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Abstract

The Standard Model (SM) of Particle Physics is the theoretical framework for describing three of
the four fundamental forces (the strong, electromagnetic and weak forces) of Nature and its elementary
particles, including quarks and leptons, and the mediators of these three fundamental forces, gluons,
photons, W, Z, and Higgs Bosons. Within the framework of the Standard Model of Particle Physics,
Quantum Chromodynamics (QCD) is the fundamental theory describing the strong interactions between
quarks and gluons. These interactions are characterized by two key properties: color confinement and
asymptotic freedom. Color confinement dictates that quarks and gluons cannot be observed in isola-
tion, they are confined within final state hadrons such as mesons and baryons. Conversely, asymptotic
freedom implies that at very high energies, the interaction strength between quarks decreases, allowing
them to behave almost as free particles. Extending to high-energy regimes, perturbative QCD (pQCD)
provides a systematic framework for calculating scattering amplitudes and cross sections in processes
where the interaction energy is much higher than the characteristic scale of the strong interaction. This
approach relies on the fact that the coupling constant becomes small at high energies to allow for a per-
turbative expansion. Consequently, pQCD enables precise predictions for particle production rates, jet
formation, and other high-energy phenomena, thereby providing a robust tool for probing the internal
structure of hadrons and validating the theoretical underpinnings of QCD. The particle cross-section
measurement is crucial for testing pQCD predictions and refining our understanding of parton (quark

and gluon) distribution functions (PDFs) in nucleons and nuclei and parton fragmentation functions.

Photons are color-neutral particles and do not participate in the strong interaction. Among the
photon sources, the direct prompt photons, which are produced directly from hard scattering processes
involving quarks and gluons, carry information about these initial-state partons. Unlike quarks and glu-
ons that fragment into hadrons during the hadronization process, direct prompt photons do not undergo
fragmentation, making them a “clean” probe to tag the initial hard scattering process. This advantage
allows for more direct tests of pQCD predictions and provides stringent constraints on PDFs. Direct
prompt photons are produced “isolated” (no other particles produced nearby from the same hard pro-
cess) if they originate from Compton or annihilation processes. They can also be produced “not isolated”
if they originate from fragmentation processes (next-to-leading order). Applying isolation criteria, the
selected direct prompt photons are mainly from the Compton scattering processes (g + ¢ — vy + g) in
proton—proton (pp) high-energy collisions. Thus, the isolated photon cross-section measurement offers

valuable insights into the not well-known gluon PDF in protons, owing to the isolated photon clean
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experimental signature and direct connection to the initial-state partons.

The Large Hadron Collider (LHC) at CERN (European Organization for Nuclear Research) pro-
vides an unparalleled environment for high-energy physics experiments, offering the highest center-of-
mass energies (1/s) for hadronic collisions (pp, Pb—Pb, p—Pb, and Xe-Xe) currently available, which
are essential for probing the fundamental interactions and properties of elementary particles. The dif-
ferent experimental results at the LHC have extensively measured the differential cross sections for
various particles transverse momentum (p) distribution in pp collisions. Recent measurements by the
ALICE (A Large Ion Collider Experiment), ATLAS (A Toroidal LHC Apparatus) and CMS (Compact
Muon Solenoid) Collaborations have demonstrated excellent agreement with pQCD calculations, vali-
dating the theoretical framework even further. For instance, the precise measurement of isolated photon
production cross-section has improved the determination of gluon PDF. Furthermore, these measure-
ments have facilitated the study of parton shower evolution and the interplay between perturbative and
non-perturbative QCD effects. While ATLAS and CMS continue to advance high-pt photon studies
(above 20 GeV/c), low-to-medium pT measurements remain constrained by background complexity,
detector design priorities, and theoretical ambiguities, necessitating future upgrades or complementary
experiments for comprehensive coverage. With the ALICE experiment, the electromagnetic calorimeter
(EMCal) provides high-resolution energy measurements, which is crucial for accurately reconstructing
and identifying photons, neutral mesons and electrons amidst the complex collision environment. The
ALICE tracking system, which includes a highly-efficient Time Projection Chamber (TPC) and Inner
Tracking System (ITS), enables precise particle tracking and background rejection, ensuring that the
detected signals are as free from contamination as possible. In particular, the low-momentum tracking
capabilities allow for a more comprehensive analysis of particles produced at various energies, enhanc-
ing the overall precision of the scattering cross-section measurement. These features collectively make
ALICE particularly well-suited for isolating and analyzing rare processes like isolated-photon produc-

tion down to low pr.

This work presents the measurement of the inclusive isolated-photon cross section in pp collisions
atys = 13 TeV at mid-rapidity (|n| < 0.67) using a data sample collected by ALICE in years 2016,
2017, and 2018, with integrated luminosity Li, = 10.79 pb~'. The photon measurement at high energy
relies on the high-precision detection and triggering of the EMCal. The EMCal photon trigger dataset
is utilized to enhance the statistical significance of the measurement. Photon candidates are identified
through a combination of the particle deposited energy and spread information (shower shape) from the

EMCal. Furthermore, an isolation criterion, the sum of the transverse momentum of charged particles
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inside a cone centered on the photon candidate of angular size 0.4 rad must be smaller than 1.5 GeV/c,
is implemented to suppress contributions not only from fragmentation photons but also from neutral
meson decay photons (e.g., 7° — ¥y, the dominant photon source in the collision by more than one
order of magnitude), thereby improving toward direct prompt photon selection. This approach ensures

robust identification and selection of direct prompt photons.

Two main unexpected challenges were confronted in this measurement that require additional tech-
nical work in the ALICE-EMCal community. For the first time, photon energies above 100 GeV were
reached and the treatment of already known fake signals needs further adjustment and improvements.
This is part of my work during the PhD besides the physics analysis. The EMCal is segmented into
cells: towers made of a lead-scintillator sandwich, 76 and 77 layers, respectively. A photon deposits
most of its energy in a single cell plus several surrounding ones, forming a cluster. Each cell is cou-
pled to an Avalanche Photodiode (APD) that transforms the deposited energy into an electronic signal
that is recorded. Analyzing the signals of very high pt photon candidate clusters (pt > 100 GeV/c), a
significant contribution from anomalous pseudo-signals created by neutrons hitting directly the APDs
of the EMCal towers was found. Such fake signals induce significant electronics cross-talk signals in
nearby cells to the main one in the calorimeter, creating clusters with an energy spread that could be
misidentified as photons. At such high energies, real photon signals create clusters spanning more than
one readout card (2 x 8 cells), therefore, an additional novel selection of clusters was implemented for
this work to remove the fake signals: high-energy clusters above 80 GeV must have an energy spread in
at least two of the readout cards. In addition, the trigger performance was studied systematically, finding
the good trigger map as a function of the periods the data was taken. During the data quality assurance
checks, it was observed that different regions of the calorimeter exhibited varying responses, which also
depended on the period of data collection. This triggered a careful study on the trigger activity to identify
and mask dead or too active areas (electronic noise, imperfect calibration) in the calorimeter. With those
masks, needed for all EMCal-related analyses, the agreement on the performance between regions was

significantly improved.

The measured isolated photon pr-differential cross section is performed in the photon transverse
momentum range 7 < p% <200 GeV/c and correspondingly 1.1x 1073 < x% <30.8 x 1073, This study is
done for the first time in the p% range of 7-10 GeV/c in any collision systems at the LHC and provides the
lowest Bjorken-x probed with isolated photons at mid-rapidity to date. This is crucial for constraining
the gluon PDF in protons at low Bjorken-x. The measured results are also compared with NLO pQCD

calculations and the results at the same +/s from the ATLAS and CMS experiments, as well as with
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measurements at other collision energies. The measurement and theory prediction are in agreement
with each other within the experimental and theoretical uncertainties. The mutual agreement of the data
with the theory supports the theoretical calculations and demonstrates the consistency of the different

measurements.

Finally, this dissertation is structured as follows: First, an introductory Chapter 1 outlines the theo-
retical background relevant to this study, the physical context of direct prompt photons, and the existing
experimental results. Chapter 2 details the ALICE experiment’s detector system and its functionalities.
Chapter 3 then shifts the focus to the particle reconstruction techniques, quality selection criteria, and
calibration methods on the electromagnetic calorimeter, which are essential for precise photon energy
measurements. The subsequent chapter (Chapter 4) delves into the methodologies for identifying direct
prompt photons and presents detailed analysis procedures, and Chapter 5 discusses and evaluates the dif-
ferent sources of systematic uncertainties and their impacts on the measurement, ensuring the reliability
and accuracy of the findings. The main measurement results are presented and discussed in depth in
Chapter 6, and the entire experimental work conducted in this study is summarised in Chapter 7, which

also offers perspectives on future research directions.

Keywords: ALICE; Proton-proton collision; Isolated photon; Cross section; PDF; Bjorken-x
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Résumé

Dans le grand schéma de la Physique des Particules moderne, notre compréhension de la compo-
sition fondamentale de la matic¢re et de ses interactions a fait des progrés remarquables. Le Mod¢le
Standard (SM, accronyme en anglais) de la physique des particules constitue le cadre théorique per-
mettant de décrire trois des quatre forces fondamentales (force forte, électromagnétique et faible) de la
nature et de ses particules élémentaires, dont les quarks et les leptons, ainsi que les médiateurs des trois
forces fondamentales, les gluons, les photons, les bosons W, Z, et de Higgs. Le SM est le fondement

théorique central du domaine depuis le milieu du XXe siécle.

Dans le cadre du modele standard de la physique des particules, la chromodynamique quantique
(QCD, accronyme en anglais) est la théorie fondamentale décrivant les interactions fortes entre les quarks
et les gluons. Ces interactions sont caractérisées par deux propriétés clés : le confinement de la couleur
et la liberté asymptotique. Le confinement de la couleur dicte que les quarks et les gluons ne peuvent
pas étre observés isolément, ils sont confinés dans des particules composites telles que les protons et les
neutrons. A I’inverse, la liberté asymptotique implique qu’a trés haute énergie, la force d’interaction en-
tre les quarks diminue, leur permettant de se comporter presque comme des particules libres. S’étendant
aux régimes de haute énergie, la QCD perturbative (pQCD) fournit un cadre systématique pour calculer
les amplitudes de diffusion et les sections efficaces dans les processus ou 1’énergie d’interaction est
bien supérieure a I’échelle caractéristique de I’interaction forte. Cette approche repose sur le fait que
la constante de couplage devient faible a haute énergie pour permettre une expansion perturbative. Par
conséquent, la pQCD permet des prédictions précises sur les taux de production de particules, la forma-
tion de jets et d’autres phénomenes de haute énergie, fournissant ainsi un outil robuste pour sonder la
structure interne des hadrons et valider les fondements théoriques de la QCD. La mesure de la section
efficace des particules est cruciale pour tester les prédictions de la pQCD et affiner notre compréhen-
sion des fonctions de distribution des partons (quarks et gluons) (PDF, accronyme en anglais) dans les

nucléons et les noyaux et des fonctions de fragmentation des partons.

Les photons sont particules de couleur neutre et ne participent pas a 1’interaction forte. Parmi les
sources de photons, les photons prompts, qui sont produits directement a partir de processus de diffusion
dure impliquant des quarks et des gluons, portent des informations sur ces partons d’état initial. Con-
trairement aux quarks et gluons, qui se fragmentent en hadrons pendant le processus d’hadronisation,
les photons prompts ne subissent pas 1’ hadronisation, ce qui en fait des sondes idéales pour mar-

quer le processus initial de diffusion dure. Cet avantage permet des tests plus directs des prédictions
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pQCD et fournit des contraintes strictes sur les PDF. Les photons prompts sont produits “isolés” (aucune
autre particule produite a proximité du méme processus dur) s’ils proviennent de processus Compton
ou d’annihilation. Ils peuvent également &tre produits “non isolés” s’ils proviennent de processus de
fragmentation (ordre suivant). En appliquant des critéres d’isolement, les photons prompts sélectionnés
proviennent principalement des processus de diffusion Compton (gluon—quark — y—quark) dans les
collisions proton—proton (pp) a haute énergie. Ainsi, la mesure de la section efficace des photons isolés
offre des informations précieuses sur la PDF des gluons dans les protons, peu connue, en raison de la

signature expérimentale propre des photons isolés et de la connexion directe avec les partons de 1’état

initial.

