jet cross-section data is currently under study. It
is performed by comparing experimental measurements to NNLO QCD predictions using
PDF sets fitted with different values of . For each theoretical prediction, the x? is eval-
uated, and a parabola is fitted to the y? values to analytically determine the minimum.
In addition, a joint PDF and oy fit is being considered, to consistently account for cor-
relations between the strong coupling and the parton distribution functions, potentially
improving the precision and robustness of the extraction.

4.6 Conclusion

The inclusive jet production cross-section has been measured with the full Run 2 dataset in
pp collisions at a centre-of-mass energy of 13 TeV. The measurement benefits from a larger
dataset and extended rapidity coverage with respect to the previous similar measurement
in ATLAS [109], as well as an improvement in the JES, which constitutes the dominant
statistical uncertainty.

Together with the recent improvement in QCD calculation at NNLO, this measurement
represents a stringent test of QCD at very high momentum transfer. It also has the
potential to be included in future PDF fits. A highly competitive determination of the
strong coupling constant is expected from this analysis.

In this work, I performed the unfolding of the nominal spectra and associated uncertain-
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ties, as well as the evaluation of the uncertainty linked to the sensitivity of the unfolding
procedure to differences in the data and MC shapes. In addition, I propagated the cor-
rected version of the statistical uncertainty of the n-intercalibration factors, which I had
previously derived, to this measurement. This represents an important contribution given
the known sensitivity of the result to their modelling.
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Chapter

The Lund Jet Plane Analysis

Introduction

In high-energy collisions, quarks and gluons produced in hard-scattering processes un-
dergo fragmentation and hadronisation, ultimately forming jets. The production of jets
is governed by both perturbative and non-perturbative dynamics, each influencing the
precision of measurements based on jets. In addition, jets contain a wide range of par-
ticle energies spanning several orders of magnitude. This complexity makes them a rich
testing ground for QCD. In recent years, the Lund Jet Plane (LJP) [51] has proven to
be a powerful framework for probing jet substructure. At LHC, it has been measured by
ATLAS [125,126], CMS [127] and ALICE [128]. The LJP maps emissions within a jet in
a two-dimensional space defined by their transverse momentum and angular separation.
Therefore, it offers a clear distinction between perturbative and non-perturbative QCD
effects, allowing the theory to be probed in different regimes. In addition, it enables tests
of the running of the strong coupling constant over several orders of magnitude, benefiting
from coherent systematic uncertainties. The LJP can also be used to test analytic predic-
tion by comparing MC simulations to data, as demonstrated in Reference [129]. It also
serves as a valuable tool for constraining and tuning MC event generators in the pertur-
bative and non-perturbative regions. In addition, it has proven effective in distinguishing
(“tagging”) between jets originating from hadronic decay of a boosted boson (W, Z or H)
or top quarks, from those arising from the fragmentation of a quark or gluon. Ongoing
studies are further exploring the potential of the LJP to improve flavour tagging.

5.1 The Lund Jet Plane

5.1.1 Principle

Lund diagrams are a theoretical representation of the phase space within jets. In par-
ticular, the Lund plane [130] displays the momentum fraction and angular distribution
of emissions inside a jet. A graphical representation of a jet, the Lund jet diagram and
primary and secondary Lund Jet Planes (LJP) are given in Figure 5.1.
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(a) Schematic representation of a jet. (b) Lund Jet Diagram.
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Figure 5.1: Different representation for a jet. The figure is colour coded so that emissions
visible in the schematic representation (a) are represented by triangles of the same colour
in the Lund Jet Diagram (b), and points of the same colour in the primary (c) and
secondary (d) Lund Jet Plane. Reproduced from [51].
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The Lund plane is a powerful representation for providing information on jet substructure.
However, the Lund plane is not directly observable, as it is defined in terms of quarks and
gluons, which cannot be individually detected due to colour confinement. Nevertheless, a
proxy for their kinematic properties can be constructed from jets, allowing the radiation
patterns inside the jet to be interpreted similarly to a parton shower. An observable
analogue of the Lund plane, built using jets and capturing its relevant features, has been
proposed and studied in Reference [51].

The tree-like structure of kp-type jet algorithms can be loosely interpreted as mimicking
the parton shower evolution in reverse: the final jet corresponds to the highly energetic
particle that initiated the shower, while the jet inputs represent the resulting hadrons.
Following this analogy, the LJP is constructed from the transverse momenta and angles of
proto-jets at the intermediate steps of the algorithm. In the Lund Jet Diagram, the phase-
space of each emission inside the jet is represented as a triangle in a (In R/AR, In k7) plane,
where AR and kt are respectively the angle and the relative transverse momentum of an
emission relative to its emitter. R is a parameter relative to the jet radius, a parameter
of the jet algorithm. These coordinates are dimensionless and invariant under Lorentz
boosts along the z-axis. Each emission inside the jet is represented in the appropriate
plane, stemming from its emitter.

The primary LJP corresponds to the emissions relative to the particle that initiated the
jet. It provides a simpler and widely used representation of the jet’s internal structure.
Since the first splitting inside a jet is most often initiated by a gluon, the secondary LJP
is less sensitive to the quark/gluon fraction in the event topology.

5.1.2 Construction

The construction of the primary LJP begins by reclustering the jets using the Cambridge-
Aachen (C/A) algorithm [41,42]. This sequential clustering algorithm groups entities
based on their proximity in rapidity y and azimuth ¢, without taking their relative energies
into account. It is further described in Section 1.2.4.2. The resulting clustering structure
reflects the angular ordering characteristic of gluon emissions in a parton shower.

For the reclustering, only inner-detector tracks associated with the jet are considered.
This approach takes advantage of the high angular resolution of the tracker to reduce the
uncertainty of the AR coordinate in the LJP, while being very similar to the all-particle
LJP because of the approximate isospin symmetry of QCD. Each jet of the sample is then
declustered along the hardest branch, following the outline below:

1. Undo the last clustering step and define two subjets j; and j», such that pry > pro.

2. Compute the following variables associated with this declustering step:

AR = (y1 — 92)2 + (o1 — ¢2)27 ki = proAR

3. Fill the LJP with the (In(R/AR),In(kr)) point,

4. Define j = j; and iterate until j is a single particle.
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The advantage of the C/A algorithm is that it creates an angular-order clustering sequence
that reflects the emission hierarchy, contrary to the other popular jet algorithms.

For the secondary LJP, the same procedure is followed for the lower pr branch of the first
declustering.

5.1.3 Analytical properties and applications

The main observable in this analysis is the average density of points per jet and per unit
area of the LJP, defined by

1 d?*(#emissions)

A pum
p(kr, AR) Niets d In(kr/GeV) d In(R/AR)

To leading order in perturbative QCD, and for AR < R and kr < p*AR, p(kr, AR) is
proportional to as:
2Crag(k
plhr. AR) ~ (fT(T)
with Cp = 4/3 the colour factor.

The emission density is expected to remain approximately uniform at high kr, while
increasing rapidly at low kt due to the running of the strong coupling. At high R/AR
(AR ~ R), initial state radiation (ISR) and multi-parton interactions (MPI, UE, at lower-
k) contribute to the LJP density. Hard-collinear emissions (when pry gets close to pr)
lie along the diagonal, corresponding to the kinematic limit. Soft-collinear emissions are
emitted uniformly in the LJP. The different kinematic regimes as represented in the LJP
are displayed in Figure 5.2.

