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Streszczenie

by Daniela Ruggiano

Fundamentalne pytania dotyczace powstawania jednych z najbardziej obfitych
czastek we wszech$wiecie, protonéw, oraz zlozonych mechanizméw lezacych u
podstaw produkcji barionéw pozostaja w duzej mierze bez odpowiedzi, stawiajac
znaczace wyzwania przed fizyka wysokich energii. Niniejsze badanie opiera sie
na analizie korelacji katowych miedzy parami czastek, aby rzuci¢ $wiatlo na te
mechanizmy i poprawi¢ nasze rozumienie lezacych u podstaw proceséw fizycznych.
Badanie korelacji katowych jest jednym z najskuteczniejszych narzedzi do tego celu,
otwierajac mozliwoéci badania zjawisk fizycznych, takich jak mini-dzety, statystyki
kwantowe Bosego-Einsteina i Fermiego-Diraca oraz ré6znorodne prawa zachowania,
ktére same w sobie stanowia podstawe mechanizmu produkcji barionéw. To wiasnie
te zlozone interakcje ujawniaja wzajemne zalezno$ci rzadzace oddziatywaniami
czastek w zderzeniach wysokich energii. Kazdy z tych efektéw stanowi odrebne
zrodlo korelacji i wykazuje unikalne zachowanie w przestrzeni Ary, Ap (gdzie Ay to
réznica pseudopospiesznosci, a Ag to réznica kata azymutalnego dwoch czastek),
co sprawia, ze kazda korelacja miedzy parami czastek jest wyjatkowa. Najnowsze
wyniki eksperymentalne dla zderzen proton-proton przy energii v/s = 7 TeV ujawnily
antykorelacje w rozkladach czastek, ktéra stanowi wyzwanie dla istniejacych mod-
eli Monte Carlo. To obserwacja doprowadzita do pojawienia sie tzw. ,zagadki
korelacji barionéw”. Mimo ze przeprowadzono juz kilka badat w tym obszarze,
nadal pozostaje on otwarty dla dalszej eksploracji i zrozumienia. W tej pracy dok-
torskiej dodano nowy element do zagadki korelacji barionéw, analizujac zachowanie
antykorelacji, ale takze poréwnujac funkcje korelacji mezonéw. Wykorzystujac za-
awansowane mozliwosci identyfikacji czastek w eksperymencie ALICE przy Wielkim
Zderzaczu Hadronéw (LHC), po raz pierwszy w ALICE przeprowadzono badanie
funkgji korelacji katowych dla par czastek w'7n" + 7w 7, m'n , K'K'+K K,

K'K™, pp+pp oraz pp, w réznych klasach krotnosci i w réznych systemach zderzen:
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proton-proton (pp), proton-otéw (p—Pb) oraz otéw-otéw (Pb—Pb) przy energiach LHC.
Dotychczasowe wyniki uzyskane w ALICE w przewazajacej mierze opieraly sie na
wykorzystaniu definicji ilorazu prawdopodobienstw. Jednak podejécie to ma swoje
ograniczenia w zastosowaniu do réznych klas krotnoéci, giéwnie ze wzgledu na
spodziewany wspo6lczynnik skalowania 1/N, gdzie N reprezentuje liczbe czastek
w kazdej klasie. Aby przezwyciezy¢ to ograniczenie, wprowadzono alternatywna
metode wykorzystujaca przeskalowana funkcje korelacji dwuczastkowych, koncepcje
pierwotnie zaproponowana przez wspétprace STAR. Badanie korelacji katowych
moze dostarczy¢ nowych spostrzezen na temat podstawowej fizyki rzadzacej in-
terakcjami czastek, stawiajac kluczowe pytania dotyczace mechanizméw produkcji
barionéw oraz natury silnych oddziatywan. Ta analiza stanowi wazna podstawe
dla przyszlych badan eksperymentalnych i pracy teoretykéw nad udoskonaleniem
istniejacych modeli.

Stowa kluczowe — korelacje katowe, eksperyment ALICE, Large Hadron Collider
(LHC), mate systemy, zderzenia ciezkich jonéw, plazma kwarkowo-gluonowa, ko-

relacje dwuczastkowe hadronéw, zaleznosé od centralnosci, zaleznosé od krotonosci.
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Doctor of Philosophy

Exploring the baryon correlation puzzle via multiplicity-dependent two-particle
angular correlations in pp, p-Pb, and Pb—Pb collisions at the LHC energies

by Daniela Ruggiano

The fundamental queries surrounding the creation of one of the most abundant par-
ticles in the universe, protons, and the intricate mechanisms underlying the production
of baryons remain largely unanswered, posing significant challenges in high-energy
physics. This study fully investigates the angular correlations between pairs of parti-
cles to illuminate these mechanisms and improve our understanding of the underlying
physical processes. The study of angular correlations is one of the most effective tools
one has for that purpose, opening up the possibility of studying physical phenomena
such as mini-jets, quantum statistics, and various conservation laws, which are them-
selves the basis of the baryon production mechanism and from which the complex
interplay governing particle interactions in high-energy collisions is revealed. Each of
these effects is a distinct correlation source and exhibits individual behavior in Ay, Ag
space (where Ay is the pseudorapidity difference and Ag is the azimuthal angle differ-
ence of two particles), which is why each pair particle correlation is unique.

Recent experimental results of proton-proton collisions at the energy of /s =7 TeV
have revealed an anticorrelation in particle distributions that poses a challenge to ex-
isting Monte Carlo models. This observation has led to the emergence of what is
called the “baryon correlation puzzle”. Although several studies have already been
conducted, it remains an area for further exploration and understanding. In this the-
sis, a new piece is added on the baryon correlation puzzle, analyzing the behavior of
anticorrelation but also comparing with the correlation functions of mesons. Taking
advantage of the advanced particle identification capabilities of the ALICE experiment
at the Large Hadron Collider (LHC), a first study in ALICE of the angular correlation
functions for pairs of particles, 7" " + 71 7, ', K'K'+K K™, K'K™, pp+pp, and
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pp is done across different multiplicity classes and various collision systems: proton-
proton (pp), proton-lead (p-Pb), and lead-lead (Pb-Pb) at LHC energies.

Previous results obtained in ALICE employed the probability ratio definition.
However, this approach has limitations when applied to different multiplicity classes,
mainly because of the underlying scaling factor of 1/N, where N represents the
number of particles within each class. To isolate this effect, an alternative method
is introduced using a rescaled two-particle correlation function, a concept originally
proposed by the STAR collaboration.

By investigating angular correlations new insights into the underlying physics
governing these particle interactions and the mechanisms of baryon production can
be provided. Although our analysis does not lead to definitive conclusions, it lays
important groundwork for future investigations and encourages theorists to refine
and improve existing models.

Keywords — angular correlations, ALICE experiment, Large Hadron Collider (LHC),
small systems, heavy-ion collisions, quark-gluon plasma, hadron two-particle correla-

tions, centrality dependence, multiplicity dependence.



Acknowledgements

Acknowledgments may seem like the easiest part to write, yet they are among the most chal-
lenging—not because of a lack of gratitude, but because it is hard to single out individuals in a
group that has become like a second family to me. Ouver the years, I have come to realize that I
can always rely on each of you, and for that, I am truly grateful.

First and foremost, I want to express my deepest gratitude to you, Professor Adam. Your
vast knowledge and passion for the subject have been a constant source of inspiration. You have
a unique gift for making complex ideas engaging and easy to understand. I am truly thankful
for your attitude, quidance, support, and encouragement throughout these years.

A heartfelt thank you to you, Matgosia, my mentor in every sense of the word. With unwa-
vering patience, you guided me step by step, sharing your passion for research. Your strength,
intelligence, and kindness have been a constant source of motivation. This project would not
have been possible without you. I am truly grateful to have had the best supervisor I could have
ever wished for. Thank you.

tukasz, I am deeply grateful for your constant support over the past four years. Whatever
the challenges, you have always been ready to listen, advise and help. Your generosity and
availability have never failed me and your contribution to this work has been invaluable.

Georgy, a special thanks to you for making me feel at home in a foreign country more than
once. Your kindness, your patience, your countless coffee breaks and your thoughtful advice
were like a safe port in an unknown land.

To my amazing colleagues Kuba, Kasia, Zuzia, Pritam, Marta, Alice, Erina, and Maja,
thank you for making long days at the office, trips to CERN, and outings so much more enjoy-
able. A special word to you, Kuba, your energy chocolates have made my working days much
better, and your love for Star Wars has been a cultural envichment for me. I can’t wait to watch
the last three films!

And finally there is you, my kolezanka, my friend, my confidante, my roommate, sometimes
even my supervisor, my traveling companion, my coffee companion, my source of laughter and
support, Wioletka. I cannot thank you enough. These four years would not have been the same
without you, in fact, I am not even sure I would still be here without you. You have taught me



VIII

so much, especially how to grow and become more mature. If this work exists, it is also thanks
to you. I wish everyone had a Wiola in their life, because having one makes everything more
special.

I want to sincerely thank the people who are always close to me whenever I return to Italy.
No matter how much time passes, they are and always will be my home to me and I look forward
to seeing you because I love spending time with you. First of all, my dear friend Armando. We
have known each other since we were 15 years old and our bond has never faded. In these
four years, I have appreciated our friendship even more because I never expected that despite
the distance, we would always be able to stay close and see each other whenever I would come
home. Thank you for always being there when I have my moments of frustration, when I
call you and say, "Arma’, let’s go out, and you pay for me!”. The next drink will be on me,
PROMISE! Mariarosa — I thank you for always listening and understanding me, especially
during the difficult moments of this journey. Most of all, I appreciate the moments of joy you
bring whenever I return. I always miss your coffee and our long chats when I am away. Carmen
— the one who moves mountains just to see me every time I come back. I adore you and your
presence always lifts my spirit like nothing else. With you, I always laugh. Denise — even
though we don’t talk often, we never miss a chance to see each other when I'm home. I love
to catch up and gossip with you. Antonio Nappa — thank you for being the cornerstone of our
group. You never miss an opportunity to organize our outings and bring us all together. You
are really special, Anto. Alberto — thank you for simply being yourself. Your cheerfulness and
lightheartedness always manage to lift my mood. Gigi Ferre — your jokes and energy always
bring so much positivity. Thank you for the moments we share whenever we get the chance,
they always take me back to the days spent in . I love you all.

To you, Eli, my strong pillar. Thank you for always being an inspiration with your determi-
nation, your intelligence and your success. Thank you for always being there, even after these
four years apart. I still remember that coffee together, just before we left, when I confided in you
my fear that I would not make it and that things might change. With your confidence, you told
me that nothing would change and that we would never lose each other. And indeed you were
right about one thing, although our lives have changed, you are still there laughing with me,
consoling me, worrying about me but above all listening to me. Thank you.

To you, Riccio, thank you for being a constant presence, even abroad. Thank you because
with a simple video call - which often turns into hours of chatting - you have always managed
to calm me down in moments of anger and advise me without ever making a mistake. You

are one of the wisest people 1 know. I thank you for all the times you kept me company on



IX

weekends when 1 felt lonely, but especially for helping me so much at the beginning of this
journey, explaining some physics to me and helping me with my English.