Le LHC (Large Hadron Collider) au CERN (Organisation européenne pour la recherche nucléaire)
offre un environnement sans précédent pour les expériences de physique des hautes énergies, offrant
les énergies de centre de masse (v/s) les plus élevées pour les collisions hadroniques (pp, Pb—Pb, p—Pb
et Xe—Xe) actuellement disponibles, qui sont essentielles pour sonder les interactions et propriétés fon-
damentales des particules élémentaires. Les différents résultats expérimentaux au LHC ont largement
mesuré les sections efficaces différentielles d’impulsion transversale (pt) pour divers processus de pro-
duction de particules dans les collisions pp. Des mesures récentes effectuées par les collaborations AL-
ICE (A Large Ion Collider Experiment), ATLAS (A Toroidal LHC Apparatus) et CMS (Compact Muon
Solenoid) ont démontré une excellente concordance avec les calculs pQCD, validant encore davantage
le cadre théorique. Par exemple, la mesure précise de la section efficace de production de photons rapi-
des isolés a amélioré la détermination de la PDF des gluons. De plus, ces mesures ont facilité 1’étude de
I’évolution des gerbes de partons et de I’interaction entre les effets QCD perturbatifs et non perturbatifs.
Alors qu’ATLAS et CMS continuent de faire progresser les études sur les photons a pt élevé (supérieur
a20 GeV/c), les mesures de faible a moyen pr restent limitées par la complexité du fond de particules,
les priorités de conception des détecteurs et les ambiguités théoriques, ce qui nécessite de futures mises a
niveau ou des expériences complémentaires pour une couverture compléete. Dans I’expérience ALICE,
le calorimétre électromagnétique EMCal fournit des mesures d’énergie a haute résolution, ce qui est
essentiel pour reconstruire et identifier avec précision les photons, les mésons neutres et les électrons
dans I’environnement complexe des collisions. Le systéme de suivi ALICE, qui comprend une cham-
bre de projection temporelle (TPC) et un systéme de suivi interne (ITS) hautement efficaces, permet un
suivi précis des particules et un rejet de 1’arriére-plan, garantissant que les signaux détectés sont aussi
exempts de contamination que possible. De plus, les capacités de suivi a faible impulsion permettent
une analyse plus compléte des particules produites a différentes énergies, améliorant ainsi la précision

globale de la mesure de la section efficace de diffusion. Ces caractéristiques collectives rendent AL-
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ICE particulierement bien adapté a I’isolement et a 1’analyse de processus rares comme la production de

photons isolés.

Ce travail présente la mesure de la section efficace inclusive des photons isolés dans les collisions
pp a+s = 13 TeV a moyenne rapidité (|| < 0,67) en utilisant un échantillon de données collectées
avec ALICE au cours des années 2016, 2017 et 2018, avec une luminosité intégrée de L = 10.79
pb~!. Dans I’expérience ALICE, la mesure des photons a haute énergie repose sur la détection et le
déclenchement de haute précision de ’EMCal. L’ensemble de données de déclenchement des photons
EMCal est utilisé pour améliorer la signification statistique de la mesure. Les candidats photons sont
identifiés grace a une combinaison de I’énergie déposée des particules et des informations de propagation
(forme de la gerbe) de ’EMCal. De plus, un critére d’isolement, la somme de I’impulsion transversale
des particules chargées a I’intérieur d’un céne centré sur le photon candidat de taille angulaire 0.4 rad
doit étre inférieure a 1.5 GeV/c, est mis en ceuvre pour supprimer les contributions non seulement des
photons de fragmentation mais aussi des photons de désintégration de mésons neutres (par exemple,
7% — v, la source de photons dominante dans la collision de plus d’un ordre de grandeur), améliorant

ainsi la sélection directe des photons prompts. Cette approche garantit une identification et une sélection

robustes des photons prompts directs.

Deux principaux défis inattendus ont ét€ rencontrés dans cette mesure, ce qui a ajouté du travail
technique supplémentaire nécessaire a la communauté ALICE-EMCal. Pour la premiére fois, des éner-
gies de photons supérieures a 100 GeV ont été atteintes et le traitement des faux signaux déja connus
a nécessité des ajustements. L’EMCal est segmenté en cellules : des tours constituées d’un sandwich
plomb-scintillateur, respectivement de 76 et 77 couches. Un photon dépose la majeure partie de son
énergie dans une seule cellule plus plusieurs cellules environnantes, formant un cluster. Chaque cellule
est couplée a une photodiode a avalanche (APD) qui transforme 1’énergie déposée en un signal élec-
tronique qui est enregistré. En analysant les signaux des clusters de photons candidats a trés haut pt
(pt > 100 GeV/c), une contribution significative des pseudo-signaux anormaux créés par des neutrons
frappant directement les APD des tours EMCal a été trouvée. De tels faux signaux induisent des signaux
de diaphonie électronique importants dans les cellules proches de la principale du calorimétre, créant
des clusters avec une dispersion d’énergie qui pourrait étre identifiée a tort comme des photons. A des
énergies aussi élevées, les vrais signaux de photons créent des clusters couvrant plus d’une carte de
lecture (2 x 8 cellules), par conséquent, une nouvelle sélection supplémentaire de clusters a été mise
en ceuvre pour ce travail afin de supprimer les faux signaux : les clusters a haute énergie au-dessus de

80 GeV doivent avoir une dispersion d’énergie dans au moins deux des cartes de lecture. De plus, les

X



LS FERS 4 UCA

Université

DOCTORAL DISSERTATION Grenoble Alpes

performances de déclenchement ont été étudiées systématiquement, en trouvant la bonne carte de dé-
clenchement en fonction des périodes pendant lesquelles les données ont été prises. Lors des contrdles
d’assurance qualité des données, il a été observé que différentes régions du calorimétre présentaient des
réponses variables, qui dépendaient également de la période de collecte des données. Cela a déclenché
une étude minutieuse de 1’activité de déclenchement pour identifier et masquer les zones mortes ou trop
actives (bruit électronique, étalonnage imparfait) dans le calorimétre. Avec ces masques, nécessaires
pour toutes les analyses liées a EMCal, I’accord sur les performances entre les régions a été consid-

érablement amélioré.

La mesure de la section efficace différentielle pt du photon isolé est effectué¢e dans la gamme
d’impulsions transverses du photon 7 < p% <200 GeV/c et en conséquence 1.1 x 1073 < x}y <30.8 x
1073, Cette étude est réalisée pour la premiére fois dans la gamme pr de 7 a 10 GeV/c dans tous
les systémes de collision du LHC et fournit le Bjorken-x le plus bas sondé avec des photons isolés
a moyenne rapidité a ce jour. Ceci est crucial pour contraindre la PDF du gluon dans les protons a
faible Bjorken-x. Les résultats mesurés sont comparés aux calculs NLO pQCD et aux résultats aux
mémes /s des expériences ATLAS et CMS, ainsi qu’aux mesures a d’autres énergies de collision. La
mesure et la prédiction théorique concordent entre elles dans les limites des incertitudes expérimentales
et théoriques. La concordance mutuelle des données avec la théorie soutient les calculs théoriques et

démontre la cohérence des différentes mesures.

Enfin, cette thése est structurée comme suit : tout d’abord, un Chapitre introductif 1 décrit le con-
texte théorique pertinent pour cette étude, le contexte physique des photons rapides et les résultats ex-
périmentaux existants. Le Chapitre 2 détaille le systeme de détection de 1’expérience ALICE et ses
fonctionnalités. Le Chapitre 3 se concentre ensuite sur les techniques de reconstruction des particules,
les critéres de sélection de la qualité et les méthodes d’étalonnage du calorimétre électromagnétique,
qui sont essentiels pour des mesures précises de 1’énergie des photons. Le chapitre suivant (Chapitre 4)
se penche sur les méthodologies d’identification des photons rapides directs et présente des procédures
d’analyse détaillées, et le Chapitre 5 discute et évalue les différentes sources d’incertitudes systéma-
tiques et leurs impacts sur la mesure, garantissant la fiabilité et I’exactitude des résultats. Les principaux
résultats de mesure sont présentés et discutés en profondeur au Chapitre 6, et [’ensemble du travail ex-
périmental mené dans cette étude est résumé au Chapitre 7, qui offre également des perspectives sur les

orientations de recherche futures.

Mots-clés: ALICE; Collisions proton-proton; Photons isolés; Section efficace; PDF; Bjorken-x

XI



W 43 T UGA

Université

DOCTORAL DISSERTATION Grenoble Alpes

Contents
B B I
N T v
RESUIIIG -+« -+« v e e et me et et et et e e e e ettt e e e e e e e e e e et et e e e et e VIII
1 Introduction of high-energy particle physics - -« -« vcveoeeemeinei 1
1.1 Theoretical deSCIIPHION -« -« -« x v xrrtremeente ettt ettt 2
1.1.1 The standard model of particle PRySICS -« -+« -« exvremeemmemmrameaeeeaeaa.n. 2
1.1.2 Quantum Chromodynamics theory «- -« -« ««xeemmremeamueiieaii 3
1.1.3 Parton diStribUtion FUNMCHIONS -« -« ««c«xceneennennennennean e e enaanaeeneenns 6
1.2 Prompt photon production in hadronic COlliSIONS - -+« +vverreeerreneeeie . 7
1.2.1 PROTOT SOUICES -« -+« v+ e v e nmemme et e e et e e ettt et e e e e 8
1.2.2 Direct prompt photon selection: the isolation method - -« -« -« vvvvveeiieiiint. 9
1.2.3 Experimental results on prompt PROLONS - « -+« ««««« v e eeemeenmeieaneeiiiae.. 12
2 EXPEriMEntal SELUP « -« v e eeemmmnmeteen ettt 20
D] LHC INtrOQUCHION « « « -« « v v e e v e emmemnete et et e e et e ettt e e e e e e 20
2.2 ALICE detector deSCIIPHON « « -« -« v« e e menmenmeene ettt ettt 24
D01 VO AELECEOT « v« v v e v v emnemne ettt e et ettt ettt ettt et e e e 25
2.2.2 Inner Tracking System, ITS -« - cuenmemmanmtt i 25
2.2.3 Time-Projection Chamber, TPC «- -« vuvemtnmtntantiiitiiiiat e 26
2.2.4 Electromagnetic Calorimeter, EMCAl « - -« «vvemmenteammaiiiiiiiia 28
3 EMCal data selection, reconstruction and calibration --------.coccvviiiiin 31
3.1 Data and Monte Carlo SAMPIES - -« -« vervemenmementatt it 31
3.2 FVENE SEIECHION <« -« v v e v ermenneenaen et et ettt et et e e et et e e ete e eneenens 34
3.3 EMCal ClUSIET FECOMSIIUCHION « -« « « « « + « + #n e e et m et ne et et ettt et e e et e e e e e e eeeens 34
3.3.1 EMCal shower shape definition - -« -« -« xeveemmemmmeatiiia i 35
3.4 EMOCA] CAlIDIAtION -+« v v v v neemeennenennene ettt e e e et e e e e 36
3.4.1 Cell energy Calibration - -« -« -« eereementnttat it 36
3.4.2 Bad channel Masking -« -« -+« eeneeemmenmeteae e 38
3.4.3 Cell Time CAlIDIALION « -+« v« v v eveennennennenn ettt eteeneenaenneneennens 38

344 Cell temperamre CAlIDTAtION + v v v v v e e ee ettt et e i e i it e e 38



W 43 T UGA

Université

DOCTORAL DISSERTATION Grenoble Alpes

3.4.5 Cell cross-talk in data and emulation in simulation «-«--«-cvvveeeeeieii. 38
3.5 EMCal cluster quality SEIECtION -« -« -« «xeemenmenmne et 40
3.5.1 BASIC CIItEIIA «« v« e v v e vremmemne et ettt et e ettt e e et e e 40
3.5.2 TracK——ClUSTEr ASSOCIATION «  « « <« « « v+ v v e e e emeeta e et et e e e e e e e e e e e 41
3.5.3 EXOUC CIUSTEE «« -« v v e v v e erennenneenaene et ettt e et et e e e e e e e e e 42
3.6 EMCal trig@er PerfOrmance « -« -« -« vxeemenmenmnnt ettt 45
3.6.1 THIGEET OVEIVIEW -« + v v v eeeeme e ee ettt ettt et ettt 45
3.6.2 Trigger quality assurance work: Supermodule by supermodule response «---«--------- 46
3.6.3 TriGEET EfICICNICY -« -+ v v v vvmmeee ettt ettt 52
3.6.4 Calorimeter triggered events rejection factor -« -« cvvveerneienin, 54
Prompt photon identification and cross SECtion -« -« -« vveeeeeiiiiai 57
4.1 Photon identification via SHOWET SHAPE «« - -+« vvmrenmrnmmanieii e 57
4.2 Prompt photon identification via the isolation method «- -« vvvvvnenieniiiiint 59
4.3 EfFICIEICY -« - v v veeeeme e ee ettt e ettt 69
A4 PULILY « v v vereenssntrntt ettt ettt 73
4.4.1 The ABCD MEthOd «««cvxcvveereennennennetna et et neeeenns 73
4.4.2 Study of correlation in the ABCD Fe@IONS -« -+« -« rcrvemmemmemeameeneiaeaeeea.. )
4.4.3 Purity FIHHIG v oo vvenernreonemntitinueiitiitiii i 94
4.5 NOTINAIIZAION <« v+« v e v neereennenne ettt e et e et e et et e e e e e e 97
4.6 CTOSS SCCLIOM -« v v+ v v e e e eme e et et ettt e e e et et e e e e e e e e 08
SYStEMAtiC UNCEITAIMEIES - -« - -« v v v eeet ettt 100
5.1 Uncertainties associated to the PUIity -« -« -« eeemmrmeameeneei e 100
5.1.1 Shower shape range in background region « -« -« -« xvveemmemmeaeaniieae. 101
5.1.2 Isolation momentum range in background region -« -« «-cvvveieiii 101
5.1.3 Signal-to-background ratio in the simulation -« -covvvveeeieiii 102
5.1.4 Total PUTItY UNCEITAINLY -« -+« v v v vrmmrnneteent ettt 103
5.2 Uncertainties associated with the cross section « -« -«: veevrreeiniiiii . 104
5.2.1 NEULral CIUSTET SEIECHIOM « « + « « =« + e v vt vt tmetne et et e ettt e e e e e e e e 104
5.2.2 The shower shape description and its selection in signal region ««-«-««-ceeoereenen.n. 109
5.2.3 Energy scale and material budget -« -« -« v« vemeemeemeaini 110