In(k;)

In(R/AR)

Figure 5.2: Schematic representation of the factorisation of the QCD effects in the Lund
Jet Plane. Reproduced from [51].

Identifying and separating perturbative and non-perturbative regions provides a powerful

advantage relative to other jet substructure variables that tend to mix perturbative and
non-perturbative regimes.
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5.2 Dataset

5.2.1 Data

For this measurement, proton-proton collision data are used at a centre-of-mass energy
of /s = 13 TeV recorded by the ATLAS detector during the Run 2 data-taking period.
It amounts to a luminosity of 140 fb™'.

Jets are reconstructed from PFlow objects [86] using the anti-kt algorithm [43] with
parameter R = 0.4 and calibrated following the recommendation of [93] described in
Section 3.1. Only the two leading jets of an event are considered.

Similarly to the inclusive jet cross-section measurement, events are required to pass mul-
tiple selections to ensure the good quality of the sample:

« Events that may be affected by data-taking issues, whether in LHC or ATLAS, are
discarded using the ATLAS Good Run List,

o Events are required to have at least one vertex reconstructed from two or more
inner-detector tracks with pt > 500 MeV,

o The event must pass at least one trigger from the trigger menu, which consists of
single-jet triggers with thresholds varying from 55 GeV to 360 GeV, considered in
pr regions where their efficiency is above 99.9% (see Section 3.4.2.1),

o The jet must be considered in-time relative to the collision that produced the event.
This is achieved via a simple cut |tje;] < 16 ns where t;¢; is computed relative to the
event time recorded by the trigger,

o To reject events contaminated by non-collision backgrounds, calorimeter noise bursts,
readout errors and other pathologies, a jet cleaning procedure is applied (presented
in Section 2.3.3.2),

o The transverse momentum of the jet is required to be above 60 GeV and the absolute
rapidity is required to be below 2.0.

o To target dijet topologies in the sample, a kinematic requirement is placed on the

pr of the leading jet pair in the event: pgrd™e/psubleading - 5

The LJP is then defined differentially in In(kr) and In(R/AR) in bins of the jet pp. The
pr and In(kt) binning are chosen to ensure good statistics in each bin, and the borders
of the eight pt bins are set to coincide with those of the inclusive jet measurement: the
pr binning is then set to [183, 277, 415, 657, 1034, 2011, 4256] GeV. The In(kt) binning
is optimised separately for the primary and secondary Lund Jet Plane. Additional bins
at both high and low values are included to account for migrations into and out of the
edge bins in the unfolding procedure. The In(R/AR) binning goes from 0 to 5 with a
step of 0.5 for both the LJPs. The eight 2-dimensional LJPs are flattened into a one-
dimensional In(kt) —In(R/AR) — pr variable for the unfolding, and a rebinning procedure
is applied to the one-dimensional variable to ensure that both migration efficiency and
purity exceed 30%. The final distributions (after unfolding) are normalised to the number
of jets entering the measurement.
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5.2.2 Monte Carlo simulations

For the nominal sample, MC simulations of dijet and multijet events [131] generated using
PyTHIA 8 [21] are used. Simulated minimum-bias interactions generated using PYTHIA 8
are superimposed with all simulations. The interactions of stable particles in the ATLAS
detector are fully simulated using GEANT4 [90]. The distribution of the average number
of pile-up interactions in simulations is re-weighted during data analysis to match that
observed in the Run 2 data.

Except for the GRL, MC reconstructed events are required to fulfil the same conditions as
for the data sample. Truth-level jets are reconstructed from all detector-stable particles
from the hard-scattering process with a lifetime 7 such that ¢7 > 10 mm, except for
neutrinos and muons, which leave negligible energy in the calorimeter. In addition, truth-
level jets are required to have a pr > 60 GeV and a rapidity y satisfying |y| < 2.0 to be
selected for this analysis.

5.3 Unfolding

The goal of unfolding is to correct the measured data for effects arising from the finite
efficiency, acceptance, and resolution of the detector. The motivation and general principle
of unfolding, as well as the details of the IDS method, have been thoroughly explained in
Section 4.3. This section focuses on the contributions of the present work: comparing two
regularisation methods for the unfolding and optimising the number of unfolding iterations
for this analysis. Since in this analysis the LJP is a three-dimensional observable (kr,
AR, jet pr), the data and MC spectra are flattened into a one-dimensional observable
by concatenating the LJP columns for each pr bin, and then concatenating the results of
each pr bin. In the following, the spectra will be given along the kt — AR — pr axis. The
folding matrix is constructed by matching truth-level and reconstructed-level emissions
that have a transverse momentum above 0.5 GeV and lie within a radius of R = 0.1.

5.3.1 IDS vs IBU regularisation
5.3.1.1 IBU regularisation principle

The Iterative Bayesian Unfolding (IBU) is based on the same principle as the IDS method,
presented in Section 4.3.2: it uses Bayes’ theorem to iteratively improve the estimate of the
true distribution. The difference lies in the choice of the prior and regularisation scheme.
The IBU method uses the regularisation proposed by d’Agostini in Reference [132]. In the
IBU method, the prior used to compute the transfer matrix is flat. In other words, equal
probabilities in all bins are assumed for the truth variable. Then, at each iteration, the
unfolded spectrum is smoothed to suppress statistical fluctuations by a model-dependent
fitting (e.g. a polynomial fit) and used as a prior for the next iteration. More recent
implementations of the IBU method allow for the choice of prior by the user [133]. In
the IDS method, the MC truth spectrum is used as the starting point, and the unfolding
correction is dynamically adjusted in each bin depending on the statistical significance of
the difference between data and reconstructed MC. The IDS method was developed to
improve the stability and reliability of unfolding results, particularly in situations with
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limited statistics or large migrations between bins.

5.3.1.2 Comparison with IDS

The two methods are applied to the same samples and compared. For this comparison,
the number of unfolding iterations is set to one. The results and their ratio are shown
in Figure 5.3. As anticipated, for the Monte Carlo simulations, both methods yield
identical results: with any method, unfolding the MC reconstructed spectra must result
in the MC true spectra. When unfolding the data, close agreement is found within
the statistical uncertainties. These findings underscore the robustness and reliability
of both unfolding techniques for accurately reconstructing underlying distributions from
experimental measurements.
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Figure 5.3: Comparison of IDS and IBU method, for the unfolding of the data (a) and
MC (b) spectra. The bottom panel displays the ratio of the unfolded spectra obtained
using the two methods, with statistical uncertainties shown in grey.

The IDS method was ultimately chosen, as it is also used in the inclusive jet cross-
section measurement, enabling a consistent correlation between the two measurements.
This study was performed prior to the decision to exclude the first two pr bins, which
correspond to the first 300 bins of the one-dimensional LJP variable. In the remainder of
the analysis, these bins are excluded.

5.3.2 Choice of the number of unfolding iterations

Each unfolding iteration reduces the bias caused by an imperfect MC model and shape
differences between data and MC, but leads to increased statistical uncertainties. The
number of iterations must be chosen carefully to balance bias reduction and the control
of statistical uncertainties.

5.3.2.1 Data-driven non-closure test

The data-driven non-closure test provides an estimate of the bias arising from discrepan-
cies between data and MC. It is described in detail in Section 4.3.4. The main difference
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relative to the procedure used in the inclusive jet cross-section analysis is how the MC
is reweighted to match the shape of the data spectrum at the reconstructed level better.
Unlike the inclusive jet spectra, the LJP one-dimensional spectra are not easily described
by an analytic function. Therefore, reweighting is performed by scaling each column of
the transfer matrix by the ratio of data to reconstructed MC corresponding to that col-
umn. Afterwards, the reweighted MC reconstructed spectrum is scaled to match the total
number of events observed in the data. To improve the agreement between data and
reconstructed MC, this procedure can be iterated, using the projection along the Y-axis
of the scaled transfer matrix as the updated MC reco.