Ilenia, you are the sister that life gave me more than 20 years ago. We have shared
everything, from dancing to friendships, travels, or simply a whole life. It may seem trivial, but
despite the distance, you are always there, more than anyone else. Your morning messages, the
video calls that bridge the gap, and every time I come back it’s like I never left. You support me
and listen to me and, even from afar, it feels like you are right here, that you know every detail
of my life. You know me better than I know myself and you show me this with unexpected
messages or calls full of strength and affection. You know when I am sad, anxious or happy and
each time this knowledge surprises me and gives me strength. You are home for me. I love you.

Finally, last but most important, I want to dedicate these words to my family: my mom,
my dad, my Geggi, and my dog Ringo. I can never thank you enough for the unconditional
love you give me, and words will never be enough to express how much you mean to me. To
you, mamma, who always calls me just to check how I'm doing. To you, who never gets tired of
asking about my day, with the same excitement as on my first day of school. Every time I come
home, you make everything feel like a celebration. You are the purest form of love that exists.
You are the rock of our family, always giving us strength and support. To you, babbo, who for
always telling me that I am the most important thing of your life. You never says no to me
and always treats me like a princess. To you, Geggi. You are my everything. Even though we
don’t always get along and we don’t see each other often, I know we will always be there for one
another. My love for you is endless and unconditional. To my sweet Ringo, who has taught me
what it truly means to love unconditionally since the day he came into our family.

I dedicate all of this to you because you are and will always be the most important part of my
life. I LOVE YOU.

Acknowledgements in Italian







Contents

Abstract

Abstract

1 Introduction

2 The Physics of Heavy-Ion Collisions at Relativistic Energies

2.1
2.2
2.3
24

2.5

2.6

Standardmodel . . . .. ... ... oL oo
Quantum Chromodynamics . . . .. ... .. .. ... ... ........
Quark-GluonPlasma . . . . . .. .. ... ... ...
Evolution of Heavy-Ion Collisions . . . ... ... .............
241 Initialstage . ... ... ... .. ... ... L oL
242 Pre-equilibriumstage ... ............ ... .. .....

243 QGP formation and expansion . . .. ... ... .. ........
244 Hadronization. . . .. ... ... ... . ... . .o 0oL
245 Freeze-Out. . .. .. ... ... ... ... ... 0.
Collective phenomenain HIC . . . ... ...................
251 ReactionPlane . ... ... .......... ... .. ... .. ..

252 Anisotropicflow . .. ... ... ..o o o oo
2521 Directedflow . . .. ... ... ... .
2522 Ellipticalflow . .. .. ... ... ... ... ...
2523 Radialflow . ... ... .. .. ... ... . ...,
Are Collective Phenomena Present in Small Systems? . . . . .. ... ..
2.6.1 The role of pp and p—Pb in respect to Pb—Pb collision . . . . . . .

3 Monte Carlo Event Generators

3.1

3.2

String fragmentation . . . . ... ... . L L L L Lo
3.1.1 Multiparton interactions and colour reconnections . . . . . . . . .

The MC event generators. . . . . . ... ....... ... .........

XI

III



XII

321 PYTHIA . ... ... . . 29

322 EPOS . . . . 30

323 DPMJET . . . . . 32

324 HIING. . .. ... . 33

325 AMPT . . . 33

326 CALMmodel . . ... ... ... ... 35

4 Two-particle Angular correlations 37
4.1 Referenceframe . . ... ... ... . ... .. ... 37
42 Observables . . ... ... ... .. 38
421 Pseudorapidity . ... ... ... ... oo oo 38

422 Rapidity . .. ... ... . 39

423 Azimuthal Angle . . ... ... ...... ... .. .. ...... 39

4.3 The AyAg@ two-particle angular correlation . . .. ... ... ... . ... 39
43.1 Probability ratio correlation function . . . . . ... ... ... ... 41

432 Rescaled two-particle correlation functions . . . . ... ... ... 42

44 Sources of angular correlations . . . . ... ... o000 0L 44
441 Conservationlaws . ... ... ... ... ... .. ... 45

442 Jets . .. 47
4421 Minifets . . . . ... 48

4422 Jetquenching . ... ................ . .... 48

4.4.3 Quantum Statistical and Final-State Interaction Effects . . . . . . 51
444 ResONaNCes . . . . . . v it e 52

445 Photonconversion . ... ... ... ... ... ... ... 54

44.6 Flowstructure. . . . . . . . . . .. e 55
4.4.7 Ridge structure — collectivity in small systems? . . . . . . ... .. 56

5 Baryon Correlation Puzzle 59
5.1 Baryon and Meson Correlation functions . . . ... ... .. ... .... 59
52 Thepuzzle . . . ... ... .. .. 62
521 Dependence on Transverse Momentum . . . . ... ... ... .. 62

522 Coulomb interaction, Fermi-Dirac QS, and other baryons . . . . . 63

53 2017 -today . .. .. ... ... 63
54 Whatnext? . . . . . . . e 68



6 LHC at CERN

6.1 ALICEexperiment . ... ......................
6.1.1 VOdetector . ... ..... ... ... . .. ... ...

6.1.2 Inner Tracking System . . .. ... ... ..........
6.1.2.1 Silicon Pixel Detectors . . . . .. ... ......

6.1.2.2  Silicon Drift Detectors . . . . . ... ... ....

6.1.2.3  Silicon Strip Detectors . . . . . .. ... ... ..

6.1.3 Time Projection Chamber . . ... ... ..........

6.14 Time-of-Flight . . . . .. ... ... .. ...........

6.2 Particle identification . . . . . . ... ... ... ... ...

6.3 Software environment . . . . . . . . . ... ...

7 Data analysis

71 EventSelection ... ..... ... .. ... ..
7.2 Multiplicity and centrality selection . .. ... ... ... .. ..
73 TrackSelection. .. ... ... ... ........ ... ... .
74 Particle Identification . . . . . ... ... oo o000
7.5 Two-track particle pairs selections . . . . .. ... ... ... ..
7.6 Purity and Efficiency Corrections . . . . .. ... ... ......
761 Purity . ... ... .. oo
7.6.1.1 Purityinppcollisions . . . .. ... ... ....

7.6.1.2  Purity in p-Pb collisions . . . .. ... ... ..

7.6.1.3  Purity in Pb-Pb collisions . . . . . ... ... ..

7.6.2 Correction factor estimation . . . . ... ... ... .. ..
7.6.2.1  Correction factor in pp collisions . . . . .. ..

7.6.2.2  Correction factor in p—Pb collisions . . . . . . .

7.6.2.3  Correction factor in Pb—-Pb collisions . . . . . .

7.6.3 Correction of Signal and Background Distributions . . .

8 Two-Particle Angular Correlation Analysis in small systems

8.1 Results from pp Collisions Across Four Multiplicity Classes . .

8.1.1 Estimation of N,, for Multiplicity Classes in Experimental Data:

Method Consolidation . . . . . . . . ... ... ... ...
8.1.2 2D AyAg¢ correlation functions . . . ... ... ... ...

8.1.3 Ag projections and comparison to MC models . . . . . .

8.2 Results from pp Collisions Across Thirteen Multiplicity Classes

XIII

69
70
71
73
74
75
75
76
78
78
81

85
85
86
87
91
92
98
98
99
101
102
105
105
108
109
110



XIV

10

11

8.2.1 2D AyAg¢ correlation functions . . . ... ... ... L.
822 Agprojections. . . ... ...
8.2.3 ComparisontoMCmodels . . ... ... ..............
8.3 Results fromp-Pbcollision . .. ... ...... ... ... ... ....
831 Nyyvalues . . .. ... .. . . ... e
8.3.2 2D AyAg¢ correlation function . . . . . ... ... . oL
8.3.3 Projection of AyAg correlation functions . . ... ... ... ...
834 ComparisontoMCmodels . ... ... ...............
8.4 Small Systems in Focus: ppvs.p-Pb . . . .. ... ... ... ... ..
8.5 Summary of Angular Correlation Studies in Small Systems . . . . . . ..

Two-Particle Angular Correlation Analysis in HIC

9.1 Results from Pb-Pbcollision. . . . ... ...................
9.1.1 Estimation of N,y in Pb-Pb collision . . . . ... ... ... ....
912 2D AyAg¢ correlation function . . . . . ... ... Lo oL
913 Ag¢projections. . . ... ...
914 Comparison between MC modelsanddata . . . . ... ... ...

9.2 Summary of Angular Correlation Studiesin HIC . . . .. ... ... ...

Comparative Insights into pp, p-Pb, and Pb-Pb Collision Systems
Summary and Conclusions

Monte Carlo Simulations

Al Estimationof Noy . . . . . o o o o o o e
A2 MC Closure testinpp collision . . . ... ..................
A.3 MC Closure testin p-Pb collision . . . .. ..................
A4 MC Closure test in Pb-Pb collision . . . ... ... ... ..........

Systematic Uncertainties

B.1 Systematic Uncertainties in pp Collisions . . . .. ... ... ... ... ..
B.1.1 Systematic Analysis Across Four Multiplicity Classes . . . . . . .
B.1.2 Systematic Analysis Across Thirteen Multiplicity Classes . . . . .

B.2 Systematic uncertainties in p-Pb collision . . . . .. ... ... ... ...

B.3 Systematic uncertainties in Pb—Pb collision . . . ... .. ... ... ...

Bibliography

169
171
171
171
178
179
195

197

201



List of Figures

21
2.2

2.3

24

2.5

2.6

2.7

2.8

29

The elementary particles within the Standard model [5].. . . . . . . . ..
a5 as a function of the energy scale Q compared to experimental con-
straints. Picture from Ref. [16]. . . . . . ... ... .. ... ........
Compression and heating of matter before the deconfined phase transi-
tion. Picture from Ref. [24]. . . . . . . . . . . ... ...
Energy density as a function of temperature calculated from 1QCD. Pic-
ture from Ref. [25]. . . . . . . ...
The QCD phase diagram features two distinct phases: the hadronic
phase, representing ordinary nuclear matter, and the quark-gluon
plasma phase. At zero baryon density, the phase transition occurs as a
smooth crossover. Picture from Ref. [26]. . . ... ... ... .. .....
The evolution of a heavy-ion collision at LHC energies. Picture from
Ref. [27]. . . . o o
A schematic view of a heavy-ion collision. The impact parameter b is
shown as well as the spectator nucleons and the participant nucleons.
Picture from Ref. [28]. . . . . . . . . . . ...
Interaction volume created after a non-central heavy-ion collision. The
spatial anisotropy is transformed into anisotropy of momentum distri-
bution of the produced particles. Picture from Ref. [32]. . . . . . ... ..
Left: The overlapping region obtained from 1QCD computations. Pic-
ture from Ref. [35]. Right: The second, third and fourth cross-flow com-
ponents. Picture from Ref. [36]. . . . . ... ... ... oo oL

2.10 Schematic view of directed flow. . . . . . . . . . . . .. .. ... .....

2.11 Schematic view of ellipticflow. . . .. .. ..... ... ... .......

XV

11

17



XVI

2.12

2.13

3.1

3.2

3.3

34

3.5

3.6

In the first panel: the anisotropic flow coefficients v,, are presented as a
function of the centrality classes for the /sy = 2.76 and 5.02 TeV Pb—
Pb collisions. In the second panel the ratios of v,, for these two energies
are shown. In the last panel, various predictions from hydrodynamical
models are also presented for comparison. Picture from Ref. [41]. . . . .

Schematic view of radial flow. . . . . . . . . . . ... ... ... ... ...