5.2.4 Total uncertainty ..................................................................... 110



W 43 T UGA

Université

DOCTORAL DISSERTATION Grenoble Alpes

6 Isolated photon measurement results and discussion -« ----cocoveriiiiii 113
6.1 Isolated PROLON PULILY « - -« v« v v emreemeenee ettt ettt 113
6.2 Differential Pr CrOSS SECHOM «« - -« -« « v v xermmenteente ittt ettt 115
6.3 x% B Teae w1 3s ooy MR 121

7 CoNCIUSION AN OULIOOK « - < - -+« -« v e v ettt e e ettt e ettt e e e e e 123

Appendix A Isolation probability « -« - vooveteti 134
A.1 The ratio of isolation fraction in data to simulation «-«-««-cevvmereenerieei et 134

A.1.1 The double ratio distribution and background fit range variation for k = 1.0 ---------- 134
A.1.2 The double ratio distribution and background fit range variation for k = 0.0 ---------- 137
A.1.3 The double ratio distribution and background fit range variation for k = 0.5 ---------- 140
A.1.4 The double ratio distribution and background fit range variation for k = 1.5 «--------- 143
A.1.5 The double ratio distribution and background fit range variation for k =2.0 ---------- 146

A.2 Parameters obtained by fitting with a first order polynomial function to different R  back-

BIOUNA TAIEES ++ ¢ ¢+ v v e v smtsnenmenatntintmtitttit ittt iiet ettt iuianitieinens 149
A.2.1 Fitresults of the background fit range variation -« -« covvvveeeriii 149
A.2.2 Constant parameter obtained by the multi-background range fitted function ----------- 152
A.2.3 Slope parameter obtained by the multi-background range fitted function «------+------ 155
Appendix B Purity function fit range variable -« o oeiiii 158
Appendix C P S0 S Il - e 160
ol RGBT < v oo e e e e e e 160
O -3 -5 1 S 161
kIR VAR S e Y | IO 162
C.4 PIST B T ARG v v e eeeee e oo 163
G5 2 U G B < oottt e 166
Appendix D Synthése par chapitre en Frangais -« -« «-coovvoevemraeaiii 168
D.1 Introduction a la physique des particules de haute énergie -« -+« vvvereeerreeieeent. 168
D.2 Configuration eXPErimentale: -« -« « -« v xeeneemtnmentaitt i 170
D.3 Sélection, reconstruction et calibration des données EMCal ----«-vvvvvveeenieneieont. 172
D.4 L’identification et mesure de la section efficace des photons prompt -« -+« -+« vvevveeeenents 176
D.5 Incertitudes SyStEMatiqUES « - « -« -« v« e v menmemenee ettt 180

D.6 Résultats de mesures de photons isolés, conclusions et perspectives «««««-«eveeeeveeeent. 180



W ${3i UGA

Université

DOCTORAL DISSERTATION Grenoble Alpes

Contributions on behalf of ALICE Collaboration -« -« ---ccceeemmmtmininiiiiiiiiiiiiinenenns 183

Acknowledgements ............................................................................. 184



M 342 X UCA

Université

DOCTORAL DISSERTATION Grenoble Alpes

List of Figures

1.1 Elementary particles in the Standard Model of Particle Physics [4]. ---«--cvvvvveeeneeens

1.2 Various measurements of @, as a function of Q along with a fit function. Image from

1.3 Left: PDFs from HERAPDF2.0, which have been determined from charm data, jet data
and low energy data as well as the HERA-I and II high energy inclusive data [16].Right:
Maps of QCD evolution as a function of (Q,x). The evolution towards large Q? can be
described by DGLAP, and that towards small (but not too small) x by BFKL. At very
small x, where the gluon density is very high, non-linear effects become relevant, and
other evolution equations (BK or IMWLK) are necessary. -«--c-ceoveeeeeeeeeeeee ..

1.4 View of the various sources of photon production in pp collisions. «-«-«--veoveveeene.n.

1.5 Feyman diagrams of prompt photon production. «««««««««« -« ueemeenmemueaeannaaa..

1.6 NLO QCD predictions for the ratio ypmmpt/no in proton-proton, proton-nucleus and
nucleus-nucleus collisions at 200 GeV and 5.5 TeV. At /s = 14 TeV in pp collision
case, the CTEQG [27] structure functions are used for the NLO QCD predictions. For
the prompt photon spectrum, the BFG [28] parametrization of fragmentation functions is
used while the KKP [29] fragmentation functions are used for the NLO pQCD estimates
of decay photons. The cross section is evaluated at 0 rapidity. Plot from Ref. [30]. ------ 10

1.7 Left: Relative contributions of the quark-gluon Compton scattering, gg annihilation and
fragmentation subprocesses in NLO prompt photon production at the LHC mid-rapidity
in pp collision at /s = 14 TeV obtained with JETPHOX (CTEQ6.6 PDF, u = EZ, and
BFG-II FFs). Right: same process but with an isolation radius R = 0.4 and a hadron
fraction of the photon energy of € = 0.1 inside the cone [33]. «---cvvveveeeeiniennnnn. 11

1.8 Left: Measured isolated photon cross section at v/s = 7 TeV in pp collision with AL-

ICE ratio to the JETPHOX calculations at NLO. Right: Comparison of ratio from the
ATLAS [39] and CMS [42]. Results from Ref, [42]. « -+« vvevvermermmenmenieaieananin. 13

1.9 The ratio of various theoretical calculations over the measured isolated photon cross
section from ATLAS in pp collisions at /s = 13 TeV [36]. «+vevvvrerrrveeerernianis 13

1.10 The ratio of NLO JETPHOX calculations over the measured isolated photon cross sec-
tion from CMS in pp collisions at \/s = 13 TeV [45]. ++rvvvvrrvnnnmaeeeeiiiiiiin... 14



M 342 X UCA

Université

DOCTORAL DISSERTATION Grenoble Alpes

1.11 Nuclear modification factor Raa for isolated photons at 4/sxy = 5.02 TeV for isolation
cone radii R = 0.2 (black) and R = 0.4 (blue). Also, for charged hadrons [47] and
pions [48] from ALICE and Z° bosons from CMS [49] (integrated pr, point at boson
mass). The bands correspond to pQCD calculations with JETPHOX for Pb—Pb colli-
sions (nPDF) for 0-100% centrality over pp collisions (PDF). The width of each band
corresponds to the scale and PDF uncertainties. The normalization uncertainties are

represented as a red box centered at unity. Figures from Ref. [S1]. ----vvvvvvnenenennnn. 16

1.12 Data-over-theory ratio of isolated photon cross section as a function of p% forR =0.2
(left) and R = 0.4 (right) in pp and Pb—Pb collisions at 4/sx\y = 5.02 TeV. The bands
centred at unity correspond to JETPHOX NLO pQCD calculations, their width rep-
resents the scale (blue) uncertainty and PDF (orange) uncertainty. The normalization
uncertainties are shown as a grey box on the left of each frame around unity. Figures

£FOM REE, [S1]. v veeeemee ettt ettt et ettt 17

1.13 Nuclear modification factor R4 of isolated prompt photon production in p—Pb collisions
at+/sny = 5.02 TeV and 8.16 TeV. Ratio compared to JEPHOX NLO pQCD predictions
fOr different nPDF' Figures from Ref' [52]. --------------------------------------------- 17

1.14 The y'*°-tagged fragmentation function for pp (red) and p-Pb data (blue) at \/syny = 5.02 TeV
as measured by the ALICE detector. The boxes represent the systematic uncertainties

while the vertical bars indicate the statistical uncertainties. The dashed green line cor-

responds to PYTHIA 82 Plot from Ref [53] ......................................... 18

1.15 y'°—hadron correlations Iroep NLo ratio, D(z7) measured in Pb—Pb collisions by AL-
ICE for three centrality classes over pp collisions from NLO pQCD calculations, all at
\/m = 502 TeV Plot from Ref [54] ................................................ 19

2.1 Overview of accelerators and connected experiments at CERN, as in the year 2022 [56]. 20

2.2 Schematic overview of the ALICE detectors [65]. «««ccvvverererreiiiii, 24
2.3 Layout of the ALICE ITS [63]. v v vvevenmeememanutaitaiiiiiiiiaie e 26
2.4 Schematic drawing of the ALICE TPC [71] ........................................... 27

2.5 The pr resolution for standalone TPC and ITS-TPC matched tracks with and without
constraint to the vertex. The vertex constrain significantly improves the resolution of
TPC standalone tracks. For ITS-TPC tracks, it has no effect (green and blue squares
OVEHlAP) [T2]. ¢ v v evvvenerntennenntitiittitiitii i 28



Université

M 342 X UCA

DOCTORAL DISSERTATION Grenoble Alpes

2.6 Schematic view of the EMCal (left) illustrating the module position on two approxi-
mately opposite locations in azimuth. The PHOS calorimeter inside the DCal is indi-
cated in brown. The right figure shows a cross section of the ALICE barrel detectors.

Figure from [74] I I I D I

2.7 EMCal full-size (SM) in the ( 7 — ¢ ) plane including visualizations of sub-components

and their tower coverage. Figure adapted from Ref. [74]. ««-cvvvvvvveiiniinn

2.8 Geometric overview of the EMCal and DCal detectors in the 7 — ¢ plane. The drawing
outlines the full LHC Run 2 setup with all twenty SMs as well as the PHOS detector in
the DCal AP, ottt

3.1 Cluster energy distribution, per p-hard bin (colored lines) and the sum (black line) of
all bins for y—jet (left) and jet—jet triggered by decay photons with pt > 7 GeV/c (right)

simulations after scaling the pr-hard bins using Eq. (3.1). -+ -+ vveeiveeeieiient

3.2 Schematic view of cluster energy repartition in cells and the shower shape axes. The
different colors indicate the amount of energy deposited in each cell, the darker the more

energy_ ................................................................................

3.3  Clusters ofmg distribution from data (black), pp collisions at v/s = 13 TeV, or simulation, y—jet + jet—
jet PYTHIA processes, with different cross-talk (xTalk) emulation parameterizations (see Sec. 3.4.5
Tab. 3.4) and in different cluster pr bins. Distributions normalised to the number of entries on each

histo QAL * v v e

3.4 Fraction of clusters with the number of cells contribute to cluster shower shape calcula-
tion, within the range 0.1 < o-lfmg <0.3 per SM, inpp v/s = 13 TeV L1-y triggered data.
Plot from Ref. [74]. Left, EMCal SMs (top SMs) and right DCal SMs (bottom). -« -+ ---

3.5 Distance between a cluster and the closest projected track in n (top-left) or ¢ angle (top-
right) versus the track momentum and for matched track-cluster pairs (bottom) in pp
collisions at 4/s = 13 TeV collected with the minimum bias trigger. The black lines in
the left and middle panels indicate the suggested selection criteria expressed in Eq. (3.9).