Figure 5.4 shows the data to MC ratio after one to five reweighting iterations, and the
initial ratio is restricted to the first pt bin for readability. The uncertainties displayed on
the Figure are the statistical uncertainties inly. They are estimated on a bin-by-bin basis
by propagating the square root of the event count to the final ratio using standard error
propagation techniques. While the initial ratio reveals significant discrepancies between
data and MC, the first reweighting step already leads to a substantial reduction in these
differences. The second reweighting further suppresses the systematic bias observed in
the previous ratio. With each additional iteration, the differences continue to decrease,
although the improvement becomes progressively smaller. Two reweighting iterations are
found to be satisfactory for the data-driven non-closure test, as they already recover most
of the data-MC shape differences.
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Figure 5.4: Ratio of data to reconstructed MC, without reweighting and after several
instances of reweighting. The initial ratio for the whole plane is shown in (a), while (b)
is a zoom on the first pr bin, and without the initial ratio for readability. The error bars
represent the statistical uncertainties inly.

The non-closure test is then performed as described in Section 4.3.4: the reweighted MC
spectrum is unfolded, and the resulting unfolded spectrum is compared to the true spec-
trum. An uncertainty in the unfolding bias is estimated using the bootstrap method,
which is thoroughly explained in Section 3.3.3.1: one hundred bootstrap replicas are gen-
erated by assigning a deterministically generated weight drawn from a Poisson distribution
with a mean of unity, and the test is repeated for each replica. The RMS of the resulting
bootstrap distribution is taken as the statistical uncertainty.
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5.3.2.2 Statistical uncertainties

The bias related to the discrepancies between data and MC is to be compared with
the statistical uncertainties of the unfolded spectrum. Indeed, they evolve in opposite
directions with the number of iterations: the statistical uncertainties grow with each
iteration, while the bias decreases. The statistical uncertainties are estimated using the
bootstrap method, and the statistical uncertainties in each bin are taken as the standard
deviation of the corresponding bootstrap distribution.

5.3.2.3 Final choice

The non-closure bias is displayed alongside the statistical uncertainties for a given pr bin,
in Figure 5.5. Although the pr and kr binning have been optimised, the LJP suffers
from quite large statistical uncertainties in some areas, namely at high kt, but overall the
statistical uncertainties are relatively small (< 1% in the bulk of the distributions). At
high kr, the non-closure bias is significant, even after many iterations, due to the large
statistical uncertainties causing instabilities in the unfolding procedure.
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Figure 5.5: (a) Non-closure bias and (b) statistical uncertainties, for a given pr bin, shown
for several numbers of unfolding iterations.

Figure 5.6 shows the quadratic sum of the statistical uncertainties and the unfolding bias
for a given pr bin, evaluated for different numbers of unfolding iterations. In principle, this
sum is expected to decrease initially and then rise again if too many iterations are used,
as statistical fluctuations begin to dominate. However, within the range of reasonably
tested iterations, this rise was not observed: the total uncertainty continued to decrease.
Beyond four iterations, the reduction becomes marginal in the bulk of the distribution.
Therefore, four unfolding iterations were chosen for the analysis. The unfolding bias
arising from discrepancies between data and MC shapes for four unfolding iterations is
shown in Figure 5.7. It is reasonably low in most of the distribution, but gets high where
the statistical precision gets low, i.e. at high In(kr).
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Figure 5.6: Quadratic sum of the statistical uncertainties and unfolding bias for a given
pr bin, shown for several numbers of unfolding iterations. The bottom panel shows the
ratio of this quantity to the corresponding value obtained after a single unfolding step (0

iterations).
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Figure 5.7: Non-closure bias estimated through the data-driven non-closure test, with
four unfolding iterations. The error bars display the statistical uncertainties, evaluated
through the bootstrap method.

5.4 Experimental uncertainties

Multiple sources of uncertainty affect the LJP measurements:
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o Statistical uncertainties linked to the finite amount of data,

» Systematic uncertainties related to the application of the JES and the JER,

» Systematic uncertainties related to the tracking,

» Systematic uncertainties related to the pile-up reweighting,

« Bias related to the sensitivity of the IDS unfolding to the data/MC shape difference,
« Systematic uncertainties due to the choice of MC model for the unfolding procedure,
e uncertainty in the luminosity measurement.

5.4.1 Statistical uncertainties

Statistical uncertainties are estimated using the bootstrap method, thoroughly explained
in Section 3.3.3.1: one hundred bootstrap replicas for every distribution are generated by
assigning a deterministically generated weight drawn from a Poisson distribution with a
mean of unity. For the Monte Carlo, the response matrix truth and reco spectra are all
allowed to vary during this process, while for the data, the input data distributions to
the unfolding procedure are varied. The unfolding of each replica dataset is performed
with the associated replica transfer matrix. The statistical uncertainties are retrieved as
the RMS of the bootstrap distribution in each bin. They are shown in Figure 5.8. The
statistical uncertainties remain under 1% across the whole plane, and are larger along the
diagonal for most pr bins. For the highest pr values, the statistical uncertainty reaches
very high values along the diagonal.

5.4.2 Systematic uncertainties
5.4.2.1 JES and JER uncertainties

Uncertainties related to the application of the JES and the JER are derived, similarly to
the inclusive jet cross-section analysis. Namely, for the JES, the jet pr is scaled and the
unfolding is performed with the nominal matrix, while for the JER, the jet pr is smeared
in a pseudo-data spectrum and the transfer matrix and the unfolding are performed. The
JES/JER uncertainties are expected to be one of the largest uncertainties in many bins
of this measurement. They have not been derived yet at this stage of the analysis.

5.4.2.2 Tracking related uncertainties

As tracks are the primary objects from which emissions within the C/A clustering history
are reconstructed, it is necessary to account for systematic uncertainties to prevent poten-
tial biases from affecting the track-based measurement. The track reconstruction process
is explained in Section 2.3.1.1. In this analysis, systematic uncertainties are evaluated for
track efficiencies (inclusive and inside jets), fake rate, and reconstructed parameters of all
tracks.

The inclusive tracking inefficiency is due to interactions in the passive material of the
detector. It is well studied using photon conversions and hadronic interactions [134]. In
practice, the uncertainty is propagated by randomly dropping tracks, depending on their
pr and |n|. The tracking inefficiency inside jets occurs because of charge deposits from
multiple particles in the same sensor. This happens mostly in dense environments, i.e. in
the core of jets. It is studied by comparing the rate of pixel clusters assigned to single
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Figure 5.8: Relative statistical uncertainties propagated through the unfolding via the
bootstrap method, in pr bins.

tracks in the core of jets in data and simulations [135]. It is implemented by randomly
dropping tracks inside of jets, depending on their pt and |n].

Fake tracks arise when a random combination of hits happens to overlap in space, or in the
case of misallocation of clusters from other particles. It is highly dependent on the pile-up,
and it also increases inside jets due to the high density of charge particles. Fake tracks
are investigated by defining a fake-enriched control region based on Monte Carlo truth
information, and performing a template fit to extract an estimate of the fraction of real
and fake tracks that can be compared between data and Monte Carlo simulations [136].
From this study, the rate of fake tracks is estimated, and the uncertainty is implemented
by randomly dropping tracks depending on their pr and |n|.