Ilustration of a proton—proton collision in a typical Monte Carlo event
generator. Each color corresponds to different stages involved in event
generation. Picture from Ref. [57]. . . ... .. ... ... o000
Space-time diagram of g pair in their rest frame. 1) Beginning of the
evolution; 2) 1/4 of full period, maximum tension in the string; 3) g and
g are back to their initial positions, but have their momenta swapped;
4) 3/4 of full period, maximum tension in the string; 5) full period, the
system is back to its initial state. Picture from Ref. [64]. . . ... ... ..
qq system in its rest frame with multiple string breakings. Picture from
Ref. [64]. . . . o o
Two dipoles and three dipoles CR possibilities. For two dipoles, they
can either have (a) a simple reconnection (a.k.a. a swing) or (b) a forma-
tion of a connected junction and anti-junction system. Three dipoles can
form (c) disconnected junction and anti-junction systems. Picture from
Ref. [65]. . . . o o
Elementary parton—parton scattering: hard scattering in the medium is
preceded by the emission of partons (initial-state space cascade); these
ladder partons, being usually off-shell, emit other partons ladder (final-
state time cascade). The complete picture, also includes remnants that
are an important source of particle production. Picture from Ref. [69]. . .
On the left, a schematic overview of the AMPT model in its default
configuration, and on the right, the string melting version. In the de-
fault mode, hadronization is modeled using the Lund string fragmenta-
tion mechanism, where strings formed after parton scattering fragment
into hadrons. In contrast, the string melting version converts all excited
strings into partons, and hadronization proceeds via parton recombi-
nation (coalescence), where nearby partons combine to form hadrons

based on their spatial and momentum proximity. . . . . .. ... ... ..

20
21

30

34



4.1

4.2
4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

411

XVII

[lustration of the polar angle 6 between the momenta of the particles,
which are deflected by the magnetic field of the detector, and the beam
axis. Creditsto WioletaRzesa. . . . . . . . . . . . . . .. ... .. ..... 38
Schematic view of the azimuthal angle. Credits to Wioleta Rzesa. . . . . 40
The left panel displays the signal distribution, the middle panel shows
the background distribution, and the right panel presents the correlation
function, calculated as the ratio of the signal to the background. . . . . . 41
Multiplicity dependence of the AyA¢ correlation function for all charge
pair combinations in /s = 7 TeV pp collisions, simulated using Pythia
Perugia-0. Picture from Ref. [83]. . . . ... .. ... ... ... ..., 43
Contribution of different sources that influence the overall shape of the
AnAg correlation function from pp collision at /s = 7 TeV. Picture from

Ref. [83]. . . . . 45
Momentum conservation contribution in Ay, Ag correlation function by
using CALM model. Picture from Ref. [80]. . . ... ... ... .. ... .. 46
Minijets contribution in Ax, A¢ correlation function by using CALM
model. Picture from Ref. [83]. . . . . . ... ... ... .. ... ... ... 48

Schematic overview of particles from the same jets (top) and particles
correlated in opposite jets (bottom) from an azimuthal perspective. . . . 49
Comparison of two-particle azimuthal distributions for central d—Au
collisions to those seen in pp and central Au—Au collisions. Picture from
Ref. [88]. . . . . o 50
Angular correlation functions in Az, Ag space for like and unlike-sign
pions and protons, illustrating the contributions of quantum statistical
and final-state interaction effects. Picture from Ref. [91]. . . . . . . . . .. 52
The ratios K*° /K (panels (a) and (b)) and ¢/K (panels (c) and (d)) are
analyzed across different collision systems: pp, d—Au, p—Pb, Cu—Cu,
Au-Au, and Pb-Pb. Panels (a) and (c) show these ratios as a function of
(AN, /dn)'? for K** /K and ¢/K in Pb-Pb collisions at /5NN = 2.76 TeV.
Panels (b) and (d) depict the ratios for various systems as a function of
VSNN, alongside predictions from a grand-canonical thermal model at a
freezeout temperature of 156 MeV. Picture from Ref. [94]. . . .. .. .. 53



XVIII

4.12 Correlation function in AyAg space from Pb—Pb collision at \/syn = 2.76
TeV with ATLAS. The correlation is studied in the centrality class 20—
30% showing a double ridge structure typical of the flow effects. Picture
fromRef. [96]. . . . . . . .. 55
413 Ag correlation function from Pb-Pb collision at /sy = 2.76 TeV with
ATLAS. The near-side peaks reflect the “ridge” instead of the autocorre-
lations from jet fragments. The superimposed solid lines (thick-dashed

lines) indicate contributions from individual v,, components (sum of the

first six components). Picture from Ref. [96]. . . . .. .. ... ... ... 56
4.14 Ridge structure from pp collision at /s = 13 TeV with ALICE in high-
multiplicity class. Picture from Ref. [97]. . . . . . ... ... ... ... .. 57

5.1 Correlation functions AyAg for unlike-sign pairs of pions, kaons, and

protons (top row) and like-sign pairs of pions, kaons, and protons (bot-

tom row). Picture from Ref. [4]. . . . . .. .. ... ... ... ... ... 60
5.2 Arn integrated projections of correlation functions for unlike-sign pairs of

pions, kaons, and protons (top row) and like-sign pairs of pions, kaons,

and protons (bottom row). The ALICE data are represented by the black

circles, while the dashed colored lines are the Monte Carlo models. Pic-

ture from Ref. [4]. . . . . . . ... 61
5.3 Correlation functions for combined pairs of pp+pp for two transverse

momentum intervals (a) 0.5 < pt < 1.25 GeV/c and (b) 1.25 < pp < 2.5

GeV/c. Panel (c) shows Ay integrated projections. Statistical (bars) and

systematic (boxes) uncertainties are plotted. Picture from Ref. [4]. . . . . 62
54 AnAg correlation functions for like-sign and unlike-sign lambda parti-

cles. The study is conducted to verify the influence of Coulomb interac-

tion. Picture from Ref. [4]. . . . . . . . . ... ... 64
5.5 AnAg correlation functions for non-identical proton-lambda pair parti-

cles. The study is conducted to verify the influence of Fermi-Dirac quan-

tum statistics. Picture from Ref. [4]. . . . . . . . . . .. ... ... ... 64
5.6 Angular correlation function Ry(AyAg¢) of like-sign (left) and unlike-

sign (right) protons in Au + Au collisions at mid centrality 30%—40%

and 0.4 < pt < 2.0 GeV/c in different beam energies from 7.7 GeV (top

left) to 200 GeV (bottom right). Picture from Ref. [85]. . . . .. ... ... 65



5.7 Per-trigger yields in (Ay, Ag) for Ep (left), ZA (middle), and EE (right)
particle pair with the same baryon number, measured in pp collisions at
Vs =13 TeV. Picture from Ref. [108]. . . . . . ... .. ... ... .....

5.8 Correlation functions for Ep, EA, and ZE pairs, as a function of Ag
(|Ay| < 1). Black circles and grey squares denote opposite- and same-
baryon-number correlations, respectively, with their difference (OB-SB)
shown in the lower panels. Error bars indicate statistical uncertainties,
while shaded boxes show systematic ones. ALICE data are compared to
model predictions: PYTHIA 8 Monash (blue), PYTHIA 8 with junctions
(green), junctions and ropes (yellow), EPOS-LHC (red), and HERWIG 7
(pink). Picture from Ref. [108]. . . . . . .. ... ... .. ... ... ...,

5.9 AnAg correlation functions for like-sign pions, kaons and, protons in pp
collision at /s = 13 TeV. PYTHIAS8 model, represented by the black line
is not able to reproduce the anticorrelation for like-sing protons. Picture
from Ref. [T11]. . . . . . . . . e

6.1 CERN accelerator complex. Picture from Ref. [117]. . . . ... ... ...
6.2 The ALICE experiment at LHC. Picture from Ref. [118]. . . . . . ... ..
6.3 Segmentation of the VOA/VOC arrays. Picture from Ref. [119]. . . . . ..
6.4 Layout of the ITS. Picture from Ref. [122]. . . . . ... ... ... .. ...
6.5 A schematic layout of the ALICE Time Projection Chamber. Picture from
Ref. [124]. . . . . . e
6.6 The energy loss as a function of momentum over charge, as measured by
the ALICE TPC from Pb-Pb collisions at /sy = 5.02 TeV. Picture from
Ref. [125]. . . . . o e
6.7 Particle velocity B as a function of momentum detected by TOF detector
from Pb-Pb collision at \/syn = 5.02 TeV. Picture from Ref. [125].. . . . .
6.8 The MonALISA system provides a real-time overview of the ALICE
GRID network. On its interactive map, dots represent the locations of
computing centers worldwide that are part of the ALICE GRID infras-
tructure, which facilitates data storage and analysis for the experiment.
The color of each dot indicates the current operational status of the cor-

responding computing center. . . . . . ... ... Lo oL L

XIX



XX

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

¢ as a function of y distribution for positive pions, kaons, and protons in
the highest (0-20%) and lowest (70-100%) multiplicity classes from pp
collisionat/s=13TeV. . . . . . . . . . . .. ..
pt vs ¢ distribution for positive pions, kaons, and protons on the left
column and for negative pions, kaons and protons on the right column
in the highest (0-20%) multiplicity classes from pp collision at /s = 13
TeV. . e
Ny1tpc Vs Nytop distributions for the Monte Carlo dataset from Pb-Pb
collision system at \/s\n = 5.02 TeV for all particle types studied and for
the highest (0-20%), middle (50-60%), and lowest (80-90%) centrality
classes. . . ...
Schematic view of the Agp* angle in the azimuthal space. Picture from
Ref. [131]. . . . o
AyAg@* correlation functions performed for experimental data from p-
Pb collision at \/syn = 5.02 TeV for all multiplicity classes and for four
radii (0.8, 1.2, 1.6, and 2.0) cm for like-sign pions. . . . . . ... ... ...
AyAg@* correlation functions performed for experimental data from p-
Pb collision at \/syn = 5.02 TeV for the highest and the lowest multiplic-
ity class and for four radii (0.8, 1.2, 1.6, and 2.0) cm for like-sign kaons
andprotons. . . . .. ...
Purity distribution as a function of pt using Monte Carlo reconstructed
data from 2017 period from pp collisionat /s =13TeV. . . ... ... ..
Contamination levels from pp collision at v/s = 13 TeV, in samples of
pions (top), kaons (middle), and protons (bottom), including contribu-
tions from pions, kaons, protons, electrons, and muons. Particles are
represented in red, and antiparticles in blue. Sample purity was evalu-
ated within the analyzed pt ranges: 0.2-2.5 GeV /¢ for pions, and 0.5-2.5
GeV/cforkaonsand protons. . . . . ... ... ... .. o L
Purity distribution as a function of pr using Monte Carlo reconstructed
data from 2016 period from p-Pb collision at /sy =5.02 TeV. . . . . ..