FrOm Ref. [T4]. v v eeeenmeneenett ittt

3.6 Number of cells as a function of the cluster energy in pp collisions at /s = 13 TeV
using the EMCal high threshold L1-y trigger. The region below the lines is populated
by exotic clusters. The distribution for each energy bin is normalized to its integral. Plot

From Ref. [89] L teteeseareecaesecnancananetacaananteaetotaeteaneaataoteananeanaeoatronas



Université

M 342 X UCA

DOCTORAL DISSERTATION Grenoble Alpes

3.7

3.8

3.9

3.10

3.11

Left: “Exoticity” (F,) as a function of the cluster energy in pp collisions at v/s = 13 TeV
using the EMCal high threshold L1-y trigger. The region above the line is populated by
exotic clusters. The distributions are normalized to have an integral of unity for each
energy bin. Plot from Ref. [89] slide 6. Right: Same distribution after the shower shape
selection o7
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e > 0.1 is applied (see definition in Sec. 3.3.1 and discussion on its use in

Number of cells in the cluster in the same T-Card as the highest energy cell as a func-
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GeV. In simulations that do not include cross-talk the same distribution is found but
the bin at ncels, dif T-carda = 0 is empty; this bin in data is populated by exotic clus-
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Top left: Semi-corrected isolated narrow cluster (0.1 < o-ling < 0.3, piTSO < 1.5 GeV/e)

pr spectra by prompt y efficiency (Nieconsiructed Nﬁenem‘ed

within the analysis accep-
tance) in different acceptances within the calorimeter corresponding to supermodules
acceptance or EMCal or DCal positive or negative 7. The numerator of the ratio con-
sists of: top right, spectra obtained for Full EMCal or DCal acceptance, of positive or
negative eta SM of EMCal and DCal; bottom left, spectra obtained within each single
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Double ratio: neutral clusters (0']%)ng > 0.1) pt spectra data/simulation per SM or group
of SM divided by data/simulation for EMCal +DCal. Simulation is the addition of
PYTHIAS y—jet and jet—jet events (biased). Ratios for different triggers, MB (top row),
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data/simulation per SM or group of SM divided by data/simulation for EMCal +DCal.
Simulation is the addition of PYTHIAS y—jet and jet—jet events (biased). Ratios for
different triggers, MB (top row), EMCal + DCal G2 trigger (middle row) and EMCal
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Left top panel, cross section p distribution obtained considering the trigger efficiency
in the calculation or not, bottom panel, ratio of the two options. Right, associated relative
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Top: The L1-y low trigger rejection factor calculated with (blue square) and without
(black dot) applying the trigger efficiency. The results of a constant fit to the rejection
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trigger, the L1-y high trigger enhancement capability as a function of cluster pt with
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Cluster trigger rejection factors obtained by multiple fits changing the RF"2 pr range
of'the fit, left is for G1/G2 per triggered event yield ratio and right for G2/MB per trigger

event yield ratio. The histogram RMS is used as uncertainty. Distributions fitted to a

Gaussian function and fit results are shown in the box, as a closure test. -+ vvovvneen.
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4.1

4.2

43

4.4

4.5

4.6

4.7

4.8

Distribution of the opening angle 6, of two decay photons from 7¥ (left) and 7 (right)
mesons decays as a function of the meson energy obtained at generator level from an MC
simulation. The horizontal lines indicate the opening angle corresponding to a width of
approximately 1, 3 and 5 EMCal cells separating the two photons (1 cell = 0.0143 rad).
Two photons completely merge into one cluster if they fall below the one cell distance,
while they start merging at a width of approximately 3 cells, depending on the clusterizer.
The colored vertical lines correspond to the energy limits where two photons could still
be fully resolved by the clusterization described in Sec. 3.3 (blue) or by a clusterization
that produces cluster splitting when more than one local maximum is found in the cluster

(red)_ Plot from Ref [74] .............................................................

(a) Cluster shower shape distribution O'I%mg as a function of the cluster pr in data. The dashed lines
correspond to the upper and lower selection limit values for single photon candidate clusters used in
the analysis. (b) Projected shower shape distribution in two pr intervals in data (black circles) and
simulation (red crosses, PYTHIA 8 jet—jet and y—jet events). For the simulation, the o-lfm " distribution
for clusters with different particle origins are also shown as shaded areas except for prompt photons

from y—jet PYTHIA 8 processes that are presented with a blue histogram line. =« «««ceereeveeee...

Left: O-l%)ng as a function of the exoticity parameter F, for 12 < E < 15 GeV. Right:
2
o,

long

Both distributions are shown for pp collisions at v/s = 13 TeV using the EMCal L1-

as a function of the cluster energy when the selection F,. < 0.97 is not applied.

v-high trigger. The clusterization algorithm used splits merged clusters, for this reason,
the 7° merged band in the right figure is less prominent than in Fig. 4.2(a)). Dashed lines
located at o-l%mg = 0.1 (both figures) and F.. = 0.97 (left figure). Figures from Ref. [74]. -
a'ling distribution for EMCal (black) and DCal (red) in different p range and its corre-

sponding ratio EMCal/DCal in different photon cluster pt bins. «-«--covvveeeeeeeent

Isolation momentum density in the isolation cone for data MB (left) and L1-y (right)

triggers estimated with different methods described in [51, 95]. Neutral clusters pp > 10

Isolation momentum density in the isolation cone for y-jet simulation estimated with

different methods described in [51, 95]. Neutral clusters pt > 10 GeV/c. -+ -+vvvveenen.

EMCal charge only pi;"’ ¢h- UE distribution between data (black) and MC (red), and the corresponding
ratio MC/Data in different phOtOl’l cluster P ) 11 R R T I
pijfo’ <h. UE gistribution for EMCal (black) and DCal (red) in different pt range and its

corresponding ratio EMCal/ DCal in different photon cluster p bins. +----c-vveeneenen
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4.9 TIsolated clusters (piTSO’ b UE - 1.5GeV/c, R =0.4) O-I%mg distribution from data (black),
pp collisions at 4/s = 13 TeV, or simulation, y—jet + jet—jet PYTHIA processes, with
different cross-talk (xTalk) emulation parameterizations (see Sec. 3.4.5 and Tab. 3.4)
and in different cluster pt bins. Distributions normalised to the number of entries on

each histogram' ........................................................................ 65

4.10 Top: Fraction of isolated-narrow clusters compared to the narrow clusters sample (f15°)
with and without UE subtraction, estimated with different methods described in [51, 95].
Bottom: Ratio of the fi° for each UE subtraction method over no UE subtraction. Data

L1-y triggered sample (left) and y—jet PYTHIA events (right). «---ocovvnveeenieiennnnn. 66

4.11 Fraction of clusters with cells in more than one T-Card for different cluster selection

criteria: Neutral, Narrow, Isolated and Isolated Narrow. Data, L1-y high threshold. ----- 67

4.12 Cluster time distribution, for the different cluster types and different pt bins in data. All
triggers combined, first frame only MB+L1-y-low triggers. Distributions normalized to

the integral between -50 and SO NS, < v ccvvrrermrretnee et i i i i i e 67

4.13 Top, raw cluster spectrum after RF"12 normalization for each trigger sample. Bottom,

ratio of each trigger spectra of the top plot to the combined spectrum. «----vevvvvnnennn. 68

4.14 Efficiency for prompt photon clusters generated with PYTHIAS8 y—jet simulation de-
pending on the selection cuts chain: only reconstructed neutral clusters (green), plus
shower shape cut of 0.1 < o’ﬁm < 0.3 (red), and plus the isolation cut (blue). Black

g

points correspond to the fraction of generated photons that pass the isolation cut at the

generator level. ........................................................................ 70

4.15 The total isolated-photon efficiency as a function of the reconstructed p%. The system-
atic uncertainty shown as boxes in the plot has been obtained from the “no MC tuning”

uncertainty source related to the cross-talk emulation discussed in Sec. 5. - +--«-vvvevvenn 71

4.16 Prompt photon isolation efficiency at the generator level changing in PYTHIA the acti-
vation of MPI and FSR/ISR processes. Kindly produced by Florian Jonas. ---«---------- 72

4.17 Top: Isolation efficiency x*° at the generator level in PYTHIA for different collision
energies: \s =5.02 [87], 7 [44], 8 [97, 98], and 13 TeV, and removing event-by-event
the UE for v/s =35, 8 and 13 TeV. The UE is removed event by event estimating the
particle energy density in an n-band out of the isolation cone (v/s =5 and 13 TeV) or

perpendicular cones (/s =8 TeV). Bottom: Ratio of the «'*° removing over not removing
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4.18

4.19

4.20
4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

Visualization of the (piTSO’ <h. UE 9nd o-lfmg) phase space used to calculate the purity of the
selected isolated PROtON CIUSLETS. -« -« -« «x v rrrenmenne ettt 73
Isolated-photon purity by the data-driven method defined in Eq. (4.12) as a function of
the PROTOI Prr. + v +e v e eerens ettt ittt 75
Purity MC correction factor as a function of the photon energy. «-««--cvvvveveeeeennnn. 76

Purity of the isolated-photon sample as a function of p%’ calculated using Eq. (4.15). The
statistical and systematic uncertainties have been evaluated as discussed in Sec. 5. The
red and blue lines are the results of a fit to the measured purity using a two-sigmoid-
function described by Eq. (4.19) for two different transverse momentum intervals. ------ 77
Purity of the isolated-photon sample as a function of p% for simulations combining y—jet
and jet—jet PYTHIA samples. Different colour lines correspond to different a'ling cut.
Each frame corresponds to a different isolation threshold p?o’ ch, UE _ 1.5,2.0 and open. 79
Purity of the isolated-photon sample as a function of p% for simulation combining y—
jet and jet—jet PYTHIA samples. The background only considers single decay photon
clusters. Different colour lines correspond to different o-lfmg cut. Each frame corresponds
to a different isolation threshold piTSO’ o UE — 15 2.0and open. -« veeerrerereieaienn 80
Purity of the isolated-photon sample as a function of p% for simulation combining y—jet
and jet—jet PYTHIA samples. The background only considers merged photon clusters
from 7 decay. Different colour lines correspond to different al%mg cut. Each frame
iso, ch, UE _

corresponds to a different isolation threshold p;. =1.5,2.0andopen. -+---------- 81

The distribution of the double ratio, R, as a function of cluster o2

one” Different linear
ong

function fits changing the fit range are displayed in different coloured lines. Clusters
with 8 < pt < 9 GeV/e (top) and 16 < pt < 18 GeV/e (bottom). - ---vvvvvvnenennnnn. 83
The Ry distribution with cluster pt = 8-9 GeV/c, different linear fits changing the fit

range are displayed in different coloured lines. With the scaling factor k = 1 (top) and

K = 2 (DOMIOIM). « v v e e eeeese et e ettt et ettt et et 84
C, from different scale factor k which is the y—jet simulation scaling factor, the Ry
background fit range is 0.4 < o—l%mg D), e 85
amc from different scale factor k& which is the y—jet simulation scaling factor, the R ¢
background fit range is 0.4 < O—I%mg B (T 85
Top panel: Purity for different oy, obtained varying the k scaling factor to calculate

C,. Bottom panel: The corresponding purity ratio to the default selection. Both Ry

background fit range is0.4 < O-I%mg AR 86
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4.30 The constant parameters obtained by fitting a linear function to the different Ry back-
ground ranges as a function of the cluster pt. Each coloured marker for a different a'l%) ng

fitting range indicated in the legend. The upper one is for £ = 1 and the bottom is for

4.31 The slope parameters obtained by fitting a linear function to the different R s background
ranges as a function of the cluster pt. Each coloured marker for a different 0'1% ng fitting
range indicated in the legend. The upper one is for k£ = 1 and the bottom is for k = 2. ----

4.32 C, distribution with parameters obtained by fitted linear function to different back-
ground ranges of the Ry. Each coloured marker for a different a-l%mg fitting range in-
dicated in the legend. The upper one is for £ = 1 and the bottom is for k =2.------------

4.33 awmc variations obtained from different Ry background range polynomial order 1 fit

calibration factors C,. Each coloured marker for a different o2

ong fitting range indicated

in the legend. The upper one is for k = 1 and the bottom is for k =2. -+« cvvvvvvvnennen
4.34 Purity variations when ac is obtained from different R y background range polynomial
order 1 fit calibration factors C,. Each coloured marker for a different 0'1% ne fitting range
indicated in the legend. The upper plot is for k = 1 and the bottom is for k =2. ---------
4.35 Ratio of purities from Fig. 4.34 obtained with different calibration factors C, to the
default obtained when changing the fitting range in Ry. Each coloured marker for a
different 0'1% ng fitting range indicated in the legend. The upper plot is for £ = 1 and the
DOLEOIM S FOT K D= 2. -+ e v v e v eemeene ettt et et et e e et ettt e e et e e e et
4.36 The relative uncertainty calculated comparing standard purity and the purity calculated
with the C, calibration for different R ¢ O'l%mg background fit ranges and the variations

of the fit range. Each coloured marker for a different o

fong fitting range indicated in the

legend. The signal simulation scale factoris k = 2. «---cvvveeveeeiiiee.
4.37 C, from different scale factor k which is the y—jet simulation scaling factor, R s back-

ground fit range 04 < 0-2 < 20 .....................................................

long

4.38 Ratio of the sigmoid fit functions results of Fig. 4.21 and the purity points. The fitting
ranges are [ 7, 30 ] GeV/c and [ 20, 160 ] GeV/c for the low and high pp. ----cvvvveenenn

4.39 Ratio of the purity points of Fig. 4.21 and sigmoid fit functions obtained with different
fitting ranges. The fitting ranges are [7, 40] GeV/c and [20, 160] GeV/c for the low and

4.40 Isolated photon purity and the two fitted sigmoid functions. The band indicating the fit

uncertainty obtained varying the fit parameters within the fit errors. ----«-ocoeeeenn

88
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441 Purlty function ﬁttlng relative uncertainty' ............................................. 96

4.42 TIsolated-photon cross section in pp collisions at y/s = 13 TeV, associated with statistical

uncertainty Only' ....................................................................... 99

5.1 (a) Top panel, purity obtained for different background 0'1% ng TANZE variations. Bottom
panel, ratio to the reference background 0'120 ng TANZE. (b) Associated relative uncertainty

in % taking the average of the two variations, the red line is fit to a constant. «---------- 101