The sagitta bias alters the measured ¢/p for charged particle tracks. This bias depends on
both the charge of the particle and environmental conditions that can vary across data-
taking periods (e.g. temperature changes that cause detector deformations). To correct for
this effect, a small correction is applied. This correction is derived from resonance decays
to muon pairs and from F/p measurements of isolated electrons [137]. The associated
uncertainty is small and is accounted for in the analysis by smearing the track kinematics
accordingly.

In all three cases, alternative samples are created with the corrections implemented, and
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the uncertainties are propagated through the unfolding.

The tracking uncertainties for the first pr bin are shown in Figure 5.9, alongside their
statistical uncertainties and the breakdown into their subcomponents, while results for
the remaining pr bins are presented in the Appendix. In most regions of the plane, the
uncertainties remain below 5%, but they increase along the diagonal, reaching up to 30%.
The dominant contribution comes from the inclusive tracking efficiency.
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Figure 5.9: Total uncertainties due to tracking (a) and associated relative statistical
uncertainties (b) and breakdown of the uncertainties into its subcomponents (c), for 183 <
pr < 277 GeV

5.4.2.3 Modelling uncertainty

An uncertainty is derived to account for the model dependence of the unfolding. Indeed,
PyTHIA is chosen as the nominal MC generator to perform the unfolding, but using a dif-
ferent generator can lead to variations in the unfolded result. To evaluate this uncertainty,
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the unfolding is repeated using the standard PYTHIA prior, but with the transfer matrix,
efficiency and purity factors from an alternative MC simulation. The alternative MC gen-
erators used to evaluate this uncertainty are SHERPA 2.2.11, POWHEG+PYTHIA 8, and
HERWIG 7.1. Both PYTHIA and POWHEG+PYTHIA 8 employ a dipole-style, pr-ordered
parton shower and the Lund string hadronisation model. In contrast, HERWIG uses an
angular-ordered parton shower and a cluster hadronisation model. SHERPA uses a dipole
parton shower combined with cluster hadronisation.

Uncertainties related to prior variations are accounted for through the data-driven non-
closure uncertainty (see Section 5.3.2.1), and are therefore not evaluated here to avoid
double-counting.

Modelling uncertainties are shown in Figure 5.10 for the first pr bin, and for the SHERPA
and POWHEG+PYTHIA samples only, due to a technical issue affecting the HERWIG
sample. These uncertainties are among the dominant sources in the LJP measurement,
as expected given the sensitivity of this observable to parton shower and hadronisation
effects. They can reach up to 40% in the lower region of the plane and decrease along the
diagonal, where statistical uncertainties become more significant.

To identify which component (efficiency, purity, or transfer matrix) has the largest impact,
the uncertainty propagation is repeated while varying only one of these inputs at a time.
The result is presented for the POWHEG+PYTHIA generator and for the first pr bin in
Figure 5.11. The dominant contribution arises from the modelling of the transfer matrix.
This is the case for both generators tested and for all pr bins.

5.4.2.4 Pile-up reweighting

As described in Section 2.3.4, the distribution of the average number of pile-up interactions
in simulations is re-weighted during data analysis to match that observed in the Run 2
data. To assess the uncertainty associated with the pile-up reweighting procedure, the
scale factor applied to the pile-up distribution is varied up and down from its nominal
value, following ATLAS recommendations. In addition, another dataset is derived with
the pile-up reweighting turned off. The resulting alternative datasets are then unfolded
to propagate this uncertainty to the final measurement.

The pile-up reweighting uncertainties are shown in Figure 5.12, for the first pr bin, and
in the Appendix for the rest. They remain below 3% across most of the Lund plane, with
a moderate increase along the diagonal.

5.4.2.5 Other uncertainties

An uncertainty is derived to account for the bias related to the sensitivity of the IDS
unfolding to the data/MC shape difference. It is evaluated through the data-driven closure
test, explained in Section 4.3.4. The bias evaluated is simply taken as an uncertainty in
the measurement. The bias is shown in Figure 5.13 for all pr bins. It remains below 5%
across most of the plane but can become significantly larger along the diagonal, where
statistical precision is limited.

Similarly to the jet cross-section analysis, the relative uncertainty in the total luminosity
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Figure 5.10: Total modelling uncertainties (a) and associated relative statistical un-
certainties (b) and breakdown of the uncertainties into its subcomponents (c), for
183 < pr < 277 GeV

is applied as a variation of the normalisation of the nominal MC sample. It translates
into a fully correlated uncertainty of the same magnitude across the entire phase-space.
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Figure 5.11: Modelling uncertainties, using POWHEG+PYTHIA generator for efficiency
correction (a) purity correction (b) transfer matrix (c), or all (d) for 183 < pr < 277 GeV
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5.5 Results

The unfolded primary LJP is shown for various pr bins in Figure 5.14. A triangular
region of the LJP is populated nearly uniformly by perturbative emissions. The density
of emissions in this region is shaped by the running of the strong coupling as(kr). At low
transverse scales, as(kr) becomes large, giving rise to the yellow band around In(krt) ~ —1.
In this regime, the LJP density can no longer be reliably described with perturbation
theory. For smaller In(R/AR), additional contributions from initial-state radiation and
multi-parton interactions enhance the density. The total uncertainty is not yet available
at this stage of the analysis.
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Figure 5.14: Primary Lund Jet Plane normalised to the number of jets entering the
measurement, in pp bins.

5.6 Conclusion and perspective

The LJP analysis is currently ongoing, with several components still under development.
My contributions so far have focused on the unfolding of the nominal spectra, including the
selection of the unfolding method, determination of the optimal number of iterations, and
validation through the technical closure test. I also implemented a data-driven closure
test to assess the sensitivity of the unfolding method to differences in shape between
data and MC. I am currently contributing to the propagation of systematic uncertainties
through the unfolding process, ensuring their correct treatment and impact on the final
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measurement. Key systematic uncertainties, such as the JES and JER, have yet to be fully
evaluated. In parallel, studies focusing on the secondary LJP are actively being pursued.
Once the full set of experimental results is finalised and the associated uncertainties are
thoroughly validated, the next step is to compare the measurements with state-of-the-
art theoretical predictions. This comparison will enable the extraction of the strong
coupling constant, ag. To facilitate this comparison, the LJP analysis has been designed
to be closely aligned with the jet cross-section measurement strategy. Several deliberate
choices have been made to ensure consistency between the two, including the adoption
of coherent pr binning schemes, event selection criteria, and unfolding techniques. This
will allow for a meaningful correlation between the LJP and jet cross-section results in
the final interpretation.
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Jet studies in an FCC-ee environment

Introduction

The discovery of the Higgs boson at the LHC (consistent with predictions from earlier
precision measurements at LEP and other colliders) has completed the list of elementary
particles and interactions described by the Standard Model. This achievement has set
the stage for a new era of exploration in particle physics. However, many open and
fundamental questions remain unanswered by the SM as it stands. Among them are the
origin of the matter-antimatter asymmetry in the universe, the nature of dark matter,
the mechanism behind the non-zero mass of neutrinos in particular, the large discrepancy
in the strength of the fundamental forces, and many more. These open issues strongly
suggest that the SM is not a complete theory of nature. Furthermore, no direct evidence
for particles beyond the standard model (BSM) has yet been observed. This lack of
guidance has led to the development of a wide range of new physics scenarios, many of
which involve particles which are light and very weakly coupled to the SM. The absence
of an indication on the mass scale or coupling strength of such new physics calls for a
versatile and broad exploration tool.