89

97

99



7.10

7.11

7.12

7.13

7.14

7.15

7.16

717

7.18

7.19

8.1

XXI

Contamination grid of p—Pb samples at \/syn = 5.02 TeV of pions (top),
kaons (middle), and protons (bottom), including contributions from pi-
ons, kaons, protons, electrons, and muons. Particles are represented
in red, and antiparticles in blue. Sample purity was evaluated within
the analyzed pt ranges: 0.2-2.5 GeV/c for pions, and 0.5-2.5 GeV/c for
kaonsand protons. . . . .. ... ... Lo 102
Purity distribution as a function of pt using Monte Carlo reconstructed
data from 2017 period from Pb-Pb collision at /syn =5.02 TeV. . . . . . . 103
Contamination levels from Pb-Pb collision at \/syn =5.02 TeV, in sam-
ples of pions (top), kaons (middle), and protons (bottom), including
contributions from pions, kaons, protons, electrons, and muons. Par-
ticles are represented in red, and antiparticles in blue. Sample purity
was evaluated within the analyzed pr ranges: 0.2-2.5 GeV/c for pions,

and 0.5-2.5 GeV/c for kaons and protons. . . . . .. ... ... ... ... 104
Efficiency as a function of pt for pions, kaons, and protons in pp colli-
sionsat+/s=13TeV. . . ... . .. . . ... ... 106

Contamination from secondary particles as a function of pt for pions,

Correction factor as a function of pr for pions, kaons, and protons in pp
collisionsat+/s =13TeV. . . . . . . . . . ... e 107
The left panel shows the secondary contamination, while the right panel
displays the efficiency, both as functions of pt for p—Pb collisions at

VSNN =5.02TeV. ..o 108
Correction factor as a function of pr for pions, kaons, and protons in
p-Pb collisions at /sy =5.02TeV. . . . ... ................ 109
On the left the secondary contamination and on the right the efficiency
both as a function of pt from Pb—Pb collision at \/syy =5.02 TeV. . . . . . 110
Correction factor as a function of pr for pions, kaons, and protons in
Pb-Pb collisions at \/sN\ny =5.02TeV. . .. ... .. ... .. ..... 110

The pt spectra, as published in Ref. [132], were reproduced using data
from Ref. [133]. The spectra are shown for pions, kaons, and protons for

the 10 available multiplicity classes. . . . ... ... ... ... ... ... 118



XXII

8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

The comparison of the pt spectra is shown between the public data, rep-
resented by empty rhombuses, and the experimental data, represented
by filled rhombuses, for pions, kaons, and protons. Different colors in-
dicate the various multiplicity classes analyzed. . .. ... .. ... ...
Comparison of Ag projections of rescaled two-particle correlation func-
tions using N,y from experimental data (red markers) and public data
(solid lines) for all particle pairs across four multiplicity classes. . . . . .
AyAg¢ correlation functions from pp collisions at /s = 13 TeV, using the
probability ratio definition (top row) and the rescaled two-particle cor-
relation function (bottom row). The results are shown for like-sign pions

121

across the [0-20%], [20-40%], [40-70%], and [70-100%] multiplicity classes.122

AyAg correlation functions from pp collisions at /s = 13 TeV, using the
probability ratio definition (top row) and the rescaled two-particle cor-
relation function (bottom row). The results are shown for unlike-sign
pions across the [0-20%], [20-40%], [40-70%], and [70-100%] multiplic-
ityclasses. . . .. .. ...
AyAg correlation functions from pp collisions at /s = 13 TeV, using the
probability ratio definition (top row) and the rescaled two-particle corre-

lation function (bottom row). The results are shown for like-sign kaons

across the [0-20%], [20-40%], [40-70%], and [70-100%] multiplicity classes.123

AyAg¢ correlation functions from pp collisions at /s = 13 TeV, using the
probability ratio definition (top row) and the rescaled two-particle cor-
relation function (bottom row). The results are shown for unlike-sign
kaons across the [0-20%], [20—40%], [40-70%], and [70-100%] multiplic-
ityclasses. . . . .. ... ..
AyAg¢ correlation functions from pp collisions at /s = 13 TeV, using the
probability ratio definition (top row) and the rescaled two-particle cor-
relation function (bottom row). The results are shown for like-sign pro-
tons across the [0-20%], [20-40%], [40-70%], and [70-100%] multiplicity
classes. . ... e
AyAg¢ correlation functions from pp collisions at /s = 13 TeV, using the
probability ratio definition (top row) and the rescaled two-particle cor-
relation function (bottom row). The results are shown for unlike-sign
protons across the [0-20%], [20-40%], [40-70%], and [70-100%] multi-
plicityclasses. . . . . ... ... ... L

125



8.10

8.11

8.12

8.13

8.14

8.15

XXIII

Ag projections of correlation functions using the probability ratio defi-
nition. All four multiplicity classes are plotted on the same canvas for
eachparticle. . . . . . . . ... L
A projections of correlation functions using the rescaled two-particle
correlation function definition. All four multiplicity classes are plotted
on the same canvas for each particle. . . . . . ... ..... ... .. ...
A projections of correlation functions computed using the probability
ratio definition. Comparison with MC models was made for like-sign
pions, kaons, and protons across the four multiplicity classes involved
in this analysis. The red solid line is the PYTHIA8_Monash13 model and
in blue the EPOS lhc model. The black markers are the ALICE data with
their respective uncertainties. The box below shows the relationships
between each model and the actualdata. . . ... ... ..........
A projections of correlation functions computed using the probability
ratio definition. Comparisons with MC models were made for unlike-
sign pions, kaons, and protons across the four multiplicity classes in-
volved in this analysis. The red solid line is the PYTHIA8_Monash13
model and in blue the EPOS lhc model. The black markers are the AL-
ICE data with their respective uncertainties. The box below shows the
relationships between each model and the actual data.. . . . . . ... ..
Ag projections of correlation functions computed using the rescaled
two-particle correlation function. Comparisons with MC models
were made for like-sign pions, kaons, and protons across the four
multiplicity classes involved in this analysis. The red solid line is the
PYTHIA8 Monash13 model and in blue the EPOS lhc model. The black
markers are the ALICE data with their respective uncertainties. The box
below shows the relationships between each model and the actual data.
A¢ projections of correlation functions computed using the rescaled
two-particle correlation function. Comparisons with MC models
were made for unlike-sign pions, kaons, and protons across the four
multiplicity classes involved in this analysis. The red solid line is the
PYTHIA8 Monash13 model and in blue the EPOS lhc model. The black
markers are the ALICE data with their respective uncertainties. The box

below shows the relationships between each model and the actual data.

133

134



XXIV

8.16

8.17

8.18

8.19

8.20

8.21

8.22

8.23

AyAg correlation functions from pp collisions at /s = 13 TeV using the
probability ratio definition for like-sign particle pairs in HM (0-0.17%),
mid (20-30%, 60-70%), and low (90-100%) multiplicity classes.. . . . . .
AyA¢ correlation functions from pp collisions at /s = 13 TeV using
the probability ratio definition for unlike-sign particle pairs in HM (0-
0.17%), mid (20-30%, 60-70%), and low (90-100%) multiplicity classes. .
AyAg correlation functions from pp collisions at /s = 13 TeV using the
rescaled two-particle correlation function definition for like-sign parti-
cle pairs in HM (0-0.17%), mid (20-30%, 60-70%), and low (90-100%)
multiplicity classes. . . . . .. ... ... L o L oo
AyAg correlation functions from pp collisions at /s = 13 TeV using the
rescaled two-particle correlation function definition for unlike-sign par-
ticle pairs in HM (0-0.17%), mid (20-30%, 60-70%), and low (90-100%)
multiplicity classes. . . . . .. ... Lo oo
A¢ projections of correlation functions from pp collision at /s = 13 TeV
within Ay < 1 for like- and unlike-sign pions, kaons, and protons in
multiplicity classes, using the probability ratio definition. Statistical un-
certainties (bars) and systematic uncertainties (boxes) are both drawn
with the color associated with the corresponding multiplicity class. . . .
A¢ projections of correlation functions from pp collision at /s = 13 TeV
within Ay < 1 for like- and unlike-sign pions, kaons, and protons in
multiplicity classes, using the rescaled two-particle correlation function
definition. Statistical uncertainties (bars) and systematic uncertainties
(boxes) are both drawn with the color associated with the corresponding
multiplicity class. . . .. ... ... L o oo
Comparison of pp collision data at /s = 13 TeV with PYTHIA8 and
EPOS_LHC using the probability ratio definition for like-sign particle
pairs in the (0-1%), (20-30%), (60-70%), and (90-100%) multiplicity
classes. . . . ...
Comparison of pp collision data at /s = 13 TeV with PYTHIAS8 and
EPOS_LHC using the probability ratio definition for unlike-sign parti-
cle pairs in the (0-1%), (20-30%), (60-70%), and (90-100%) multiplicity
classes. . . ...

137

141

142



8.24

8.25

8.26

8.27

8.28

8.29

8.30

Comparison of pp collision data at /s = 13 TeV with PYTHIAS8 and
EPOS_LHC using the rescaled two-particle correlation function defini-
tion for like-sign particle pairs in the (0-1%), (20-30%), (60-70%), and
(90-100%) multiplicity classes. . . . . . .. ... ... ... L.
Comparison of pp collision data at /s = 13 TeV with PYTHIAS8 and
EPOS_LHC using the rescaled two-particle correlation function defini-
tion for unlike-sign particle pairs in the (0-1%), (20-30%), (60-70%), and
(90-100%) multiplicity classes. . . . . . .. ... ... ... L.
AyA¢ correlation functions from p-Pb collisions at /sy = 5.02 TeV,
using the probability ratio definition (top row) and the rescaled two-
particle correlation function (bottom row). The results are shown for
like-sign pions across the [0-20%], [20-40%], [40-70%], and [70-100%]
multiplicity classes. . . . . . .. ... L o oo
AyAg correlation functions from p-Pb collisions at /sy = 5.02 TeV,
using the probability ratio definition (top row) and the rescaled two-
particle correlation function (bottom row). The results are shown for
unlike-sign pions across the [0-20%], [20-40%], [40-70%], and [70-100%]
multiplicity classes. . . . . ... ... o L oo
AyA¢ correlation functions from p-Pb collisions at /sy = 5.02 TeV,
using the probability ratio definition (top row) and the rescaled two-
particle correlation function (bottom row). The results are shown for
like-sign kaons across the [0-20%], [20-40%], [40-70%], and [70-100%]
multiplicity classes. . . . . .. ... Lo Lo
AyAg correlation functions from p-Pb collisions at /sy = 5.02
TeV, using the probability ratio definition (top row) and the rescaled
two-particle correlation function (bottom row). The results are shown
for unlike-sign kaons across the [0-20%], [20—40%], [40-70%], and
[70-100%] multiplicity classes. . . . . . .. ... ... ... .. L.
AyA¢ correlation functions from p-Pb collisions at \/syy = 5.02 TeV,
using the probability ratio definition (top row) and the rescaled two-
particle correlation function (bottom row). The results are shown for
like-sign protons across the [0-20%], [20-40%], [40-70%], and [70-100%]

multiplicity classes. . . . . .. ... Lo o

XXV



XXVI

8.31

8.32

8.33

8.34

8.35

8.36

AyAg@ correlation functions from p-Pb collisions at /sy = 5.02 TeV,
using the probability ratio definition (top row) and the rescaled two-
particle correlation function (bottom row). The results are shown for
unlike-sign protons across the [0-20%], [20—40%], [40-70%], and [70-
100%] multiplicity classes. . . . . . ... ... ... ... L L.
Ag projections of correlation functions described using the definition
of probability ratio. For each particle, the four multiplicity classes are
drawnonthesamecanvas. .. ... ... ..................
Ag projections of correlation functions described using the definition of
the rescaled two-particle correlation function. For each particle, the four
multiplicity classes are drawn on the same canvas. . . . . . ... ... ..
Data comparison with MC models using probability ratio definition for
like-sign particles and for the four classes of multiplicity analyzed. The
red solid line is the DPMJET model and in blue the EPOS_LHC model.
The black markers are the ALICE experimental data from p-Pb colli-
sion with their respective uncertainties. The box below shows the ratio
between each model and the actualdata. . .. ... ............
Data comparison with MC models using probability ratio definition for
unlike-sign particles and for the four classes of multiplicity analyzed.
The red solid line is the DPMJET model and in blue the EPOS_LHC
model. The black markers are the ALICE experimental data from p—Pb
collision with their respective uncertainties. The box below shows the
ratio between each model and the actualdata. . . . ... ... .. .. ..
Data comparison with MC models using the rescaled two-particle cor-
relation function definition for like-sign particle pairs and the four mul-
tiplicity classes involved. The red solid line is the DPMJET model and
in blue the EPOS_LHC model. The black markers are the ALICE experi-
mental data from p-Pb collision with their respective uncertainties. The
box below shows the ratio between each model and the actual data. . . .