5.2 (a) Top panel, purity obtained for different background anti-isolation pt ranges varia-
tions, fixing the minimum of the range at 2 GeV/c. Bottom panel, ratio to the reference
range. (b) Associated relative uncertainty in % taking the average of all the possible
variations discussed in the text, the red lines are the result of a fit to constant or linear

functiOHS. ............................................................................. 1 02

5.3 (a) Top panel, purity obtained for different MC scale variations, k£ = 0.5, 1.0, 1.5. Bot-

tom panel, ratio to the reference range, k = 1.0. (b) Associated relative uncertainty in

% taking the average of the 2 variations, the red line is the constant function fit. -------- 103
5.4 Purity uncertainty sources and total uncertainty (red line). «-«--c-cveeeeeeeaiiinn. 103
5.5 Relative uncertainty in % from the charged particle veto selection, the red line is a con-

stant function fit between 7 and 160 GEV/C. «««cxrerrernemneenaenneneeeeineneeaeennes 105
5.6 Relative uncertainty in % from the number of local maximum, the red line is a constant

function fit between 7 and 50 GeV/c and a linear function fit between 50 and 100 GeV/c. 105
5.7 Relative uncertainty in % from the distance to masked channels, the red line is given by

A CONSEANE TUNCHON It «+ +«« « v e v vt e emneeme et e e et et e e e e e e e 106
5.8 Relative uncertainty in % from F, the red line is a constant function fit between 7 and

50 GEV/C. « v+ vereememne ettt e e e e e e e 106
5.9  Fraction of isolated or not isolated narrow or wide cluster spectrum selected within a

time window of 10 or 40 ns divided by the default 20 ns window. «-«-+vvvvvneiiennnnn. 107
5.10 Left: Data driven purity from Eq. (4.12) for different time windows |¢| < 10, 20 or 40

1S, Riht: Tatio t0 [£] < 20 DS, -« v v v vemmemmeeeeee et 108
5.11 Relative uncertainty in % when comparing the time cut || < 20 ns to [¢f| < 10, 40 ns

and their average. The average is fitted above 20 GeV/c by a constant resulting in 1.4%. 108

5.12 Uncertainty from the cross-talk emulation in %, the red line is a constant function fit

used as uncertainty AbOVE 10 GEV /O, ~ v v ettt i e i e i i it i e 109
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5.13

5.14

5.15

6.1

6.2

6.3

(a) Top panel, cross-section pr distribution obtained for different signal o-lfmg ranges
variations. Bottom panel, ratio to the reference range. (b) Associated relative uncertainty
in % taking the average of the 2 variations, the red lines are the constant function fit.
Top, corrected isolated photon spectra scaled x axis by +0.5% and fitted to power law
function. Bottom, relative uncertainty from the energy scale for each variation. ---------
Cross section uncertainties, the black line is the total relative uncertainty and the coloured

1ines are the different uncertainty SOUICES., ++vvvrrrreenenannaneneneeeeeseseseseeeenannnns

Isolated-photon purity in pp collisions at v/s = 5.02, 7, 8, 13 TeV and 50-90% Pb—
Pb collisions (peripheral collisions similar to pp collisions) at 4/ssnv = 5.02 TeV. All
purities are shown for ALICE measurement (left) and PYTHIA MC (right) calculated as
the ratio of prompt photons from y—jet processes over prompt photons plus clusters from
jet—jet processes all passing the isolation and shower shape selection criteria. Isolation
energy (pif") changes from isolation using only charged particles (pp Vs = 13 TeV, 8
TeV and 5.02 TeV, and Pb—Pb /sny = 5.02 TeV) and using neutral (calorimeter) and
charged particle information (pp v/s = 7 TeV), and subtracting the underlying event
from the isolation energy (pp Vs = 5.02 TeV and 8 TeV, and Pb-Pb \/syy = 5.02 TeV)
and not subtracting it (pp +/s = 7 and 13 TeV). The cone size is R = 0.4 common to all
systems. The charged particle veto selection (CPV) discussed in Sec. 3.5.2 is used in
all the measurements except pp collisions at /s = 5.02 TeV. The measured purity at
Vs = 7 TeV in pp collision is from Ref. [44], at \/sxw = 5.02 TeV in pp and Pb—Pb
collisions are from Ref. [51] and /s = 8 TeV in pp collision is from Ref. [52]. «--------
Differential cross section of isolated-photons measured in pp collisions at /s = 13 TeV.
Vertical black lines and open boxes represent data statistical and systematic uncertain-
HES, TESPECHVELY. « -« v v v v eem e e et
Top panel: Differential cross section of isolated-photons measured in pp collisions at
\/s = 13 TeV. Vertical black lines and grey-filled boxes represent data statistical and
systematic uncertainties, respectively. The blue boxes correspond to pQCD calculations
with JETPHOX, open boxes for scale uncertainty and filled boxes for PDF uncertainty,
respectively. Bottom panel: Ratio between the JETPHOX calculation results and data
displayed in the blue boxes, vertical boxes size shows the theory scale and PDF un-
certainties. Experimental uncertainties are shown here on the black points centered at
unity. The normalization uncertainty of 1.5%, described in Sec. 4.5, is included only in

the bottom panel and shown as a red box at 200 GeV/c. «---vvrveerrveeirin.n.

- 110
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6.4

6.5

6.6

6.7

Ratios of theory to data using three PDF sets —NNPDF40 (cyan) [104], CT18 (red) [106],
and MSHT20 (blue) [107] —as a function of p%. Experimental uncertainties are shown
here on the black points centered at unity, and the experimental systematic uncertainties
are represented as gray bands. The ratio between the JETPHOX NNPDF40 calcula-
tion results and data displayed in the blue boxes, vertical boxes size shows the theory

scale and PDF uncertainties. The ratio between CT18 or MSHT20 and the data is only

presented Wlth statistical uncertainty' ..................................................

Isolated-photon cross section measured with the photon EMCal in pp collision at /s =
5.02 [51], 7 [44], 8 [52], and 13 [108] (this work) TeV. All cross sections pt spectra
are shown for ALICE measurement and NLO JETPHOX calculation with NNPDF40
and BFG II for the fragmentation function. The NLO calculations are scaled down by
the partonic to hadronic isolation efficiency «*°. The isolation momentum threshold for

each collision system is reported in the legend. The cone size is R = 0.4 common to all

systems I IR I T I I I

Ratio between theory predictions for the isolated-photon differential cross section and
measurements for ATLAS [36], CMS [45], and ALICE [108]. The isolation required
transverse energy for ATLAS is ES° < 4.2x1073 X E) +4.8 GeV, for CMS is piTSO’UE <5
GeV, and for ALICE, this work, is piTSO’ ¢, UE <1 5 GeV. The isolation radii are R = 0.4
for the three. Theory predictions are obtained for ATLAS with NNLOJET [109] NNLO
NNPDF3.1 PDFs [110], for CMS with JETPHOX NLO and NNPDF3.0 PDFs[111], and
for ALICE with JETPHOX NLO and NNPDF4.0 PDFs [104]. Experimental uncertain-
ties are shown here on the points centered at unity, for CMS and ATLAS statistical and
systematic uncertainties are added in quadrature and shown as a vertical error bar. AL-
ICE error bars are statistical uncertainties and boxes are systematic uncertainties. The

colored boxes centered at the ratio indicate the theoretical uncertainty on the PDF and

scales. The luminosity normalization uncertainty of each experiment is presented as an

overall box around unity at the right of the figure centered at unity. --------cvoveeeneeenn

Isolated-photon cross-section ratio of pp collisions at 4/s = 13 TeV (this work, as
Ref. [108]) over /s = 7 TeV from Ref. [44] (left) and /s = 5.02 TeV from Ref. [51]
in data and NLO calculation from JETPHOX for R = 0.4. Error bars and empty boxes

are the data statistical and systematic uncertainties, respectively. Filled boxes represent

the theory scale (orange) and PDF (pink) uncertainties. -« -« vovvveereeenien .
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6.8 Ratio of isolated-photon cross sections measured in pp collisions at /s = 7 TeV (taken
from Ref. [44]) over the one at \/s = 5.02 TeV from Ref. [51] compared to NLO
calculations from JETPHOX shown as colored boxes. -« «-vevvveeeeevniiniiiin.

6.9 ALICE data compared to previous measurements of isolated-photon spectra in pp and
pp collisions as a function of xt where the invariant cross sections have been scaled
by (4/s)" with n = 4.5 (taken from Ref. [114]). For this comparison, only the results

covering mid-rapidity are ShOWN. +««««cvvveeeneneii

A.l Isolation fraction double ratio (data to MC) Ry (Eq. 4.16) in different cluster py interval from 7 to 14
GeV/c, fit by a first order polynomial function in different background o7 g TANGE. cevvvr e
A.2  Isolation fraction double ratio (data to MC) R (Eq. 4.16) indifferent cluster pr interval from 14 to 35
GeV/c, fit by a first order polynomial function in different background o-lfmg TANGE. = » s s s s s st
A.3 Isolation fraction double ratio (data to MC) R (Eq. 4.16) indifferent cluster pr interval from 35 to
200 GeV/e, fit by a first order polynomial function in different background ofmg range. -+t
A.4 Tsolation fraction double ratio (data to MC) Ry (Eq. 4.16) indifferent cluster pr interval from 7 to 14
GeV/e, fit by a first order polynomial function in different background oﬁmg TANGE. *+ v s s s s st
A.5 Isolation fraction double ratio (data to MC) R (Eq. 4.16) indifferent cluster pr interval from 14 to 35
GeV/e, fit by a first order polynomial function in different background Oﬁm G TANGE. s e rere e
A.6 Isolation fraction double ratio (data to MC) R (Eq. 4.16) indifferent cluster pr interval from 35 to
200 GeV/c, fit by a first order polynomial function in different background ofmg range. «ccccceeeees
A.7 Isolation fraction double ratio (data to MC) R (Eq. 4.16) indifferent cluster pr interval from 7 to 14
GeV/e, fit by a first order polynomial function in different background o7 G TANGE. o reee e
A.8 Isolation fraction double ratio (data to MC) R (Eq. 4.16) indifferent cluster pr interval from 14 to 35
GeV/c, fit by a first order polynomial function in different background a'lfmg TANGE. + v s s
A.9 TIsolation fraction double ratio (data to MC) R (Eq. 4.16) indifferent cluster pr interval from 35 to
200 GeV/e, fit by a first order polynomial function in different background O-l%mg range. « -ttt
A.10 Isolation fraction double ratio (data to MC) R (Eq. 4.16) in different cluster pr interval from 7 to 14
GeV/e, fit by a first order polynomial function in different background a'lfmg TANGE. » = s s s s rr s
A.11 Isolation fraction double ratio (data to MC) Ry (Eq. 4.16) in different cluster pr interval from 14 to
35 GeV/e, fit by a first order polynomial function in different background O'I%mg range. « s
A.12 TIsolation fraction double ratio (data to MC) R (Eq. 4.16) in different cluster pr interval from 35 to
200 GeV/c, fit by a first order polynomial function in different background ofmg range. -+t
A.13 Isolation fraction double ratio (data to MC) R (Eq. 4.16) in different cluster pr interval from 7 to 14

GeV/c, fit by a first order polynomial function in different background o2 g TANGE. ccveer e
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A.14 Tsolation fraction double ratio (data to MC) Ry (Eq. 4.16) in different cluster pr interval from 14 to
35 GeV/e, fit by a first order polynomial function in different background o2, | range. «««+ <+« + -+
A.15 Isolation fraction double ratio (data to MC) Ry (Eq. 4.16) in different cluster pr interval from 35 to
200 GeV/e, fit by a first order polynomial function in different background ofm G TANGE. s erre e
A.16 Ry (Eq. 4.16) fitted by a first order polynomial function to different background inter-
vals. The constant and slope parameters obtained by the fitted function and the corre-
sponding mean values are in different colours and styles. Cluster pr interval from 7 to
200 GEV/c, SCAle TACIOT k = 1.+ v v v ereee ettt ettt et e e
A.17 Ry (Eq.4.16) fitted by a first order polynomial function to different background inter-
vals. The constant and slope parameters obtained by the fitted function and the corre-
sponding mean values are in different colours and styles. Cluster pt interval from 7 to
200 GEV/c, SCAlE TACTOT k = 2.+« v+ neeeemnnteantt e ettt et e et e e
A.18 The constant parameters obtained by fitting a first order polynomial function to different
background ranges of the Ry (Eq. 4.16) and the corresponding mean values, cluster pr
interval from 7 to 200 GeV/c, scale FACtOr k = 1.+« v vverresrnnnneeeeeamieieeeanenn.
A.19 The constant parameters obtained by fitting a first order polynomial function to different
background ranges of the Ry (Eq. 4.16) and the corresponding mean values, cluster pr
interval from 7 to0 200 GeV/c, scale TACtOr k = 2. ««vernrrrernnmeeannneeaneaeeanan.
A.20 The slope parameters obtained by fitting a first order polynomial function to different
background ranges of the Ry (Eq. 4.16) and the corresponding mean values, cluster pr
interval from 7 to 200 GeV/c, scale FACtOr k = 1.+« v vverresrnnnneeeeemmieeeeaanenn.
A.21 The slope parameters obtained by fitting a first order polynomial function to different
background ranges of the Ry (Eq. 4.16) and the corresponding mean values, cluster pr

interval from 7 to 200 GCV/C, scale factor k = 2. cccvrer i e

B.1 Ratio, purity Sigmoid fit divided by points, fit range varied in each panel. « -+« cocevereeereenen..