In this context, the natural successor to an exploratory machine such as the LHC is a high-
precision machine capable of delivering large data samples at energy scales corresponding
to the mass of the Higgs boson, electroweak gauge bosons, and other key processes.
Such a machine would be able to uncover indirect signs of BSM physics through precise
measurements that could reveal deviations from SM predictions arising in quantum loop
effects.

6.1 The Future Circular Collider

6.1.1 Project

The Future Circular Collider (FCC) project suggests a 91 km-circumference circular col-
lider at CERN. In its first phase, the FCC would operate as an electron-positron collider
(FCC-ee), delivering collisions at centre-of-mass energies from 91 GeV (corresponding to
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the mass of the Z boson) to a maximum of 365 GeV (just above the top-quark pair pro-
duction threshold). In a second phase, the same tunnel is planned to host a proton-proton
collider (FCC-hh) capable of reaching energies of at least 100 TeV, significantly extending
the energy frontier.

Figure 6.1: Map showing the preferred placement for the FCC. Image from [138].

The FCC-ee will enable the collection of extremely large datasets of Higgs bosons, elec-
troweak gauge bosons, and top quarks. This will support a broad and ambitious pro-
gramme of precision measurements across a wide range of physics sectors, including elec-
troweak interactions, quantum chromodynamics (QCD), flavour physics, tau lepton prop-
erties, Higgs boson couplings, and top-quark observables. These measurements would be
sensitive to tiny deviations from the predicted SM behaviour, and would probe energy
scales far beyond the direct kinematic reach of the FCC-ee.

The technical design and financial viability of the FCC programme are currently being
investigated as part of an extensive feasibility study coordinated under the framework of
the European Strategy for Particle Physics [139-141].

6.1.2 Detector concepts

The FCC-ee is designed with four interaction points, each hosting a dedicated exper-
iment. The FCC-ee experimental programme imposes stringent demands on detector
performance [142], particularly in terms of vertex resolution, momentum and energy res-
olution, and flavour tagging capabilities. Several detector concepts have already been
studied to meet the unique experimental requirements of the FCC-ee. In particular, two
reference detector designs have been developed and studied in detail [142]: IDEA (In-
ternational Detector for Electron-positron Accelerator) and CLD (CLIC-Like Detector).
They are represented in Figure 6.2. Both designs build on experience from previous and
proposed lepton collider experiments, such as ALEPH [143], ILD [144], and CLIC [145].
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The IDEA detector [146] features a lightweight and highly granular tracking system based
on a large-radius drift chamber immersed in a 2T magnetic field, complemented by a
silicon vertex detector and a dual-readout calorimeter system, with crystal calorimetry
for the ECAL and fibres for the HCAL. A muon system surrounds everything. This
design prioritises excellent tracking resolution and minimal material budget to optimise
performance for low-momentum particle reconstruction and precision measurements.

The CLD detector [147] has a more compact design derived from the CLIC detector,
using a full silicon tracker combined with a high-granularity electromagnetic and hadronic
calorimeter system optimised for particle flow reconstruction. Operating in a 4T magnetic
field, it aims to achieve excellent jet energy resolution, crucial for precise Higgs and top-
quark measurements.

Yoke

Preshower

DCH Rout = 200 cm

DCHRin = 35cm

| Detector height 1100 cm

6m

CalRin = 250 cm

Cal Rout = 450 cm

Yoke 100 cm

Magnet z = +300 cm

(a)

(b)

Figure 6.2: Concept for the IDEA (a) and CLD (b) detectors. For CLD, only the top
quarter is shown. Taken from [142].

_|_

6.1.3 Working in an e"e” environment

6.1.3.1 Advantages

A major advantage of the e*e™ environment is the exceptionally clean conditions it offers
for precision measurements. In hadron colliders, many proton—proton interactions can oc-
cur within a single bunch crossing, leading to pile-up. At the FCC-ee, high instantaneous
luminosity will instead be achieved through a very large collision rate (~ 33 MHz) using
smaller bunches, allowing the interaction rates per bunch crossing to be greatly reduced.
In particular, at the Z pole, 0.2% of the events are expected to contain more than one
hard interaction. In addition, electron—positron collisions produce colour-singlet hadronic
systems of well-defined quantum numbers and centre-of-mass energy. In other words, they
are free from contamination from the underlying event and initial-state QCD radiation.
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Altogether, this contributes to a low event rate and a clean experimental environment,
enabling the FCC-ee to potentially operate in trigger-less mode and record all events,
further simplifying the analysis.

Another critical advantage is the precisely known nature of the initial state. Since elec-
trons and positrons are elementary particles, their momenta and energies are known with
great accuracy from the beam parameters (energy and polarisation). This removes the
need to account for PDFs, which introduce a major source of theoretical uncertainty in
proton—proton collisions. Moreover, the well-defined initial state allows for powerful anal-
ysis techniques, such as the recoil mass method. In processes such as Higgsstrahlung
(ete™ — ZH), the mass of the Higgs boson can be determined from the measured kine-
matics of the recoiling Z boson, typically identified through its leptonic decay. This
method is fully independent of the Higgs decay mode, making it valuable for model-
independent measurement of the Higgs production cross section, for example.

The electron—positron collider design also allows for great flexibility in the centre-of-mass
energy. The beam energy can be tuned with high precision to target specific physics
processes, making it possible to perform threshold scans and dedicated campaigns for
specific processes. These campaigns will be a key feature of the FCC-ee physics program.

In addition, the luminosity at FCC-ee can be measured with exceptional accuracy. It
can be determined in situ using processes with very well-known cross sections, such as
ete™ — .

Finally, the radiation levels in the FCC-ee detector environment are significantly lower
than those in hadron colliders. This results in reduced radiation damage to the detec-
tors, particularly the innermost components, thereby enhancing detector longevity and
reducing the need for frequent replacements or complex shielding strategies. In addition,
it also improves the stability and performance of subdetectors over the lifetime of the
experiment.

6.1.3.2 Challenges

To fully exploit the physics potential of the FCC-ee, several technical and experimental
challenges must be addressed. A key challenge lies in reducing systematic uncertainties to
match the level of statistical uncertainties, which will be considerably low thanks to the
very high luminosity. Achieving this level of precision requires exceptional control over
all aspects of the experiment, from detector design and calibration to theoretical inputs.

Furthermore, the physics event rate at the FCC-ee could reach up to 100 kHz at peak
luminosity. This places strong demands on the sub-detectors response and the data ac-
quisition (DAQ) systems, which must be capable of handling high throughput without
dead time or loss of efficiency. A large and well-defined detector acceptance is also re-
quired, especially in the inner layers and forward region, to be able to reach a very precise
luminosity measurement [148].

Finally, the accelerator itself must be designed to meet tight beam energy and stability
specifications, particularly for precision measurements that rely on threshold scans or
beam energy calibration.
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6.1.4 Planned schedule

The FCC-ee is planned to run for 15 years, targeting a total integrated luminosity delivered
of 144 x 10** cm~2s~!. This corresponds to 10° times the full LEP dataset in total.