151

158



XXVII

8.37 Data comparison with MC models using the rescaled two-particle cor-
relation function definition for unlike-sign particle pairs and the four
multiplicity classes involved. The red solid line is the DPMJET model
and in blue the EPOS_LHC model. The black markers are the ALICE
experimental data from p-Pb collision with their respective uncertain-

ties. The box below shows the ratio between each model and the actual

8.38 Comparison of the A projections between pp and p-Pb collisions at /s
=13 TeV and +/s = 5.02 TeV, respectively. The comparison is made for all
particles and overall multiplicity classes analyzed using the probability
ratiodefinition. . . . .. ... Lo Lo o 161
8.39 Projections of Ay of correlation functions using the probability ratio def-
inition for unlike-sign pions. The correlation functions in different mul-
tiplicity classes show a monotonic trend, with an increase in the function
as multiplicity decreases. . . . . ... ... ... . . oL 162
8.40 Comparison of the Ay A¢ correlation functions between pp and p-Pb
collisions at /s =13 TeV and +/s = 5.02 TeV, respectively. The comparison
is made for all particles and across all multiplicity classes analyzed using
the rescaled two-particle cumulant definition. . . . . . .. ... ... ... 163

9.1 AyAg correlation functions using the probability ratio definition from
Pb-Pb collisions at \/syn = 5.02 TeV. The results are shown for like-sign
pions across the seven centrality analyzed. . . .. .. ... ... .. ... 171

9.2  AyAg correlation functions using the probability ratio definition from
Pb-Pb collisions at /syN = 5.02 TeV. The results are shown for unlike-
sign pions across the seven centrality analyzed. . . . . . . ... ... ... 172

9.3 AyAg correlation functions using the probability ratio definition from
Pb-Pb collisions at \/syn = 5.02 TeV. The results are shown for like-sign
kaons across the seven centrality analyzed. . . ... ... ... ... ... 172

9.4 AyAg correlation functions using the probability ratio definition from
Pb-Pb collisions at /snn = 5.02 TeV. The results are shown for unlike-
sign kaons across the seven centrality analyzed. . ... ... ... .. .. 173

9.5 AyAg correlation functions using the probability ratio definition from
Pb-Pb collisions at /sNn = 5.02 TeV. The results are shown for like-sign
protons across the seven centrality analyzed. . . ... ... ........ 173



XXVIII

9.6

9.7

9.8

9.9

9.10

9.11

9.12

9.13

9.14

9.15

AyAg correlation functions using the probability ratio definition from
Pb-Pb collisions at /snn = 5.02 TeV. The results are shown for unlike-
sign protons across the seven centrality analyzed. . ... ... ... ...
AyAg@ correlation functions using the rescaled two-particle correlation
function definition from Pb-Pb collisions at \/snn = 5.02 TeV. The results
are shown for like-sign pions across the seven centrality analyzed. . . . .
AyAg correlation functions using the rescaled two-particle correlation
function definition from Pb—Pb collisions at /sNn = 5.02 TeV. The results
are shown for unlike-sign pions across the seven centralities analyzed. .
AyAg correlation functions using the rescaled two-particle correlation
function definition from Pb—-Pb collisions at /sy = 5.02 TeV. The results
are shown for like-sign kaons across the seven centralities analyzed.
AyA¢ correlation functions using the rescaled two-particle correlation
function definition from Pb—-Pb collisions at /sy = 5.02 TeV. The results
are shown for unlike-sign kaons across the seven centralities analyzed. .
AyAg correlation functions using the rescaled two-particle correlation
function definition from Pb-Pb collisions at /sy = 5.02 TeV. The results
are shown for like-sign protons across the seven centralities analyzed.
AyAg correlation functions using the rescaled two-particle correlation
function definition from Pb-Pb collisions at /sNyn = 5.02 TeV. The results
are shown for unlike-sign protons across the seven centralities analyzed.
Ag projections of correlation functions described using the definition of
probability ratio. For each particle, the 7 centrality classes are drawn on
thesamecanvas. . ... ... . ... .. .. ... ... ... ...
Ag projections of correlation functions described using the definition of
rescaled two-particle correlation function. For each particle, the 7 cen-
trality classes are drawn on the samecanvas. . . . ... ... ... .. ..
The comparison of AyAg correlation functions with MC models (AMPT
in red and HIJING in blue) projected onto the azimuthal direction in Pb—
Pb collisions at \/syN = 5.02 TeV is presented using the probability ratio
definition for like-sign pions across all centrality classes included in the

analysis. . ... ... L

175

175

. 176

176

. 177

177

182



9.16

9.17

9.18

9.19

9.20

9.21

9.22

XXIX

Comparison between AyA¢ correlation functions and MC models
(AMPT in red and HIJING in blue) projected onto the azimuthal direc-
tion in Pb—Pb collision at \/syN = 5.02 TeV by using the probability ratio
definition for unlike-sign pions and for all centrality classes involved in
theanalysis. . . .. .. ... ... ... .. ...
Comparison between AyA¢ correlation functions and MC models
(AMPT in red and HIJING in blue) projected onto the azimuthal
direction in Pb—-Pb collision at \/sNn = 5.02 TeV by using the probability
ratio definition for like-sign kaons and for all centrality classes involved
intheanalysis. . . . .. ... ... ... ... .. .. . . o L L.
Comparison between AyA¢ correlation functions and MC models
(AMPT in red and HIJING in blue) projected onto the azimuthal direc-
tion in Pb—Pb collision at \/syN = 5.02 TeV by using the probability ratio
definition for unlike-sign kaons and for all centrality classes involved in
theanalysis. . . .. ... .. ... ... ... ..
Comparison between AyA¢ correlation functions and MC models
(AMPT in red and HIJING in blue) projected onto the azimuthal direc-
tion in Pb—-Pb collision at \/syn = 5.02 TeV by using the probability ratio
definition for like-sign protons and for all centrality classes involved in
theanalysis. . . . ... ... .. ... ..
Comparison between AyA¢ correlation functions and MC models
(AMPT in red and HIJING in blue) projected onto the azimuthal
direction in Pb—Pb collision at \/s\n = 5.02 TeV by using the probability
ratio definition for unlike-sign protons and for all centrality classes
involved intheanalysis. . . . ... ... ...................
Comparison between AyA¢ correlation functions and MC models
(AMPT in red and HIJING in blue) projected onto the azimuthal
direction in Pb-Pb collision at \/syn = 5.02 TeV by using the rescaled
two-particle correlation function definition for like-sign pions and all
centrality classes involved in the analysis. . . . . .. ... ... ......
Comparison between AyA¢ correlation functions and MC models
(AMPT in red and HIJING in blue) projected onto the azimuthal
direction in Pb-Pb collision at \/sxn = 5.02 TeV by using the rescaled
two-particle correlation function definition for unlike-sign pions and all

centrality classes involved in the analysis. . . . . ... .. ... ......

183

184

185

185



XXX

9.23

9.24

9.25

9.26

9.27

9.28

9.29

Comparison between AyA¢ correlation functions and MC models
(AMPT in red and HIJING in blue) projected onto the azimuthal
direction in Pb-Pb collision at /sy = 5.02 TeV by using the rescaled
two-particle correlation function definition for like-sign kaons and all
centrality classes involved in the analysis. . . . . .. ... ... .. .. ..
Comparison between AyA¢ correlation functions and MC models
(AMPT in red and HIJING in blue) projected onto the azimuthal
direction in Pb-Pb collision at \/syn = 5.02 TeV by using the rescaled
two-particle correlation function definition for unlike-sign kaons and
all centrality classes involved in the analysis. . . . .. .. ... ......
Comparison between AyA¢ correlation functions and MC models
(AMPT in red and HIJING in blue) projected onto the azimuthal
direction in Pb-Pb collision at /sy = 5.02 TeV by using the rescaled
two-particle correlation function definition for like-sign protons and all
centrality classes involved in the analysis. . . . . ... .. ... ......
Comparison between AyA¢ correlation functions and MC models
(AMPT in red and HIJING in blue) projected onto the azimuthal
direction in Pb—-Pb collision at \/syn = 5.02 TeV by using the rescaled
two-particle correlation function definition for unlike-sign protons and
for all centrality classes involved in the analysis. . . . .. ... .. .. ..
Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb-Pb collision at \/syn = 5.02 TeV
by using the probability ratio definition for like-sign pions and for all
centrality classes involved in the analysis. . . . . .. ... ... ......
Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb—Pb collision at \/syN = 5.02 TeV
by using the probability ratio definition for unlike-sign pions and for all
centrality classes involved in the analysis. . . . . ... .. ... .. .. ..
Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb—Pb collision at \/snyn = 5.02 TeV
by using the probability ratio definition for like-sign kaons and for all

centrality classes involved in the analysis. . . . . ... .. ... .. .. ..

187

188



9.30

9.31

9.32

9.33

9.34

9.35

9.36

9.37

XXXI

Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb-Pb collision at \/snn = 5.02 TeV
by using the probability ratio definition for unlike-sign kaons and for all
centrality classes involved in the analysis. . . . . . ... ... ... .. ..
Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb—Pb collision at \/snn = 5.02 TeV
by using the probability ratio definition for like-sign protons and for all
centrality classes involved in the analysis. . . . . ... .. ... .. .. ..
Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb—Pb collision at /snyn = 5.02 TeV
by using the probability ratio definition for unlike-sign protons and for
all centrality classes involved in the analysis. . . . ... ... ... .. ..
Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb-Pb collision at /sy = 5.02
TeV by using the rescaled two-particle correlation function definition
for like-sign pions and all centrality classes involved in the analysis.
Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb-Pb collision at /sny = 5.02
TeV by using the rescaled two-particle correlation function definition
for unlike-sign pions and all centrality classes involved in the analysis. .
Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb-Pb collision at /sy = 5.02
TeV by using the rescaled two-particle correlation function definition
for like-sign kaons and all centrality classes involved in the analysis.
Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb-Pb collision at /sy = 5.02
TeV by using the rescaled two-particle correlation function definition
for unlike-sign kaons and all centrality classes involved in the analysis. .
Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb-Pb collision at /syy = 5.02
TeV by using the rescaled two-particle correlation function definition
for like-sign protons and all centrality classes involved in the analysis.

191

. 192

192

. 193

193

. 194



XXXII

9.38

10.1

10.2

Al

A2

A3

A4

A5

A6

Comparison between AyAg correlation functions and AMPT model pro-
jected onto the rapidity direction in Pb-Pb collision at /sy = 5.02

TeV by using the rescaled two-particle correlation function definition for

unlike-sign protons and for all centrality classes involved in the analysis.