B.2 Ratio, purity Sigmoid fit divided by points, fit range varied in each panel. + -« «-vcocevereernenen..
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inducing energy in cells two rows away, but only with Fi"d=F Iflll‘[il Different parametriza-
tions (Default or Std, More, EtaDep, Less) change the Frl]nnl‘;‘1 parameter by a factor of 0.5
or 2 with respect to the default one. From Ref. [87] Sec. 6.1. +---vvvvvveeenniinin. 40
Setup of the EMCal triggers in various collision systems in LHC Run 2 (2015 - 2018).
During Run 2, equivalent DCal triggers were enabled using the same thresholds. The
L0 and L1-y triggers are based on 2 X 2 FastORs. The patch size of the L1-jet triggers
for EMCal is 16 x 16 FastORs, while DCal uses 8 x 8 FastORs in pp and p—Pb collisions.
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Cluster rejection factors fitted value and its associated uncertainty, the last column is total
uncertainty for G1/G2 and G2/MB. The final G1/MB (G2/MB - G1/G2) uncertainty is
obtained combining G1/G2 and G2/MB uncertainties and is driven by G2/MB. --------- 56

Variations of the purity sigmoid function parameters obtained from the fit. -------------- 95

The corresponding interaction cross section for years 2016, 2017, and 2018, in pp col-
lisions at v/s = 13 TeV data. The last row corresponds to the weighted average of
the years by the number of events. Weighted uncertainty calculated from the each year
uncertainty and the uncertainty transfer rUles. -« -« «xeeemeneeneanemeneain. 97
Number of selected events, EMCal L1-y trigger rejection factors, and luminosity per
trigger. The luminosity uncertainty contains both the o and rejection factor uncer-
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5.1

Summary of uncorrelated relative systematic uncertainties in per cent for selected pt
bins of the isolated photon measurement. The luminosity normalization uncertainty of

1.9% is not included In thiS table. ««cc v vt rmmm i i it e iiae e eenns 112
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1 Introduction of high-energy particle physics

Until the beginning of the 20th century, atoms were regarded as the fundamental, indivisible build-
ing blocks of all forms of matter. In the 1900s, it was discovered that atoms have a structure, it was
found through the experiments of Rutherford [1] and others [2]. An atom consists of a dense central
nucleus, which is comprised of protons and neutrons — collectively referred to as nucleons — orbited by
electrons. Historically, protons, neutrons, and electrons were considered the fundamental particles of
nature. However, the existence of other kinds of particles was evident via cosmic ray studies that led to
the discovery of the positron, pion, muon, and others [3]. By the early 1960s, as accelerators that could
accelerate protons or electrons to high energies and smash them into nuclei reached higher energies, a

hundred or more types of particles were found.

In this chapter, I will give a brief overview of the background information relevant to my work. The
main theoretical background is given in Sec. 1.1. The Standard Model of Particle Physics developed in
the early 1970s has successfully explained almost all experimental results and precisely predicted a wide
variety of phenomena, and is described at the beginning of this section. It successfully integrates the
electromagnetic, weak, and strong forces through a unified theoretical framework. Among these forces,
the strong interaction is described by Quantum Chromodynamics (QCD) which a brief introduction
is given in Sec. 1.1.2. The parton distribution functions (PDFs) described in Sec. 1.1.3 are essential
tools for predicting the behavior of hadrons in high-energy collisions. It quantifies the probabilities
of finding quarks, antiquarks, and gluons — collectively known as partons — within hadrons at various
momentum fractions. These distributions bridge the gap between the non-perturbative regime of QCD,
where the strong coupling constant is large, and the perturbative domain accessible through collider
experiments. As photons do not interact with the strong force, they are considered one of the “golden”
probes for investigating phenomena governed by this interaction. The prompt photons produced directly
in the hard-scattering process are valuable because they can provide precise measurements of PDFs and
test predictions of pQCD. In Sec. 1.2, a more detailed exposition of the prompt photon in high-energy
collisions will be presented, including the selection method and measurement results pertinent to the

prompt photon.
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1.1 Theoretical description

1.1.1 The standard model of particle physics

The Standard Model of Particle Physics encapsulates our understanding of the fundamental particles
and the forces. It explains how the basic building blocks of matter interact, governed by three of the four

fundamental forces in nature. Figure 1.1 presents the elementary particles in the standard model.

Figure 1.1: Elementary particles in the Standard Model of Particle Physics [4].

The fundamental particles, the basic building blocks of matter, are separated into two basic types:
quarks and leptons, as presented on the left side in Fig. 1.1. Both quark and lepton are fermions with
a spin of 1/2. Each group comprises six particles, which are related in “generations” or pairs. Quarks,
g, have six types, divided into 3 “generations”. The lightest and most stable particles make up the
first generation, while the heavier and less stable particles belong to the second and third generations.
All stable matter in the universe is made from particles that belong to the first generation; any heavier
particles quickly decay into more stable ones. The three quark generations or pairs are: the “up quark
(u)” and the “down quark (d)” from the first generation, followed by the “charm quark (¢)” and “strange
quark (s)” , then the “top quark (¢)” and “bottom (or beauty) quark (»)” . Quarks also come in three
different “colors” and only mix in such ways as to form colorless objects (hadrons). The six leptons are
similarly arranged in three generations — the “electron (¢)” and the “electron neutrino (v.)” , the “muon
(1)” and the “muon neutrino (v,)” , and the “tau (7)” and the “tau neutrino (v;)” . The e, u, 7 all have
an electric charge and a sizeable mass, whereas the neutrinos are electrically neutral and have very little

mass.

The fundamental forces at work in the universe are the strong force, the weak force, the electromag-

netic force, and the gravitational force. Three of those fundamental forces, the electromagnetic force,

2
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the strong force, and the weak force, result from the exchange of force-carrier particles, which belong
to a broader group called “bosons” with spin 0 or 1. Each of the fundamental forces has its boson — the
photons , responsible for the electromagnetic interaction, the bosons W* and Z°, carry the electro-weak
interaction, and the gluons g carry the strong force. Those bosons are listed on the right side of Fig. 1.1.
For gravity, the corresponding force-carrying particle has not been found yet, but it is so weak on the
scale of those other three fundamental forces to be considered negligible and does not form part of the
standard model of particle physics. Particles of matter transfer discrete amounts of energy by exchanging

the force-carrying particles with each other.

The four fundamental “forces” have different strengths or intensities over distance ranges. Gravity
is the weakest force that decreases with the distance. The electromagnetic force also decreases with the
distance but is ~10%° times stronger than gravity. The weak and strong forces are effective only over a
very short range and dominate only at the level of subatomic particles. The weak force is much stronger
than gravity but it is weaker than the strong force and the electromagnetic force. The strong force, as
its name suggests, is the strongest of the four fundamental interactions. It is a very short-range force,
acting only over distances of approximately one femtometre, which is about the size of a nucleon. At
a distance of one femtometre, if the magnitude of the strong force is taken as 1, the magnitudes of the
electromagnetic force, the weak force, and gravity would be 1073, 1078 and 10737, respectively. As
the distance is longer, the strong force becomes weaker and is eventually overtaken by electromagnetic

force and gravity.

1.1.2 Quantum Chromodynamics theory

Each of these interactions is described by a Quantum Field Theory (QFT) [5, 6], which provides
the mathematical framework to understand and quantify the interactions found in the standard model.
In essence, QFT treats each particle as an excitation of a quantum field defined over all space and
time. How and if a force is mitigated is determined by the properties of the boson and the QFT that is
associated with the given interaction. For the electromagnetic interaction, the corresponding theory is
known as Quantum Electro Dynamics (QED) [7] and the strong interaction is described by Quantum
Chromodynamics (QCD) [8, 9]. Weak interactions are usually described within electro-weak theory,

which allows a unified description of the electromagnetic- and weak forces.

QCD has two interesting properties that were discovered experimentally and predicted by theory.
The first is asymptotic freedom — at very high energies or short distances, the strong force becomes
weaker and particles can interact more freely. Gluons carry color charge, a property of the strong force

analogous to the electric charge in electromagnetism, and interact with each other with their color charge.

3
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Figure 1.2: Various measurements of @, as a function of Q along with a fit function. Image from Ref. [10].

Whereas photons carry no electric charge and do not interact with each other. This interaction causes the
strong force to be weaker and weaker at short distances because the gluons effectively shield each other
from their interactions. The second interesting property of QCD is confinement — quarks and gluons
cannot exist in isolation but must exist in bound color-neutral states. Both properties can be seen in the
measurements of a, the QCD coupling constant which describes the strength of the strong interaction
as a function of Q?, the energy scale. The relationship between a and Q is shown in Fig. 1.2. At low
Q, corresponding to large distances, the @ seems to approach infinity asymptotically. If two partons are
pulled apart, the s will continue to increase with the distance until it is energetically more favorable
for a quark-antiquark to be produced out of the vacuum. When Q increases, the distance between the
partons decreases, and the strength of the strong force diminishes, which leads to the asymptotic freedom

mentioned above. The coupling constant can be written as a function of the energy scale as

4r
(11 - (2/3)N¢) In (Q?/Aqcp)

where N is the number of quarks, and Aqcp is a constant that roughly indicates the scale at which the

as(Q%) =

(1.1)

perturbatively defined coupling would diverge [10].

The interaction between quarks and gluons is complex due to the strong couplings, and the strong
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interactions described by QCD are highly nonlinear. This makes solving the QCD equation directly
almost impossible. Concurrently, in the high-energy region, where Q? is large, the QCD shows asymp-
totic freedom, which means that the a; becomes sufficiently small, thereby enabling the application of
perturbation theory. That is to say, perturbative quantum chromodynamics (pQCD) can be employed
for calculations. The pQCD provides a way to treat strong interactions at high energies by progressively

approximating the actual physical phenomena through an order expansion.

The calculation of the cross section of QCD processes in hadron—hadron collisions presents a signif-
icant challenge, given that not all aspects of the collision can be treated within the framework of pQCD.
To still obtain predictions for such cross sections, we can employ the factorization theorems [11], which
allow us to separate the various energy scales involved in the collision in a systematic way. By fac-
torization, one can obtain a cross section which is a convolution of the perturbatively treatable hard
parton—parton scattering and process independent descriptions of the non-perturbative regimes in the
initial and final state. Such independent treatment of different regimes is possible since the hard scat-
tering occurs on a much shorter timescale than the processes in the initial and final state. Since hadrons
are bound objects, the fluctuations inside them must be smaller than the confinement scale Agcp = 200
MeV, and most virtual fluctuations inside the hadron occur on a timescale of ~ 1/Agcp. The scatter-
ing partons interact on a much shorter timescale 1/Q <« 1/Agcp and therefore “see” a frozen-in-time

snapshot of the initial state [12].

The scattering cross section onN—h+x for a process of two colliding nucleons N which produce a

hadron 4 is expressed after factorization as

dSO'NNHh d*o b—c+X
— - Z fa(Xar 13) ® fo(xp,13) ® 2—3” ® Deon(z,y) ,  (12)
p a,b,c p ~———
PDFs fragmentation

partonic cross section

which can be seen as a convolution of three main parts: Parton Distribution Functions (PDFs) f; (x;, ,u?c),
partonic cross section o, —c+x and fragmentation function D._,;(z, uft). The PDFs describe the initial
state of the interaction which gives the probability density to find a parton, a or b in Eq. (1.2), within
a nucleon/nucleus (N in Eq. (1.2)). The probability density is a function of the momentum fraction
x; (usually called Bjorken-x) and the factorization scale 1y which the hadron is probed. The partonic
cross section describes a hard scattering of two partons a and b to produce an outgoing parton c. Since
there is sufficient large transfer momentum, it can be calculated with pQCD to a given order, commonly
Next-to-Leading Order (NLO) or Next-to-next-to-leading Order (NNLO). The probability of finding the

incoming partons a and b from the colliding hadrons is contained in the PDFs, then the cross section

5
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describes the production of parton c. The fragmentation function is the fraction of the momentum carried
by the hadron &, which can be observed in the detector, from the outgoing parton c. It is associated with
the hadronization process in the final state. Providing constraints to the PDF is one of the motivations

for the measurements presented in this work, and I will introduce this in detail in Sec. 1.1.3.