The FCC-ee physics program is structured around several runs at various centre-of-mass
energies, each targeting key sectors in the SM. Starting at the Z pole, the collider will pro-
duce an unprecedented number of events (6 x 10'? Z bosons are expected), enabling precise
measurement of the Z properties, along with QCD effects, flavour observables, and rare
or invisible decay. Afterwards, it will run at the WW threshold, producing approximately
240 Million W bosons, allowing for precise determination of the W mass and width. This
large number of WW events will also serve for studies of electroweak couplings and neu-
trino physics. The collider will then focus on Higgs physics through the Higgsstrahlung,
providing around 3 million Higgs bosons for precise coupling measurements. Finally, a
run above the top-pair production threshold will allow the measurement of top quark elec-
troweak couplings and indirect sensitivity to the Higgs self-coupling. This broad physics
program can be complemented with other runs dedicated to low-energies QCD, electron
Yukawa or Higgs mass studies.

This running strategy is illustrated in Figure 6.3, which summarises the target energies,
integrated luminosities, and key physics goals of each phase of the FCC-ee programme.

FCC-ee Physics Runs Ordered by Energy

——CDR baseline runs (4IPs)
— Additional opportunities

Total

z ww ZH tt integrated
o(1) 40 125 40 30 19.2 5 10.8 0.4 2.7 luminosity
l + + Il + + l + (ab;)
Ener
40 -+ 60 88 91.2 94 125 157.5 --- 162.5 217 240 340 ... 350 365 gy
(GeV)
Z lineshape W mass and width
QCD QCD § . . top EW couplings
precision flavour electron N Higgs mass AR E g Mop Higgs VBF production Physics
studies rare decays Yukawa as oz (i and Higgs couplings improved)  highlights
dark sector flavour (e.g. Veb)
#events
0O(1019) 0(109) 0(2x109) 0(2x109) @1Ps)
E‘ 12 12}
2 é o5 T I T T EW sector
5858
12} = 9
*g § g g T I T T Higgs sector
2e r !

sensitivity to Higgs self-coupling via quantum effects

Figure 6.3: Taken from [149].
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6.2 Sensitivity to ag at the FCC-ee

6.2.1 Motivations

Theoretical predictions for many SM processes rely heavily on QCD calculations, which
are expressed as a power series in the strong coupling constant. The current world aver-
age value of ag at the Z boson mass is ag(m%) = 0.1180 + 0.0009, corresponding to an
uncertainty of approximately 1% [11]. This makes «y one of the least precisely known fun-
damental parameters of the SM. This uncertainty propagates into theoretical predictions
for a wide range of processes, limiting the precision of SM tests and reducing sensitivity
to potential new physics. Reducing the uncertainty in ay is therefore necessary to fully
exploit the capabilities of future colliders.

In parallel, the FCC-ee provides an exceptionally clean collision environment, ideal for
precision QCD studies. In contrast to hadron colliders, where QCD backgrounds are
ubiquitous, electron—positron collisions produce colour-singlet hadronic systems, resulting
in clean dijet and multijet events with minimal contamination from underlying processes.
This will contribute to a significant reduction in experimental systematic uncertainties.

At all energy points considered, a very large number of ¢q events will be produced from
the decay of a Z boson or a photon. The large data samples expected at the FCC-ee will
enable high-statistics measurements of key observables that will enable the extraction of
as. For example, the hadronic decays of the Z and W bosons will allow for determinations
of ag with permil-level precision. Similarly, studies of hadronic decays of the 7 lepton will
provide sensitivity to as at very low energy scales. In addition, measurements of jet
multiplicities and jet substructure will offer complementary probes of QCD dynamics.
Together, these studies have the potential to significantly improve the current precision
on oy and its running as a function of energy.

In this section, two observables that are sensitive to oy are studied in the context of FCC-
ee, using MC simulations. The first one is the three-to-two jet cross-section ratio Rs/s,
and the second one is the Lund Jet Plane, thoroughly described in Chapter 5.

6.2.2 Dataset and event selection

The analyses use 10 million events from ete~ — Z — g process generated at next-
to-leading order with MADGRAPH [31] at parton level, at /s = 91 GeV. The quarks
are required to be light quarks (up or down). These events are further processed with
PyTHIA 8 [21] for fragmentation and hadronisation, and with DELPHES [150] for fast
simulation of the response of the detector. In this analysis, the IDEA detector concept is
used.

Jets are clustered using the ete™ generalised k; algorithm [46] with a radius R, where

= 0.5 for the LJP analysis and several R € [0.5,0.7,0.8,1.0] for the Rs/, analysis.
Several other jet algorithms have been investigated for the LJP analysis. The constituents
are required to be within the [0.3, 7 — 0.3] f-region to match the angular acceptance close
to the beam. Jets are further required to have an energy above E,.;, = 5 GeV for the
LJP, Enin € [5,10,15,20,25] GeV for the R3/, study. In both cases, jets are required to
be in the angular acceptance (jet-6 within [0.3 + R, 7 — 0.3 — R)).
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Five datasets are created by setting using five different as-values in MADGRAPH: 0.110,
0.115, 0.118, 0.120 and 0.125. At parton level, the gluon multiplicity is expected to
increase with as. This ag scan enables probing the sensitivity of those variables to as.

6.2.3 R
6.2.3.1 Definition

The observable R/, is defined as the ratio of the cross sections for events with at least 3
jets to those with at least 2 jets:

R3/2 = =Y

0>2j

Ratios of inclusive cross-sections are a preferred method for extracting the value of the
strong coupling constant because they retain sensitivity to oy while minimising effects re-
lated to non-perturbative QCD and PDFs. At leading order, 3/, is directly proportional
to ag since, at the matrix-element level, the emission of an additional parton introduces
an extra power of agx. Therefore, this observable is a powerful tool for precision QCD
studies at FCC-ee.

6.2.3.2 Dependence on jet algorithm variables

The dependence of R3/; on ay is studied as a function of several variables: R, the radius of
the jet, and FE,;,, the minimum jet energy. Both parameters influence the reconstructed
jet multiplicity. A larger jet radius can cause two nearby small-R jets to be merged into
a single large-R jet, while a lower energy threshold allows more low-energy jets to be
included in the event selection. The result of 3/, as a function of oy is then fitted with
a linear function, with p; the slope reflecting the sensitivity of R3/; to ag, and pg the
intercept. The R-scan is presented in Figure 6.4, and is performed with an energy cut
Ein = 5 GeV. The sensitivity to ag decreases with the jet radius. This effect is primarily
due to acceptance losses: larger jets are more likely to be rejected if they extend too close
to the beam pipe. Additionally, larger jets tend to capture more surrounding radiation,
causing nearby small jets to merge into a single large jet. As a result, the overall number
of events with three or more jets is reduced, which in turn lowers the sensitivity to ay.

The E-scan is presented in Figure 6.5, and is done with jets of radius R = 0.5. The
sensitivity to oy decreases with the jet energy threshold. In this case, the limiting factor
is phase space acceptance: higher energy thresholds significantly reduce the available
phase space for the production of a third jet, thereby lowering the number of multi-jet
events and diminishing the observable’s sensitivity to a.

The sensitivity to ag is maximal for R = 0.5 and E.;, = 5 GeV. For ag = 0.118, the
relative statistical uncertainty in the Rj3/; value is of the order of ARz, = 0.03%. For
these parameters, and for a sample of N?ﬁilgtsg = 107 events, a 1% change in ag results

in a (0.240 £ 0.009)% change in the observable Rjs.
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Figure 6.4: Dependency of 3/, on aj for jets clustered with various R values. The error
bars represent the statistical uncertainty inly. A linear fit of the data, together with its
parameters and x?/NDF, is also displayed.