Comparison of pp, p—Pb, and Pb—Pb AyA¢ correlation functions at the
LHC energies for all particles using probability ratio definition. . . . . .
Comparison of pp, p-Pb, and Pb-Pb AyA¢ correlation functions at the
LHC energies for all particles using rescaled two-particle correlation

function definition. . . . . . . . . . L

The left panel shows the particle spectra as a function of pr after ap-
plying selection cuts, without corrections for the correction factor. The
middle panel illustrates the corrected spectra, also as a function of pr.
The right panel displays the total number of events as a function of mul-
tiplicity. These plots correspond to 71 particles in the 0-20% multiplicity
class, derived from Monte Carlo reconstructed data from pp collisions
at\/s=13TeV.. . . . . . . e
MC closure test using data from pp collision at /s = 13 TeV is performed
by using the probability ratio definition for all particle pairs and across
all multiplicity classes selected. . . . . ... ... ........... ...
MC closure test using data from pp collision at /s = 13 TeV is performed
by using the rescaled two-particle correlation function for all particle
pairs and across all multiplicity classes selected. . . . . ... ... .. ..
MC closure test using data from p-Pb collision at /sNn = 5.02 TeV is
performed by using the probability ratio definition for all particle pairs
and across all multiplicity classes selected. . . . .. ... ... ......
MC closure test using data from p-Pb collision at /syN = 5.02 TeV is
performed by using the rescaled two-particle correlation function for all
particle pairs and across all multiplicity classes selected. . . .. ... ..
The Monte Carlo closure test is conducted for all particles and all cen-
trality classes involved in the analysis using the probability ratio defini-
tion from Pb-Pb collision at /syn = 5.02 TeV. The upper plots display
the projection onto Ag for both reconstructed and generated correlation

functions, while the lower plots show the relativeerror. . . . . . ... ..

194

212

216



XXXIII

A.7 The Monte Carlo closure test is conducted for all particles and all cen-

B.1

B.2

B.3

B.4

B.5

B.6

trality classes involved in the analysis using the rescaled two-particle
correlation function definition from Pb-Pb collision at /snn = 5.02 TeV.
The upper plots display the projection onto A¢ for both reconstructed
and generated correlation functions, while the lower plots show the rel-

ative eITOT. . . . . . o e e e e e e e

Systematic uncertainties for like- and unlike-sign pairs across four mul-
tiplicity classes in pp collisions at /s = 13 TeV using the probability
ratio definition. Each variation is color-coded, with the black solid line
representing the final combined uncertainties. . . .. .. ... ... ...
Systematic uncertainties for like- and unlike-sign pairs across four mul-
tiplicity classes in pp collisions at v/s = 13 TeV using the rescaled two-
particle correlation function definition. Each variation is color-coded,
with the black solid line representing the final combined uncertainties. .
Systematic uncertainties estimated for like-sign and unlike-sign particle
pairs for the (0-0.17%),(20-30%), (60-70%), and (90-100%) multiplicity
classes, using the probability ratio definition from pp collision at /s =13
TeV. Each variation is color-coded, with the black solid line indicating
the final combined uncertainties. . . . . ... ... .. ... .. ... ...
Systematic uncertainties estimated for like-sign and unlike-sign particle
pairs for the (0-0.17%),(20-30%), (60-70%), and (90-100%) multiplicity
classes, using the rescaled two-particle correlation function definition
from pp collision at Vs =13 TeV. Each variation is color-coded, with the
black solid line indicating the final combined uncertainties. . . . . . . . .
Systematic uncertainties estimated for like-sign and unlike-sign particle
pairs across the four selected multiplicity classes using the probability
ratio definition from p—Pb collision at /sNN = 5.02 TeV. Each variation is
color-coded, and the black solid line indicates the final combined uncer-
tainties. . . . . ... o oo
Systematic uncertainties estimated for like-sign and unlike-sign particle
pairs across the four selected multiplicity classes using the rescaled two-
particle correlation function definition from p-Pb collision at /sSNN =
5.02 TeV. Each variation is color-coded, and the black solid line indicates

the final combined uncertainties. . . . . . . . . . . . . ... ... .. ...

225



XXXIV

B.7

B.8

Systematic uncertainties estimated for like-sign and unlike-sign particle
pairs across the selected centrality classes, based on the probability ratio
definition from Pb-Pb collision at /syn = 5.02 TeV. Each variation is
calculated using the relative error R, and is represented by a different

color, with the black solid line indicating the final combined uncertainties.235

Systematic uncertainties estimated for like-sign and unlike-sign particle
pairs across the selected centrality classes, based on the rescaled two-
particle correlation function from Pb-Pb collision at /sy = 5.02 TeV.
Each variation is calculated using the relative error R, and is represented
by a different color, with the black solid line indicating the final com-

bined uncertainties. . . . . . . . . . . . ...



XXXV

List of Tables

4.1

8.1

8.2

8.3

9.1

10.1

A3

Al

A2

Conservation laws for all the particle species studied. . . . .. ... ... 47

N,y value estimated using experimental data for the four multiplicity
classes analyzed, i.e 0-20%, 20-40%, 40-70% and 70-100%. These values
are obtained for pions, kaons, and protons. . . . .. ... ... ... ... 120
N,y values are estimated from published data [132] for the four mul-
tiplicity classes analyzed, i.e., 0-20%, 20—40%, 40-70%, and 70-100%.
These values are obtained for pions, kaons, and protons. . . . . ... .. 120
N,y value estimated using experimental data from p-Pb collisions at
VSNN = 5.02 TeV for the four multiplicity classes analysed, i.e 0-20%,
20-40%, 40-70% and 70-100%. These values are performed for pions,
kaonsand protons. . . ... ... L L 147

N,y value estimated using experimental data from Pb—Pb collisions at
VSNN = 5.02 TeV for the 7 centrality classes analyzed for pions, kaons
andprotons. . . . .. ... L L 171

dNg,/dn values for pp, p-Pb, and Pb-Pb collision system from the liter-
ature and adapted to the multiplicity and centrality classes used in the
analysis. . . ... ... L 197

N,, values for reconstructed and true data from Pb-Pb collision at
VSNN = 5.02 TeV for all particles and centrality classes analyzed. . . . . . 209
Comparison of N,y values between reconstructed and true Monte Carlo
data from pp collision at Vs = 13TeV for pions, kaons, and protons
across the analyzed multiplicity classes. . . . . .. ... ... ... ... .. 209
Comparison of N, values between reconstructed and true Monte Carlo
data from p-Pb collision at /sy = 5.02TeV for pions, kaons, and pro-
tons across the analyzed multiplicity classes. . . . .. ... ... ... .. 209



XXXVI

B.1

B.2

B.3

B.4

B.5

B.6

Summary of all systematic uncertainties studies performed for all pairs
of particles involved and for all multiplicity classes using the probability
ratio definition from pp collision data at /s = 13 TeV. In the table, for
each variation listed, the range of uncertainties from the highest to the
lowest multiplicity classisshown. . . ... ... ... ... ........
Summary of all systematic uncertainties studies performed for all pairs
of particles involved and for all multiplicity classes using the rescaled
two-particle correlation function definition from pp collision data at /s
=13 TeV. In the table, for each variation listed, the range of uncertainties
from the highest to the lowest multiplicity class is shown. . . . . . .. ..
Summary of all systematic uncertainties studies performed for all pairs
of particles involved and for all multiplicity classes using the rescaled
two-particle correlation function definition from pp collision data at /s
=13 TeV. The table estimates the range of absolute error influence on the
peak from the highest to the lowest multiplicity class. . . . . .. ... ..
Summary of all systematic uncertainties studies performed for all pairs
of particles involved and for the thirteen multiplicity classes selected
using the probability ratio definition from pp collision data at /s = 13
TeV. In the table, for each variation listed, the range of uncertainties from
the highest to the lowest multiplicity classisshown. . . . . ... ... ..
Summary of all systematic uncertainties studies performed for all pairs
of particles involved and for the thirteen multiplicity classes selected
using the rescaled two-particle correlation function definition from pp
collision data at /s = 13 TeV. In the table, for each variation listed, the
range of uncertainties from the highest to the lowest multiplicity class is
shown. . ... ...
Influence of the systematic uncertainties on the maximum of the cor-
relation functions performed for all pairs of particles involved and for
the thirteen multiplicity classes selected using the rescaled two-particle
correlation function definition from pp collision data at v/s = 13 TeV. In
the table, for each variation listed, the range of uncertainties from the
highest to the lowest multiplicity classis shown. . . . .. ... ... ...

223

227



B.7

B.8

B.9

XXXVII

Summary of all systematic uncertainties studies performed for all pairs
of particles involved and for all multiplicity classes using the probability
ratio definition from p-Pb collision data at \/syN = 5.02 TeV. In the table,
for each variation listed, the range of uncertainties from the highest to
the lowest multiplicity classisshown. . . .. .. ... ... .. ... ...
Summary of all systematic uncertainties studies performed for all pairs

of particles involved and for all multiplicity classes using the rescaled

two-particle correlation function definition from p-Pb collision data at

V5NN = 5.02 TeV. In the table, for each variation listed, the range of un-

certainties from the highest to the lowest multiplicity class is calculated

as the average over all thebins. . . . . ... ... ... ... ... ...
Summary of all systematic uncertainties studies performed for all pairs
of particles involved and for all multiplicity classes using the rescaled
two-particle correlation function definition from p-Pb collision data at
VSNN = 5.02 TeV. In the table, the range of absolute error influence on
the peak is estimated from the highest to the lowest multiplicity class.

B.10 Summary of all systematic uncertainties studies performed for all parti-

B.11

cle pairs using the probability ratio definition from Pb—Pb collision data
at /snN = 5.02 TeV. In the table, the range of uncertainties for the highest
and the lowest multiplicity classesisshown. . . .. ... ... ... ...
Summary of all systematic uncertainties studies performed for all parti-
cle pairs using the rescaled two-particle correlation function from Pb—Pb
collision data at \/syN = 5.02 TeV. In the table, the range of uncertainties
for the highest and the lowest multiplicity classes is shown. . .. .. ..

B.12 Summary of all uncertainties for all particle pairs using the rescaled two-

particle correlation function. The table shows the range of values indi-
cating each uncertainty’s impact on the correlation function maximum,

for the highest and the lowest centrality classes. . . . .. ... .. .. ..

230

231

. 231






Alla mia famiglia, che ci ha creduto
prima che ci credessi io.

A te che piu’ di chiunque altro avresti
voluto esserci.






Chapter 1

Introduction

The Big Bang theory predicts that equal amounts of matter and antimatter were pro-
duced in the primordial universe [1]. However, the observable universe predomi-
nantly comprises matter, with antimatter being exceedingly rare. This stark imbalance,
known as the matter-antimatter asymmetry, remains one of the deepest mysteries of
modern physics. Understanding the fate of antimatter is crucial for unveiling the true
nature of our universe.