1.1.3 Parton distribution functions

The PDFs’ evolution with y ¢ is treatable with pQCD using evolution equations such as DGLAP [13]
and BFKL [14]. The choice is frequently made to align the ¢ with the momentum transfer Q of the
scattering process [ 15]. This means that once a PDF is constrained by experimental data within a certain
region of x and Q, the evolution equations can be employed to extrapolate the PDF to other regions of
the phase space. Precise knowledge of PDFs is crucial, as any uncertainties present in the PDF will
propagate to the uncertainties of theory predictions for physics observables. These, in turn, are used
in various measurements performed at the experiment. In addition to their role in a variety of mea-
surements, PDFs themselves represent our understanding of the substructure of protons and neutrons:
the ongoing endeavor of constraining PDFs over a wide phase space in x and Q directly corresponds
to probing the proton in different regimes and testing our understanding of QCD evolution over scales

spanning several orders of magnitude.

The PDFs are universal, they can be determined from deep inelastic scattering (DIS), such as H1
and ZEUS at HERA [16], and those can be used to calculate cross sections of hard processes at the
experiments [17]. The PDFs from HERAPDF2.0 are shown in the left panel of Fig. 1.3 as an example.
The DGLAP evolution equations are valid at moderate to large Q> and moderate to large x, where the
parton densities are not too large. For intermediate values of Q2 but small values of x, the BFKL
equations [14], are expected to describe the evolution. In small enough x, the large number of soft
gluons resulting from gluon splitting leads to high enough parton densities, so that parton recombination,
in particular gluon fusion, will be significant. In this regime, the QCD evolution is non-linear and can

be described by the JIMWLK [18] or approximated by the BK [19] equations.

Measurements of hadronic observables, such as jet production, offer high constraining power for
the gluon density. Jets are defined as collimated sprays of particles resulting from the fragmentation
of partons. In particular, measurements of inclusive jet, dijet, and trijet production at the LHC allowed
providing constraints for quarks and gluons atx > 0.005, as well as the possibility to measure the strong

coupling a, (Q) in the TeV regime [20].

The hard scattering processes in pp collisions play a pivotal role in probing the proton’s internal
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Figure 1.3: Left: PDFs from HERAPDEF2.0, which have been determined from charm data, jet data and low energy data
as well as the HERA-I and II high energy inclusive data [16].Right: Maps of QCD evolution as a function of (Q,x). The
evolution towards large Q? can be described by DGLAP, and that towards small (but not too small) x by BFKL. At very
small x, where the gluon density is very high, non-linear effects become relevant, and other evolution equations (BK or
JIMWLK) are necessary.

structure. This is because the probability of a hard scattering event increases significantly when one or
more partons carry a small fraction of the proton’s momentum, corresponding to the low x regime [21].
Moreover, certain hard scattering processes, such as those producing prompt photons via the gg — gy
process, provide a way to get the gluon PDF in the proton, especially at low x values where other

measurements may be less informative [22].

The work, measurement of the prompt photon production, enables the probe of the gluon density at
low-x. It will be introduced in more detail in Sec. 1.2. For a comprehensive overview of the processes
relevant to PDF analyses, as well as their kinematic coverage, please refer to, for example, Tab. 18.1 in

Ref. [10] and Fig. 1 in Ref. [23].

1.2 Prompt photon production in hadronic collisions

Photons are produced in all stages of a collision and are a unique probe because they do not interact
with strong interactions. This allows them to carry information about their production time unaltered
by final-state effects until their detection in the experimental apparatus. Among the different photon
sources, direct prompt photons produced in the quark-gluon Compton process are sensitive to the gluon

PDF, which is one of the least constrained PDFs and cannot be directly accessed via DIS measurements.
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This section will commence with a short introduction to the various photon sources, followed by the

direct prompt photon selection. Finally, it will present the existing results.

1.2.1 Photon sources

Photons can be produced in multiple ways at different stages of the collision [24]. The majority
of photons produced in pp collisions originate from hadron decays, mostly 7° — yy. Photons that do
not originate in hadronic decays are called direct photons. In direct photons, we can find two different
origins, prompt photons produced in the initial stage of a hard scattering process, and thermal photons,
radiated by the QGP in nucleus-nucleus collisions. At the leading order (LO) of pQCD, prompt photons
are produced by Compton (¢gg — g, dominant process), annihilation (gg — yg) and by double photon
production (very small cross section), in the following, we denominate those photons “direct prompt
photons”. At the NLO of pQCD, prompt photons are also produced in the fragmentation of one of
the outgoing partons in its hadronization process, those are then called “fragmentation photons”. The
distinction between the two sources is not so simple, the collinear part of such processes has been shown
to contribute effectively at LO [25]. A schema describing those photon sources in pp collision is shown in

Fig. 1.4, and the Feynman diagrams of the Compton and annihilation processes are presented in Fig. 1.5.

Vdecay

Yfragmentation

Earfon

E —
parton

Vdirect

Figure 1.4: View of the various sources of photon production in pp collisions.

The NLO corrections come from subprocesses like gg — ygg and gqg — ygg. Thermal photons are
produced by interactions between the constituents of the thermalized quark—gluon plasma or hadron gas
produced in heavy-ion collisions, and thus contain information about the plasma such as its temperature
and collective flow [26]. The measurement of direct prompt photons is the main motivation for this

work.

8
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q o g

Compton Annihilation

Figure 1.5: Feyman diagrams of prompt photon production.

The production ratio of prompt photon and 7° in NLO pQCD prediction at different collision en-
ergies and types is shown in Fig. 1.6. At /s = 14 TeV in pp collision case, the CTEQ6 [27] struc-
ture functions are used for the NLO QCD predictions. For the prompt photon spectrum, the BFG [28§]
parametrization of fragmentation functions is used while the KKP [29] fragmentation functions are used
for the NLO pQCD estimates of decay photons. The cross section is evaluated at 0 rapidity [30]. One
can observe that the ratio is significantly below unity with a strong pt dependence of this ratio, ranging
from 0.005 at 7 GeV/c to 0.1 at 100 GeV/c. In any case, given the small value of the ratio, for prompt

photon measurements, one needs to find a selection procedure to reject hadronic decay photons.

1.2.2 Direct prompt photon selection: the isolation method
Prompt photons are produced in Compton and annihilation processes, due to their (at LO) point—
like connection to the incoming partons. The inclusive cross section of prompt photon production o (p,)

is

1

dz , . (P .

o(py) = Z /0?0“(%;;1&#,#]()'DZ(z,uf)+07(py;/~tR,ﬂ,ﬂf) (1.3)
a=q.4.8

- direct
fragmentation

which contains the fragmentation and the direct parts. In the equation, the ¢ and 6 are the partonic
cross sections for the production of a parton a and a photon (y) which both already contain the convo-
lution with the PDFs for the initial-state partons a coming from the colliding projectiles, the DZI /e is the
parton-to-photon fragmentation function [31]. Thus far, the partonic cross section has been calculated

up to NNLO [32].
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Figure 1.6: NLO QCD predictions for the ratio ypromp/7° in proton-proton, proton-nucleus and nucleus-nucleus collisions
at 200 GeV and 5.5 TeV. At /s = 14 TeV in pp collision case, the CTEQ6 [27] structure functions are used for the NLO
QCD predictions. For the prompt photon spectrum, the BFG [28] parametrization of fragmentation functions is used
while the KKP [29] fragmentation functions are used for the NLO pQCD estimates of decay photons. The cross section
is evaluated at O rapidity. Plot from Ref. [30].
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The three subprocesses (Compton, annihilation, and fragmentation) production ratio to the prompt
photon at the LHC mid-rapidity (y = 0) in pp collision at y/s = 14 TeV as a function of the photon Et

is shown in Fig. 1.7. They have been obtained by selecting the corresponding Feynman diagrams at

pp — v X,"/s=14 TeV, y=0
7y isolation: R=0.4,&,=0.1
—q4g—vq(Compton)
—-qq— 7 g (annihilation)
Fragmentation y
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-
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Figure 1.7: Left: Relative contributions of the quark-gluon Compton scattering, gg annihilation and fragmentation
subprocesses in NLO prompt photon production at the LHC mid-rapidity in pp collision at /s = 14 TeV obtained with
JETPHOX (CTEQ6.6 PDF, u = E7, and BFG-II FFs). Right: same process but with an isolation radius R = 0.4 and a
hadron fraction of the photon energy of € = 0.1 inside the cone [33].

NLO with the JETPHOX MC, setting all scales to u = E}/ , and using the CTEQ6.6 parton densities
and the BFG-II parton-to-photon FFs for the fragmentation photons [33]. In the left panel, one can see
that the fraction of fragmentation photon decreases as the photon E1. Nevertheless, its fraction is still
comparable to the prompt photon at approximately 200 GeV. A clean separation of the different prompt
photon sources experimentally is difficult and only the sum can be calculated with pQCD. Still, one can
suppress the contribution of fragmentation and bremsstrahlung, which are accompanied by other parton

fragments, via the selection of “isolated photons”.

The isolation method is a way to select the direct prompt photons based on the fact that they are
produced with low hadronic activity around them, but decay and fragmentation photons are not. As
shown on the right side of Fig. 1.7, the fragmentation photons are effectively rejected after applying the
isolated criteria. The isolation criteria here are as follows: within the isolation cone radius R = 0.4,
only select photons where the accompanying hadronic energy is less than 10% of the photon energy.
For more details, please see Ref. [33]. One can also find that after the isolation criteria are applied, the

majority of prompt photons come from the Compton hard scattering process.
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The momentum fraction x ( x; in eq.(1.2) ) in a 2 — 2 hard scattering that produces a prompt photon

(at LO) with p% and 77,, from kinematics can be estimated as:

x=PL (21 4 gy ST 2P e, (1.4)

G '
where 7, is the pseudorapidity of the other parton produced in the scattering process and +/s is the

center-of-mass energy of the collision. Hence, at mid-rapidity(y ~ 0), x ~ xt = 2p1/+/s.

1.2.3 Experimental results on prompt photons
1.2.3.1 Production in pp collisions

Over the past few decades, measurements related to prompt photon production have been made,
with center-of-mass system energies ranging from /s ~ 20 GeV [34] to v/s = 13 TeV [35-37]. The
available inclusive isolated prompt photon data was compiled in 2012 by d’Enterria and Rojo in Ref. [38]
and compared the results to the NLO calculations. It includes the data of p—p collisions collected at Teva-
tron and SppS, as well as the early LHC data available at the time of the review, i.e. the measurements

in pp collisions at /s = 2.76 TeV and 7 TeV performed by ATLAS [39, 40] and CMS [41-43].

Figure 1.8 presents the ratio of isolated-photon measured cross section to theoretical prediction in pp
collisions at v/s = 7 TeV with ALICE [44] on the left side. The isolation criterion for this measurement
is that the sum of the pt of charged and neutral particles within an isolation cone of radius R = 0.4
is less than 2 GeV/c. It covers the pt range between 10 to 60 GeV/c and shows an agreement within
the uncertainties. The right-hand side of the figure presents a comparison with the similar measurement
made by ATLAS [39] and CMS [42], shows that the ratio is consistent in different Collaborations. Note
that the isolation cone size was the same in the three experiments but the isolation momentum selection
criteria are higher than in the ALICE measurement, the hadronic energy in the cone must be smaller
than 3 and 5 GeV/c for ATLAS and CMS measurements, respectively. Therefore, the comparison with

ALICE results can only be done via the ratio to theory.

Similar measurements at v/s = 13 TeV in pp collisions at mid-rapidity have been done by ATLAS
and CMS. Figure 1.9 shows the ratio of theory to measured from ATLAS [36] with the pt range being
125 to 2000 GeV/c. One can find that the various theoretical calculations can describe the data within the
uncertainties. In more detail, the JETPHOX NLO (blue) underestimates the data in all pt ranges, and this
kind of underestimation decreases when considering NNLO (black). The ratio from CMS [45] at mid-
rapidity is presented in Fig. 1.10 within 190 < p1 <1000 GeV/c, which also shows agreement between the
NLO JETPHOX calculations and the data. This work studies the same measurement with data obtained
by ALICE and tries to extend the pr reach (down to 125 GeV/c by ATLAS) and x1 (~ 3 x 1072 in
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Figure 1.8: Left: Measured isolated photon cross section at 4/s = 7 TeV in pp collision with ALICE ratio to the
JETPHOX calculations at NLO. Right: Comparison of ratio from the ATLAS [39] and CMS [42]. Results from Ref. [42].
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Figure 1.9: The ratio of various theoretical calculations over the measured isolated photon cross section from ATLAS
in pp collisions at v/s = 13 TeV [36].
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Figure 1.10: The ratio of NLO JETPHOX calculations over the measured isolated photon cross section from CMS in pp
collisions at 4/s = 13 TeV [45].

ALICE) to a lower range.

In conclusion, the measurements of isolated photon cross section in pp collisions at the LHC show
that the theoretical calculations give a description consistent with the isolated photon data which is in
agreement with the measurement at lower collision energies. The calculations performed at NLO are

slightly underestimated and can be improved by including corrections beyond NLO.