6.2.3.3 Perspective at FCC-ee

The number of Z bosons expected at FCC-ee at the Z pole is of the order of 103, Among
them, only a fraction decays into light quarks (uu or dd):

r . .-
FCC FCC ul,dd
NZ—)uu dd — NZ X FZ ’

where F“FL;” denotes the partial width of Z — wi, dd. This partial width can be estimated

from the sum of the partial widths of Z — (uii + ¢¢)/2 and Z — (dd + s5 + bb) /3, using
values reported by the Particle Data Group [11]. This yields an approximate fraction of

Lua,ad :
—% ~ 27%, corresponding to

FCC 12
Ny aaa ~ 3 x 107

As a result, the relative statistical uncertainties in the R3/, observable would be reduced

by a factor of \/Ngg(fm 4 /N;‘i‘;lstsg ~ 550 with respect to this study, corresponding to
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Figure 6.5: Dependency of Rz, on ag for jets clustered with various Ey, values. The
error bars represent the statistical uncertainty inly. A linear fit of the data, together with
its parameters and x?/NDF, is also displayed.

AR3jorcc = 0.00005%. The statistical uncertainty in the evaluation of oy at FCC-ee
using the R3/; variable would therefore be Aoy = 0.0002%.

The 4% uncertainty in p;, the slope of the function quantifying the sensitivity of Rz, to
ai, directly impacts the determination of ag. To ensure that this uncertainty becomes
comparable in magnitude to the statistical uncertainty in data, previously determined as
Aag = 0.0002%, the statistical uncertainty in Rs/, from MC should be reduced accord-
ingly. Since the uncertainty in p; scales as 1/ VN, reducing this uncertainty by a factor of
20, 000 requires increasing the MC statistics by a factor of 400, 000, 000 with respect to the
current study, reaching a total number of events of the order of 10'®. The same reasoning
with a more standard target of 0.1% yields a total number of MC events needed of the or-
der of 10, This is an approximation, as in practice, MC predictions include loop-induced
cancellations and non-perturbative effects, which will require producing more statistics to
achieve the desired level of statistical uncertainties.
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6.2.3.4 Discussions

The strong coupling constant was extracted at NNLO in QCD using Rj3/, from ALEPH
data at LEP [151]. The analysis quotes a total experimental uncertainty of £0.0020
(~ 1.7%), of which the statistical component is only £0.0004 (~ 0.3%), with the remaining
~ 1.4% arising from detector, hadronisation, and quark-mass systematics. The theory
(scale) uncertainty is £0.0015 (~ 1.3%) at NNLO. To fully exploit FCC-ee’s exquisite
statistical precision, it will be crucial to drastically reduce experimental systematics (via
detector design and calibration) and hadronisation uncertainties (through modern tuning
of MC models), and to have N*LO QCD predictions to further shrink theory scale errors.

6.2.4 Lund Jet Plane

As presented in Section 5.1.3, the LJP organises the emissions within a jet in terms of
their transverse momentum and angular separation. This approach not only distinguishes
between perturbative and non-perturbative QCD regimes but also allows the extraction
of ag from the density of the LJP:

1 d?(#emissions) 2Crag(kr)
AR) = ~
Plhn AR) = O (b /GeV) d In(R/AR) T

In this context, k; and AR represent, respectively, the transverse momentum and angular
separation of a soft emission relative to a hard emission, during a jet declustering step.
Cr denotes the colour factor.

Several jet algorithms have been investigated for the jet finding step, such as anti-kr,
kr, Cambridge-Aachen and Valencia. A modified version of the Cambridge-Aachen [44]
algorithm is used for declustering the emissions from jets in angular order to construct
the LJP. In this version, AR is parametrised as a function of # rather than y, to reflect
the ete™ environment where no direction is preferred. In this study, large-R jets are
constructed (R = 1.5) to ensure that the LJP captures the characteristics of additional
gluon radiations in the initial state, which is enhanced at higher values of a.

The leading jet of all events that contains at least two jets is used to construct the primary
LJP. The primary LJP for a value of ag(Mz) = 0.118 is given in Figure 6.6. It exhibits
the same structure as the ATLAS LJP shown in Chapter 5, with a plateau at high kr
and a rapid increase at low kr, which is consistent with the expected dependence of the
emission density on ay.

The projection along the X and Y axis of the LJP is shown for various values of as(Mz)
in Figure 6.7. Sensitivity to as(Mz) in the shape of the LJP is hinted at, with the number
of hard emissions increasing with «ag(M7). This precision is expected to improve with
the large statistics available at the Z pole of the FCC-ee. However, fully exploiting this
statistical power places stringent demands on tracking and reconstruction algorithms,
which should be further studied using a full simulation of the IDEA detector. It also
requires improvement in theoretical modelling, which has historically struggled to describe
the structure of the LJP accurately. Furthermore, this study does not account for the
dependence of the LJP on the running of oy, as only variations in «ag(My) for the hard
process are considered.
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Figure 6.7: Projection of the Primary Lund Jet Plane along the In(R/AR) axis (a) and
In(kt) axis, for various values of ag(My)

Jet studies at FCC-ee offer a unique and fertile ground for advancing our understand-
ing of QCD. The clean and well-controlled experimental environment at FCC-ee enables
unprecedented precision in probing the mechanisms of jet production and evolution. How-
ever, this clean collision environment and large expected datasets bring new challenges.
Among them is the need for exceptionally tight control of systematic uncertainties, which
place stringent demands on detector acceptance, construction quality, and long-term sta-



Chapter 6. Jet studies in an FCC-ee environment

bility. Jet-related measurements, in particular, impose strong requirements on the energy
and angular resolution of the calorimeters, as well as on the granularity of the tracking de-
tectors. While a full GEANT-based simulation of FCC-ee events has only recently become
available, a state-of-the-art reconstruction framework based on the particle flow approach
is still under development. Given that the reconstruction algorithm plays a crucial role
in determining the resolution of hadronic observables, it remains difficult to set definitive
performance benchmarks for the hadronic calorimeter based on current studies.
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Conclusion

This thesis focuses on testing the QCD sector of the SM using jets collected in the ATLAS
detector. Jets provide access to the dynamics of quarks and gluons at the smallest distance
scales accessible in the laboratory, and they are among the most prominent observables at
the LHC. Their production and evolution are directly governed by «y, the strong coupling
constant of QCD. High-precision measurements of jet-related observables enable stringent
tests of QCD and offer sensitivity to potential signs of physics beyond the Standard
Model. The SM and QCD have been described in Chapter 1, while Chapter 2 described
the ATLAS experiment.

To the required precision, jets must be accurately calibrated, correcting for detector effects
to ensure reliable comparisons between data and theoretical predictions. In particular,
jet calibration must be continuously derived, monitored and improved. Jet calibration
is the focus of Chapter 3, with a focus on the jet n-intercalibration, one of the in situ
steps of jet calibration. The JES procedure is thoroughly described, and several studies
aimed at improving the reliability of the jet n-intercalibration are presented. In particular,
the overconstrained system used to derive the calibration factors has been strengthened
by incorporating additional terms and introducing a compatibility test between them.
Furthermore, a new, more robust method for estimating the statistical uncertainties on
the calibration factors has been implemented. This approach results in larger, more
realistic uncertainties and enables the study of their correlations among different phase-
space regions and with other measurements. Finally, the n-intercalibration has been
derived for direct application in data analyses using Run 2 and Run 3 data. This required
the development of a new trigger strategy for the application of the calibration to Run 3
data.