Investigating this asymmetry necessitates studying the mechanisms behind parti-
cle production, a topic central to physics for decades. In the 1970s, R. Feynman and R.
Field introduced the pivotal concept of jet production [2], outlining the rules governing
particle creation and their correlations. These correlations, dictated by energy distri-
bution and conservation laws, offer profound insights into particle physics. However,
limitations in experimental data leave many questions unresolved. Early experiments,
such as electron-positron (e"e”) collisions at /s = 29 GeV [3], revealed an unexpected
anticorrelation for antiproton-antiproton pairs. At the time, this phenomenon was at-
tributed to the high energy required for producing proton pairs in jets. More recently,
studies at the Large Hadron Collider (LHC), particularly with the ALICE experiment
at /s = 7 TeV in proton-proton (pp) collisions [4], revisited these observations. These
results ushered in a new era of baryon correlation studies, leading to deeper investiga-
tions into the observed anticorrelations in baryon-baryon pairs and beyond. Notably,
studies of mesonic particle pairs have provided an independent means of exploring the
influence of various interaction mechanisms, offering crucial data points for probing a
wide range of physical processes.

The LHC, and particularly the ALICE detector, plays a central role in probing these
questions. ALICE is uniquely equipped to study strongly interacting matter under ex-
treme conditions, such as quark-gluon plasma formation. Beyond heavy-ion physics,
ALICE provides valuable benchmarks through its analysis of pp and proton-nucleus
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(p—A) collisions, helping to unravel the complexities of particle interactions in diverse

environments.

This thesis explores particle correlations emerging from high-energy collisions, offer-
ing a window into the dynamics and structure of the systems produced. For the first
time in ALICE, angular correlations in the AyA¢ space are analyzed for pairs of iden-
tified particles—pions, kaons, and protons—across varying multiplicity classes and
three distinct collision systems: pp, p—Pb, and Pb—Pb. By examining these interactions,
this work explores various physical phenomena that shape the structure of the corre-
lation function, aiming to shed light on several still-unknown mechanisms—not only
in the production of baryons but also in the behavior of mesons.

The techniques applied here aim to advance our understanding of particle gener-
ation in high-energy hadronic and nuclear collisions, while improving existing Monte
Carlo models that struggle to replicate the anticorrelation observed at /s = 7 TeV. Ulti-
mately, the results help address the broader question of matter-antimatter asymmetry,
providing crucial perspectives on one of the most fundamental mysteries of the uni-

verse.



Chapter 2

The Physics of Heavy-Ion Collisions at
Relativistic Energies

2.1 Standard model

The Standard Model is a well-established theory that describes the fundamental parti-
cles and forces, with the exception of gravity, which govern the behavior of matter in
the universe. It unifies the electromagnetic, weak, and strong nuclear forces, describ-
ing how these interactions influence elementary particles. According to the Standard
Model, matter comprises fundamental particles known as quarks and leptons, which
are point-like fermions with a spin of 1/2. These particles are divided into three fami-
lies. Quarks, based on their electric charge, are classified into two groups: the up (u),
charm (c), and top (t) quarks, each with a charge of +2/3 of a proton, and the down
(d), strange (s), and bottom (b) quarks, each with a charge of —1/3. Neutrinos (v, v,
and vy) are electrically neutral. The first family consists of the u and d quarks, along
with the electron and electron neutrino (v,). Most of the matter we observe, includ-
ing atoms, is made up of these particles. For instance, protons are composed of two
up quarks and one down quark (uud), while neutrons contain two down quarks and
one up quark (udd). The second and third families resemble the first but are only pro-
duced in high-energy collisions. Particles from these higher generations, like s, ¢, t, and
b quarks, are more massive and quickly decay into lighter, first-generation particles.
While leptons (such as electrons and neutrinos) have been observed as free particles,
quarks are always found in composite particles called hadrons. Hadrons come in two
forms: mesons, which consist of two quarks, and baryons, made of three quarks. Ev-
ery particle in the Standard Model has a corresponding antiparticle, identical in mass,

spin, and lifetime but with opposite electric charge, baryon number, or lepton number.
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For example, each quark (q) is associated with an antiquark (7). Quantum numbers are
conserved in fundamental interactions, which affect particle-antiparticle pairs through

conservation of charge, strangeness, baryon number, or lepton number.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
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FIGURE 2.1: The elementary particles within the Standard model [5].

The Higgs boson, another key part of the Standard Model, is an elementary particle
associated with the Higgs field, which permeates the entire universe and gives mass to
other fundamental particles. It was first proposed in the mid-1960s by Peter Higgs, af-
ter whom the particle is named and later discovered in 2012 at the LHC [6, 7]. While the
Higgs boson’s mass is not predicted by the Standard Model, experiments conducted by
the ATLAS and CMS collaborations have measured it to be approximately 125 GeV/ ¢
[8, 9].

The particles that mediate the four fundamental forces are also included in the Stan-
dard Model. These include the photon, which mediates the electromagnetic force; the

W?*, W™, and Z° bosons for the weak force; and eight gluons for the strong force.



2.2. Quantum Chromodynamics 5

Unlike the fermions mentioned earlier, these force-carrying particles are bosons, pos-
sessing an integer spin of 1. The Standard Model does not incorporate gravity, as at
microscopic scales and the energy levels accessible with current particle accelerators,
gravitational effects are negligible. Fig. 2.1 provides a schematic overview of all the
particles in the SM.

2.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a gauge field theory that explains the strong
interactions between quarks and gluons, both of which possess a property known as
"color". QCD is a key part of the Standard Model of particle physics, specifically within
the SU(3)xSU(2)xU(1) framework. This theory was formulated in 1973 by European
physicists Heinrich Fritzsch and Harald Leutwyler, alongside American physicist Mur-
ray Gell-Mann [10], drawing an analogy to Quantum Electrodynamics (QED), which
describes the electromagnetic force. In QCD, color functions similarly to electric charge
in QED, playing a vital role in strong interactions.

The concept of "color" as an intrinsic property of quarks was first proposed by O.W.
Greenberg in 1964 [11] and later refined by Y. Nambu and M. Y. Han in 1965 [12]. It
was introduced to resolve a key problem: how quarks with identical quantum prop-
erties can coexist within hadrons without violating the Pauli exclusion principle. This
issue arises in examples such as the baryons AT (uuu), A~ (ddd), and Q) (sss). These
particles are made entirely of quarks of the same flavor and spin, and they are spin
3/2 baryons. The physical properties of these baryons indicate that three identical
quarks occupy the same S-wave orbital and share the same spin wave function. How-
ever, quarks are fermions, which means they must obey the Pauli exclusion principle:
no two fermions can exist in the same quantum state. To resolve this apparent con-
tradiction, physicists proposed the existence of a new quantum property—"color." In
this context, "color" does not relate to visible colors but instead represents a unique
attribute of subatomic particles. Each quark carries one of three "color charges": red,
green, or blue, while antiquarks carry the corresponding "anti-colors" [13]. This addi-
tional property allows quarks to satisfy the Pauli exclusion principle by distinguishing
them even when all their other quantum numbers are identical.

Quarks interact through gluons, which mediate the strong force much like photons
mediate electromagnetic interactions in QED. However, gluons carry color charge and

couple to quarks through the strong coupling constant, denoted as «a; [14]. Notably, «;
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is not fixed; it varies with the momentum transfer QZ, which is why it is referred to as

the running coupling constant, defined as follows:

) 16772

“S(Q ) = (11 _ %Nf)ln(Qz/AzQCD).

2.1)

Aqcp is a scale parameter in QCD, typically around 200 MeV [15], which describes the
boundary condition of the first-order differential equation used to calculate the a5 and
Ny is the number of free light quarks.

0.5
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July 2009
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04 | oe e'e Annihilation i
0® Heavy Quarkonia

03+
0.2 +
0.1t}
= QCD a4(Mz)=0.1184 = 0.0007
1 100

U 0[Gev]

FIGURE 2.2: a; as a function of the energy scale Q compared to experi-
mental constraints. Picture from Ref. [16].

As shown in Fig. 2.2, a, increases at low momentum transfers (large distances),
which leads to a stronger interaction between quarks and gluons. As two quarks are

pulled apart, the increasing a; causes the strong interaction to grow more intense.



2.3. Quark-Gluon Plasma 7

Eventually, the energy stored in the system becomes so large that it becomes ener-
getically more favorable to create a new quark-antiquark pair rather than continue
separating the original quarks. This phenomenon, known as "confinement" [17, 18,
19], ensures that quarks cannot exist in isolation and color confinement imposes that
quarks are always bound together in color-neutral combinations, such as baryons or
mesons.

Conversely, at high momentum transfers (short distances), a; decreases, causing the
interaction between quarks and gluons to weaken, allowing them to behave almost as
free particles. This phenomenon, termed "asymptotic freedom" [20, 21, 22], was dis-
covered by David Gross, Frank Wilczek, and David Politzer in 1973 and was the key to
the understanding of the strong nuclear force. Asymptotic freedom is particularly im-
portant in studying QCD matter at extremely high temperatures, such as those present
in the early universe or created in heavy-ion collisions at particle accelerators.

In Quantum Chromodynamics (QCD), two principal approaches are used to in-
vestigate the behavior of quarks and gluons: perturbative QCD (pQCD) and lattice
QCD (1QCD). pQCD is effective at high energy scales where the strong coupling con-
stant, a5, becomes sufficiently small to allow for the application of perturbation theory.
In this high-energy regime, quark and gluon interactions can be systematically cal-
culated by expanding them in powers of &, which is especially useful for analyzing
phenomena such as jet formation and hard scattering events in high-energy particle
collisions [23]. However, as energy decreases and a; grows, perturbative techniques
lose their validity. For the study of QCD in the low-energy domain, where the strong
coupling becomes large and perturbation theory breaks down, 1QCD is employed.
This non-perturbative method uses a discretized space-time lattice to solve QCD equa-
tions numerically. 1QCD is crucial for understanding non-perturbative phenomena like
quark confinement and hadron structure, which are inaccessible to perturbative meth-
ods [17]. The combination of pQCD and 1QCD thus provides a comprehensive toolkit
for studying the full spectrum of QCD behavior across different energy scales.

2.3 Quark-Gluon Plasma

The QCD predicts that quarks and gluons can exist in a deconfined state, known
as a QGP. The potential energy between a quark and an antiquark is mediated by
gluons, and this energy increases proportionally to the separation distance. At zero

temperature, the linear potential confines quarks within hadrons, as the energy
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FIGURE 2.3: Compression and heating of matter before the deconfined
phase transition. Picture from Ref. [24].

required to separate quarks increases with their distance. If the gluon field energy
between the quark and the remaining hadron components becomes sufficient to create
a quark-antiquark pair, the gluon field splits into two regions, each of which forms a
new hadron, thus ensuring that quarks remain confined. This mechanism effectively
prevents the isolation of free quarks. However, deconfinement of quarks can occur
under conditions of extreme nuclear density. When nuclear matter is compressed to
a sufficiently high density, hadrons are forced to stay close together and quarks can
no longer distinguish their original partners. At sufficiently short distances between
quarks and their neighbors, attractive forces become weaker, allowing quarks to
move over a larger volume. This process is called deconfinement. In addition to
high nuclear densities, deconfinement can also occur at elevated temperatures. At
high temperatures, new quark-antiquark pairs are produced, reducing the distance

between quarks and effectively causing the boundaries of hadrons to disappear.

The deconfinement phase transition has been extensively studied using various
phenomenological approaches, including 1QCD. Numerical calculations within 1QCD
provide critical insights into the thermodynamic properties of the QGP, such as pres-
sure, energy density, and entropy density. Figure 2.4 represents the energy density
divided by T* (the number of degrees of freedom in the system) as a function of the
temperature relative to the critical temperature. When the temperature exceeds this
critical value, the number of degrees of freedom increases, indicating the formation of
QGP.