1.2.3.2 Production in Pb—Pb and p—Pb collisions

The study of collisions involving heavy ions, such as lead, offers unique opportunities for probing
various fundamental aspects of QCD in extreme conditions. These collisions involve very high-energy
densities for which a new state of matter is formed — the so-called Quark-Gluon Plasma (QGP). In this
soup-like state, quarks and gluons are found as quasi-free particles no longer confined within hadrons.
This new state of matter is also of cosmological importance since it is expected to have existed only
a few microseconds after the Big Bang. Partons created in the initial stages of the collision will lose
their energy when traversing the QGP. This effect is known as “jet-quenching”. This effect is expected
in heavy-ion nucleus-nucleus collisions but not a priori on proton-nucleus or proton-proton collisions
that are considered a reference to observe modifications in the hadron production measurements as a
function of prt due to the presence of a QGP. However, some effects expected in the presence of the
QGP have been observed, such as flow, in such smaller collision systems [460], which questions the use

of pp collisions as reference.
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Since photons do not interact strongly with the QGP, their production is not expected to be modified
when comparing pp and Pb-Pb collisions. This comparison is done via the nuclear modification factor
defined as the ratio of the particle transverse momentum yield between AA and pp collisions

_ 1 dopy_py/(dpr dn)
(Neo) dza'pp/(de dn)

(1.5)

Raa

where Ngop 1s the number of collisions between nucleons and dzo'Pb_Pb(pp) /(dpT dn) is the measured

particle cross section in heavy-ion or pp collisions.

The isolated photon Raa in Pb—Pb collisions at /sy = 5.02 TeV measured by ALICE for five Pb—
Pb centrality intervals and two cone sizes are shown in Fig. 1.11. The Raa of charged particles [47] and
charged pions [48] from ALICE and Z° bosons from CMS [49] are also shown. The collision centrality
is related to the collision impact parameter (distance between the two colliding nuclei), and is defined as
the percentile of the hadronic cross-section for which more than a given energy or multiplicity threshold
is produced, where a lower percentile corresponds to a more central/head-on collision [50]. In the figure,
0-10% are the more central collisions and 70-90% are the more peripheral collisions. The more central
the collision is, the more suppressed the hadron spectrum becomes. The hadron suppression is due to
the jet-quenching that shifts down in pt the spectrum of particles originated from parton fragmentation,
since the parton loses energy in the presence of the QGP. One also observes that Ra 4 for isolated photons
for both cone sizes (R = 0.2 is in black and 0.4 in blue) and Z° bosons (orange) is compatible with unity
for all the centrality classes, which means that there is no modification of the electroweak bosons yield
due to the QGP since they do not interact strongly. The figure also shows the theoretical calculation of
the ratio of spectra including nuclear over proton PDF, independent of centrality. This ratio expects a
moderate suppression below 40 GeV/c due to cold nuclear matter effects like saturation and shadowing,

the result is also in agreement with this prediction within the uncertainties.
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Figure 1.11: Nuclear modification factor Ra4 for isolated photons at 4/sxy = 5.02 TeV for isolation cone radii R = 0.2
(black) and R = 0.4 (blue). Also, for charged hadrons [47] and pions [48] from ALICE and Z° bosons from CMS [49]
(integrated pr, point at boson mass). The bands correspond to pQCD calculations with JETPHOX for Pb—Pb collisions
(nPDF) for 0-100% centrality over pp collisions (PDF). The width of each band corresponds to the scale and PDF
uncertainties. The normalization uncertainties are represented as a red box centered at unity. Figures from Ref. [51].

Figure 1.12 presents the ratio of the measured isolated photon cross section in pp and Pb—Pb col-
lisions at 4/sx\yv = 5.02 TeV in ALICE over JETPHOX pQCD NLO calculation, the calculation scaled
by Nc.oni. One can see that for both isolation cone sizes and collision systems, the ratio between data
and theory is around 1 within the uncertainties, with a particularly good agreement for central Pb—Pb

collisions, which supports further the nPDF prescription of the theoretical calculation.

Figure 1.13 shows the ratio equivalent to Ras but changing the Pb—Pb collision by p—Pb collisions
at v/sy\n = 5.02 TeV and 8.16 TeV [52]. Like the Raa this measured ratio is compatible with unity as
expected, although in this case there are hints of a suppression below 20 GeV/c as predicted by theory

due to cold nuclear matter effects.
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Figure 1.12: Data-over-theory ratio of isolated photon cross section as a function of pZ. for R = 0.2 (left) and R = 0.4
(right) in pp and Pb—Pb collisions at y/sxw = 5.02 TeV. The bands centred at unity correspond to JETPHOX NLO
pQCD calculations, their width represents the scale (blue) uncertainty and PDF (orange) uncertainty. The normalization
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Figure 1.13:  Nuclear modification factor R,s of isolated prompt photon production in p-Pb collisions at

VSanw = 5.02 TeV and 8.16 TeV. Ratio compared to JEPHOX NLO pQCD predictions for different nPDF. Figures
from Ref. [52].
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1.2.3.3 Isolated photon—hadron correlation measurements

Even if isolated photons are not modified by the QGP, the correlation between isolated photons and
a hadronic observable, such as a jet or a single hadron, can be used to study the medium-induced partonic
energy loss mechanism. The photon and parton produced in the same hard-scattering process will be
emitted at a back-to-back azimuth angle. The photon pt reflects the initial energy of the parton before
any medium-induced energy loss and fragmentation into a jet. Therefore, the distribution of the opposite
side hadron with the momentum fraction zt = p% / p% represents the parton fragmentation function. One
can extract a similar measurement to the Raa using I4a = Yaa / Ypp, Where Y is the particle yield in

opposite direction to the photon as a function of zt in which case In4 = Daa(21)/Dpp(2T).

Figure 1.14-top presents the y*°-tagged D(zr) distribution at sy = 5.02 TeV in pp and p—Pb
collisions measured in ALICE [53]. It can be observed that there is an agreement within uncertainties
between pp, p-Pb, and the PYTHIA 8.2 Monash Tune, which as expected jet-quenching is not expected
to be present in p—Pb collisions. The bottom figure shows the ratio between p—Pb and pp, indicating no

significant difference between the two.
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Figure 1.14: The y™°-tagged fragmentation function for pp (red) and p—Pb data (blue) at \/sy\y = 5.02 TeV as measured
by the ALICE detector. The boxes represent the systematic uncertainties while the vertical bars indicate the statistical
uncertainties. The dashed green line corresponds to PYTHIA 8.2. Plot from Ref. [53].
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Figure 1.15 provides the ratio of isolated photon-hadron correlation D (zr) distribution between Pb—
Pb collisions measured in ALICE and pp collisions from an NLO pQCD calculation at y/syy = 5.02 TeV,
Inqep NLo, for three centrality classes [54]. One can see that there is more suppression in the hadron
yield emitted opposite to the isolated photon in 0-30% central Pb—Pb collisions than in 50-90% pe-
ripheral Pb—Pb collisions (agreement with pQCD), suppression which has the same origin as what is

observed in the hadron Rap in Fig. 1.11, the jet-quenching.
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Figure 1.15: y"*°-hadron correlations Iyoep NLo ratio, D(zr) measured in Pb—Pb collisions by ALICE for three centrality
classes over pp collisions from NLO pQCD calculations, all at 4/syy = 5.02 TeV. Plot from Ref. [54].
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2 Experimental setup

2.1 LHC introduction

The Large Hadron Collider (LHC) [55] is the world’s largest and most powerful particle accelerator
at present, built by the European Organization for Nuclear Research (CERN) below the French-Swiss
border near the city of Geneva. The LHC consists of a 27-kilometer ring of superconducting magnets
with several accelerating structures to boost the energy of the particles along the way. The LHC beams
are produced and pre-accelerated in the CERN accelerator chain, so-called LHC injectors. Inside the
accelerator, two high-energy particle beams travel at close to the speed of light before they are made to

collide. The overview of CERN accelerator complex as of 2022 is presented in Fig. 2.1.

The CERN accelerator complex
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Figure 2.1: Overview of accelerators and connected experiments at CERN, as in the year 2022 [56].

The LHC, as its name implies, is designed for the collision of hadrons, with the majority of its
operational time each year dedicated to proton-proton (pp) collisions. And also, the LHC can be used

as an ion collider, like collision of lead ions (Pb—Pb), as well as asymmetric collisions of protons and
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lead ions (p—Pb or Pb—p). Although the LHC regularly conduces Pb—Pb or p—Pb as part of its heavy-ion
program for approximately one month each year, it is still possible to accelerate other ion species at the
LHC, like it was done with xenon in year 2017 and it is foreseen and under discussion with oxygen,
neon or argon in Run 3 and 4. Before reaching the LHC, protons or heavy ions undergo pre-acceleration
through a series of stages. This process entails a progressive increase in their energy levels, thereby

preparing them for injection into the LHC.

For pp collisions, the LHC aims to accelerate and collide proton beams at an energy of 7 TeV, which
gives a total center-of-mass energy of 14 TeV, and 2.75 TeV/nucleon Pb beams lead to a center-of-mass

energy of 5.5 TeV.

A crucial metric for an accelerator is the luminosity () at the interaction points. The luminosity is
the number of collision events per second dNeyen/d? for a given event with cross-section Oeyey is given
by

dNcoltision

dr = ga_evem . (21)

A high luminosity is crucial to study rare processes such as the production of a Higgs boson or
physics beyond the standard model. The luminosity is mainly contingent upon the number of particles
present in each colliding beam, their rotational frequency, and the degree to which the beam can be
focused at the interaction point. In addition, the two beams must be collided at a crossing angle at
the interaction point, which reduces the luminosity but enables the delivery of luminosity at each four
interaction points to be steered individually and also suppresses the collision outside the collision point

that are unwanted.

The proton and heavy-ion beams are divided into thousands and hundreds of bunches, respectively,
to facilitate acceleration. A beam at the LHC is comprised of up to 2808 so-called bunches, each con-
taining up to 1.7 x 10'! protons, with a nominal bunch spacing of 25 nanoseconds (ns). In 2017, the

25! in proton-proton operation, exceeding

LHC delivered peak luminosities of more than 2 x 103* cm™
its design value by a factor of two [31, 57]. At present, the LHC has reached the center—of—mass energies
at /s = 13.6 TeV in proton-proton (pp) collisions, \/sx\y = 8.16 TeV for proton-lead (p—Pb) collisions,

and /syn = 5.36 TeV for lead-lead (Pb—Pb) collisions.

There are four principal interaction points at which accelerated particles are collided. At each
interaction point, the dedicated LHC experiments particle detectors are located: ATLAS, CMS, ALICE
and LHCD, each one with different physics programs. The ATLAS (A Toroidal LHC Apparatus) [58]
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detector is 46 metres in length and 25 metres in diameter, and the complete CMS (Compact Muon
Solenoid) [59] detector is 21 metres long, 15 metres wide and 15 metres high. They have a broad physics
programme ranging from the study of the Standard Model (including the Higgs boson) to the search for
extra dimensions and particles that could make up dark matter, and also the heavy-ion Physics program.
The design of the sub-systems enables ATLAS and CMS to play an important role in the search for
the Higgs boson, which was finally discovered in 2012 [31, 60, 61]. The discovery of the Higgs boson
furthermore illustrates the synergy of ATLAS and CMS, where the observation of Higgs decays by
both experiments, positioned on opposite sides of the LHC, serves as an important cross check for the
discovery and improves its statistical significance. Both ATLAS and CMS are particularly well-suited
for the measurement of highly energetic particles, this is also reflected in the magnetic fields where, for
example, the 4 T superconducting solenoid of CMS provides sufficient bending power to unambiguously
determine the charge of the muon for momenta up to ~ 1 TeV [59]. For more details on the sub-detectors

and their characteristics, please have a look at Refs. [58] and [59].

The LHCDb (Large Hadron Collider beauty) experiment [62] is dedicated to the investigating of
the slight differences between matter and antimatter by studying the “b quark” and related decays. To
detect the b quarks, LHCb has developed sophisticated movable tracking detectors close to the path of
the beams circling in the LHC. The 5600-tonne LHCD detector is made up of a forward spectrometer
and planar detectors. The apparatus measures 21 metres in length, 10 metres in height and 13 metres in
width. The LHCb experiment comprises a single-arm, located on one side of the collision vertex and
surrounding the beampipe. This decision is motivated by the fact that highly energetic b quarks, and
thus, b hadrons are dominantely produced in the same cone, either in forward or backward direction.
This layout allows the LHCb detector to cover forward pseudorapidities of 2 <5 <5 for both charged-
and neutral particles, where a silicon based tracking system enables a momentum resolution of 0.4% to

0.5% and the ECAL and HCAL provide electromagnetic- and hadronic calorimetry, respectively [31].

ALICE (A Large Ion Collider Experiment) [63] is a multipurpose experiment dedicated to the
heavy-ion physics at the LHC, but also has a dedicated pp collisions program to compare to the heavy-
ion collisions as a reference and in general to test QCD predictions. It has a length of 26 metres, a height
of 16 metres, a width of 16 metres and a mass of 10,000 tonnes. ALICE is designed to study the physics
of strongly interacting matter at extreme energy densities. Its physics program necessitates robust parti-
cle identification, as well as wide covered transverse momentum range <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>