Chapter 4 presents the inclusive jet production cross-section analysis, based on the full
Run 2 dataset from proton—proton collisions at a centre-of-mass energy of 13 TeV. This
is a double-differential measurement, counting every jet above a given pr threshold in
bins of pr and |y|. Combined with recent advances in QCD calculations at NNLO, this
measurement provides a stringent test of QCD at very high momentum transfer and has
the potential to contribute to future global PDF fits. The chapter details the analysis
strategy, including comparisons with theoretical predictions and a thorough description
of the unfolding procedure. Unfolding statistically corrects for detector effects in order
to recover the true particle-level distributions, enabling accurate comparisons with the-
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ory. There are several method for the unfolding, this chapter focuses on the Iterative
Dynamically Stabilized (IDS) method It is based on Bayes’ theorem, iteratively updating
the unfolded distribution by comparing data to simulation, while applying regularisation
to minimise the impact of statistical fluctuations and stabilise the result. The evalua-
tion of unfolding bias, arising from shape differences between data and simulation, is also
presented. In addition, the chapter discusses the propagation of systematic uncertainties
through the unfolding process, with particular emphasis on the corrected treatment of
the statistical uncertainty on the n-intercalibration factors, which I previously derived.
This represents a significant contribution, given the known sensitivity of the measurement
to the modelling of these factors. Overall, this analysis is expected to enable a highly
competitive determination of the strong coupling constant a.

Chapter 5 deals with the Lund Jet Plane, a jet substructure observable that maps the
phase space of emissions inside a jet in terms of their momentum fraction and opening
angle. This observable factorises the effects of QCD along the plane, and is sensitive to a
in its normalisation and density. The chapter details the analysis strategy, and explains
how the unfolding bias is evaluated and used to optimise the parameters of the IDS
unfolding for this analysis, namely the number of unfolding iterations. The propagation
of uncertainties is detailed, and prospects for theoretical interpretation are discussed.

In Chapter 6, simulated data from the IDEA detector concept of FCC-ee is used to study
jet in an ete” environment. The well-controlled experimental environment, as well as
the large expected datasets, enables unprecedented precision in probing the mechanisms
of jet production and evolution. Two jet variables are studied: Rz, the ratio of cross
sections for events with at least three jets to those with at least two jets, and the Lund
Jet Plane. The jet algorithm parameters are optimised to maximise the sensitivity of
those variables to as. The sensitivity of R3/; to ay at FCC-ee is evaluated, considering
statistical uncertainties only. The LJP is produced and studied.

For the ATLAS analyses, the inclusive jet cross-section measurement is completed, and
the LJP measurement is nearing completion. For the FCC-ee studies, prospects for these
measurements can be explored using different detector parameter configurations. Such
studies would offer valuable insight into detector design, aiming to maximise the physics
potential for jet-related observables.
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Appendix for the jet n-intercalibration

A.1 Sources of uncertainties in the Jet Energy Scale
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Chapter A. Appendix for the jet n-intercalibration

Table A.1: Sources of uncertainty in the JES

Component

Description

n-intercalibration

Systematic mis-modelling

Statistical component
Non-closure
Non-closure, 2018 only

Z + jet

Electron scale
Electron resolution
Muon scale

Muon resolution (ID)
Muon resolution (MS)
MC generator

JVT cut

A¢ cut

Subleading jet veto
Showering & topology
Statistical

v + jet

Photon scale

Photon resolution
MC generator

JVT cut

A¢ cut

Subleading jet veto
Showering & topology
Photon purity
Statistical

Multijet balance

A¢ (lead, recoil system)
A¢ (lead, any sublead)
MC generator

PSP selection

Jet pr

Statistical

Pile-up
1 offset
Npv offset

p topology
pr dependence

Jet flavour

Flavour composition
Flavour response

b-jets

Punch-through
Single-particle response

Envelope of generator, pile-up, event topology variations

Statistical uncertainty

Three components describing non-closure at high energy and at n ~ +£2.4
Single component describing non-closure at n ~ +1.5

Uncertainty in the electron energy scale

Uncertainty in the electron energy resolution
Uncertainty in the muon momentum scale
Uncertainty in muon momentum resolution in the ID
Uncertainty in muon momentum resolution in the MS
Difference between MC event generators

Jet vertex tagger uncertainty

Variation of A¢ between the jet and Z boson
Radiation suppression through second-jet veto
Modelling energy flow and distribution in and around a jet
Statistical uncertainty in 28 discrete pr terms

Uncertainty in the photon energy scale

Uncertainty in the photon energy resolution

Difference between MC event generators

Jet vertex tagger uncertainty

Variation of A¢ between the jet and photon

Radiation suppression through second-jet veto

Modelling energy flow and distribution in and around a jet
Purity of sample used for v + jet balance

Statistical uncertainty in 16 discrete pr terms

Angle between leading jet and recoil system

Angle between leading jet and closest subleading jet
Difference between MC event generators

Second jet’s ppr contribution to the recoil system
Jet pr threshold

Statistical uncertainty in 28 discrete pr terms

Uncertainty in the p modelling in MC simulation

Uncertainty in the Npy modelling in MC simulation

Uncertainty in the per-event p density modelling in MC simulation
Uncertainty in the residual pr dependence

Uncertainty in the proportional sample composition of quarks and gluons
Uncertainty in the response of gluon-initiated jets

Uncertainty in the response of b-quark-initiated jets

Uncertainty in GSC punch-through correction

High-pr jet uncertainty from single-particle and test-beam measurements
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A.2 Trigger Strategy for data 2022

pr ¢ bin (GeV) | Trigger name
25-30 HLT noalg L17ZB
30-60 HLT noalg L17ZB
60-85 HLT j35_ L1RDO_FILLED _OR_HLT j35f L1RDO_FILLED
85-125 HLT j45 L1RDO_FILLED _OR_HLT j45f L1J15p31ETA49
125-150 HLT j60_L1J20 OR_HLT j60f L1J20p31ETA49
150-175 HLT j85 L11J20 OR_HLT j85f L1J20p31ETA49
175-220 HLT j110_preselj80_L1J30 ~OR_HLT j110f L1J30p31ETA49
220-270 HLT_ j175_preselj140_L1J50 _OR_HLT j175f L1J50p31ETA49
270-330 HLT j175_ preselj140_L1J50 OR_HLT_ j175f L1J50p31ETA49
330-400 HLT j220_preselj150_L1J75 _OR_HLT j220f L1J75p31ETA49
400-525 HLT j360_L1J100
525-760 HLT_ j420_L1J100
760-1100 HLT_j420_L1J100
1100-1500 HLT j420_1L1J100
1500-2000 HLT j420_L1J100

Table A.2: Trigger strategy table for data22. For the first two pT'® bins, a zero bias trigger
is used to circumvent issues with low-pr triggers in the early Run-3.
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Figure B.1: Uncertainties due to tracking, in pr bins.
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Figure B.3: Breakdown of tracking uncertainties, in pr bins.
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Figure B.4: Modelling uncertainty, in pr bins.
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Figure B.6: Breakdown of modelling uncertainties, in pr bins.
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Figure B.7: Uncertainties due to pile-up reweighting, in pr bins.
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Figure B.9: Breakdown of pile-up reweighting uncertainties, in pr bins.
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