1QCD offers insight into how temperature varies with baryon chemical potential
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FIGURE 2.4: Energy density as a function of temperature calculated from
1QCD. Picture from Ref. [25].

(up) during phase transitions. These transitions involve shifts between different states
of matter due to changes in external thermodynamic conditions. As shown in the QGP
phase diagram in Fig. 2.5, there’s a blue line showing where the phase transition hap-
pens. At temperatures that aren’t too high and at non-zero g, the transition is thought
to be first-order. At high temperatures, quarks and gluons are in a free state, while at
lower temperatures and higher baryon densities, a color superconducting phase can
emerge. In this regime, matter is compressed to densities far beyond that of atomic
nuclei, as expected in the cores of neutron stars. When two neutron stars merge, the
extreme conditions can resemble those created in high-energy collisions, and the result-
ing gravitational wave emission provides complementary insight into the behavior of
strongly interacting matter. As up approaches zero, it becomes possible for the system
to change its state without crossing a phase transition line, also called as second-order
transition. In this scenario, the system undergoes a cross-over, where both the QGP

and hadronic phases coexist under specific thermodynamic conditions.
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FIGURE 2.5: The QCD phase diagram features two distinct phases: the

hadronic phase, representing ordinary nuclear matter, and the quark-

gluon plasma phase. At zero baryon density, the phase transition occurs
as a smooth crossover. Picture from Ref. [26].

2.4 Evolution of Heavy-Ion Collisions

With the advent of large-scale experiments such as the Relativistic Heavy-Ion Collider
(RHIC), operational since 2000, and the LHC, which started operation at CERN in 2008,
the signatures of the QGP have become increasingly evident. The enormous energy
available — up to 200 GeV at RHIC and up to /s = 14 TeV at LHC — makes it possible
to recreate the QGP in the laboratory. The evolution of heavy-ion collisions (HIC) is

described in various stages, as illustrated in Fig. 2.6.

2.4.1 Initial stage

In a heavy-ion collision, the initial phase plays a crucial role in determining the evo-
lution of the system and the properties of the QGP. During the collision, energy is
deposited in the region where the two nuclei overlap, creating an asymmetric energy
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FIGURE 2.6: The evolution of a heavy-ion collision at LHC energies. Pic-
ture from Ref. [27].

distribution. This anisotropy means that the energy is not spread out uniformly in all
directions. Instead, the energy density is higher in some regions and lower in others.
These spatial differences in the initial energy density help shape the flow of particles
in the final state of the collision. This flow is what we observe as collective particle
motion. To investigate the properties of the QGP, such as its shear viscosity (which
quantifies its resistance to flow), it is crucial to accurately model the early stages of
the collision. A widely used approach for simulating this phase is the Monte Carlo
Glauber model, which provides insights into the initial conditions of the collision and
allows for the extraction of key information about the QGP from experimental data.
The Glauber model is particularly effective in describing the geometry of nuclear colli-
sions, with the impact parameter (b) being a critical measure of the overlap between the
colliding nuclei. A small impact parameter corresponds to a central collision, where
a larger number of nucleons participate in the interaction. Nucleons that actively en-
gage in the collision are termed "participants”, while those that do not are referred to
as "spectators". For a more detailed discussion of the Glauber model, see Ref. [29].

2.4.2 Pre-equilibrium stage

During the collision a myriad of particles are generated, including quarks, gluons, and
other subatomic entities, which are initially in a highly excited and non-equilibrium

state. In this initial phase, these particles interact in a complex manner, scattering with
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Spectators

Participants

Before collision After collision

FIGURE 2.7: A schematic view of a heavy-ion collision. The impact pa-
rameter b is shown as well as the spectator nucleons and the participant
nucleons. Picture from Ref. [28].

each other and gradually moving towards thermal equilibrium. The process of ther-
misation occurs extremely rapidly, within a few femtometers per c (10~ seconds) of
the initial impact. This rapid transition marks the shift from initial chaos to a more
balanced state where the QGP can emerge, laying the foundation for all subsequent
developments.

2.4.3 QGP formation and expansion

Once the system has thermalized, quarks and gluons are free to move throughout the
volume. The expansion of the QGP occurs rapidly due to the high-pressure gradient
resulting from the intense energy density in the initial stage. This expansion takes place
both longitudinally and transversely relative to the original beam axis of the colliding
nuclei. As the expansion continues, it causes the system to cool down. During this
expansion, the QGP exhibits behavior surprisingly similar to that of a perfect fluid'

'A real fluid exhibits significant viscosity, while a perfect fluid is a fluid fully characterized by its
bulk density at rest (o) and isotropic pressure (p), with the lowest possible nearly negligible viscosity.
The closest known physical realization of a perfect fluid is the quark-gluon plasma [30].
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with extremely low Viscosityz. This is reflected in experimental data showing distinc-
tive flow patterns, particularly an elliptical flow, indicating the presence of significant
collective motion within the QGP, that will be discussed in the Sec. 2.5. This fluid-like
behavior suggests that the QGP is governed by strong interactions that result in a high
degree of coherence, allowing it to act as a nearly perfect liquid.

2.4.4 Hadronization

After the expansion, the QGP begins to cool, and once temperatures drop below ap-
proximately 170 MeV, quarks and gluons can no longer stay in the so-called deconfined
state. They start to bind together again, transitioning from the QGP into hadronic
matter in a process called hadronization. Hadronization can occur through various
mechanisms, such as fragmentation or recombination (or coalescence). In the process
of fragmentation, quark and gluon jets undergo a series of break-up events, result-
ing in the formation of smaller hadronic units. This process is a common event in
high-energy particle collisions, especially when momentum transfer is high, causing
energetic partons to fragment into hadronic jets. In contrast, recombination occurs
when quarks in close proximity come together to directly form hadrons. This mecha-
nism is more efficient in environments where a large number of quarks are produced
in close proximity, such as in heavy-ion collisions. For example, quarks and antiquarks
can undergo recombination to form mesons, whereas three quarks can combine to cre-
ate baryons. After hadronization, the system remains a dense, interacting medium of
hadrons, known as the hadron gas. In this phase, mesons and baryons scatter and
evolve as the system cools and expands. As the temperature drops, interactions be-
tween hadrons become increasingly rare. While quark-gluon dynamics are no longer
dominant, hadrons continue to interact through the strong force, exchanging energy
and momentum.

2.4.5 Freeze-Out

Freeze-out represents the final stage of system evolution and is commonly described
by chemical freeze-out and kinetic freeze-out. It is important to note that these are

*The ratio of shear viscosity to entropy density (17/s), is used to quantify the resistance in a fluid. In
the case of QGP, is close to the theoretical lower bound set by quantum mechanics, known as the Kovtun-
Son-Starinets (KSS) bound, which is # /s = 1/47 in natural units. This is one of the lowest viscosities ever
observed in nature.
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not separate moments in time, but rather different aspects of the same process, distin-
guished for conceptual clarity. During chemical freeze-out, the system continues to ex-
pand and cool, with inelastic particle collisions ceasing. This cessation reduces entropy
and marks the point at which the relative abundances of particle species stabilize. At
this stage, no new particles are created or destroyed, and the composition of particles
such as protons, neutrons, pions, kaons, and other hadrons becomes fixed. The system
reaches chemical equilibrium at a temperature near the critical value of approximately
160-170 MeV, inferred from particle ratios observed in the collision, such as the ratio
of pions to kaons, as discussed in Ref. [31]. These experimental ratios are compared
with theoretical models of particle production, and the temperature that best matches
the data provides an estimate of the chemical freeze-out temperature. This tempera-
ture represents the threshold at which quarks and gluons transition into hadrons. The
particle ratios detected during this phase offer crucial insights into the chemical and
thermal conditions of the system at freeze-out.

Following the chemical freeze-out, particles continue to interact with one another
through elastic collisions. These collisions result in the exchange of momentum but do
not affect the type or identity of the particles involved. This final phase is designated as
kinetic freeze-out. The moment these elastic collisions cease marks the point at which
particles no longer interact and begin to move freely towards the detectors. At this
stage, the momenta of the particles are "frozen," whereby their energy and direction
remain constant from this point onwards. The momentum distribution observed in
the detectors is reflective of the conditions that prevailed at the time of kinetic freeze-
out.

2.5 Collective phenomena in HIC

After the initial phase of a heavy-ion collision, the QGP is formed under extreme con-
ditions of temperature and density. This leads to strong pressure gradients that drive
a variety of collective behaviors, indicative of how the QGP evolves. Also, these col-
lective phenomena highlight the QGP’s behavior as a near-perfect fluid with low vis-
cosity. By examining kinematic observables, we can better understand the fluid-like

nature of the QGP and trace its evolution from a hydrodynamic perspective.
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FIGURE 2.8: Interaction volume created after a non-central heavy-ion col-
lision. The spatial anisotropy is transformed into anisotropy of momen-
tum distribution of the produced particles. Picture from Ref. [32].

2.5.1 Reaction Plane

The reaction plane is a key concept in understanding the geometry and dynamics of
heavy-ion collisions. It is defined by the impact vector of the colliding nuclei and the
beam axis, typically aligned with the z-axis, along the direction of the nuclei’s motion.
The impact vector lies in the x-z plane as is shown in Fig. 2.8, establishing the spatial
relationship between the two colliding nuclei. The orientation of the reaction plane
plays a pivotal role in shaping the distribution and flow of particles produced in the
collision. While distinct from the detector reference frame, which will be introduced
later in Sec. 4.1, the reaction plane provides a consistent reference point or axis to ana-
lyze and understand patterns in how particles are distributed after the collision. These
patterns are studied using "two-particle correlations" which are a key topic in the the-
sis.

For instance, the inhomogeneous direction or anisotropies of particle emission can in-
dicate collective flow or jet structures. By extending these analyses to include addi-
tional variables, such as the relative angles or separations between particles, one can
disentangle flow effects from other mechanisms of particle production. These concepts,
along with the formal introduction of azimuthal angle (¢) and pseudorapidity (), will
be developed in detail in a later chapter. This section offers only a general overview of

the reaction plane’s relevance to the study at hand.
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2.5.2 Anisotropic flow

Anisotropic flow refers to the momentum asymmetry observed in final-state particles,
which is closely tied to the geometry of the collision in the transverse plane and how
matter expands within it. The flow patterns reflect the energy and pressure gradients
in the transverse plane caused by the non-centrality of the collision. The distribution
of nucleons involved (Npqat) is inhomogeneous in these collisions, generating spatial
anisotropy primarily along the shortest axis of the interaction zone, which corresponds
to the x-axis in the reaction plane. The interaction zone assumes an almond shape, as
shown in Fig. 2.8, with higher energy density along the shortest axis. This leads to
stronger pressure gradients in that direction, driving the expansion of the produced
matter. As a result, the matter expands more rapidly along the shorter axis than along
the longer axis.

The degree of anisotropy can be quantified through the use of Fourier coefficients,
which serve to measure the extent of momentum asymmetry exhibited by the emitted
particles. The emission of particles in heavy-ion collisions is characterized by the az-
imuthal angle, ¢, relative to the reaction plane. The distribution of particles, N(¢), as
a function of the azimuthal angle can be expressed through a Fourier series [33]

N(¢) =Ny (1 + i vycos(n(g —‘I’n))). (2.2)

n=1

Here, N represents the average particle yield, ¥, corresponds to the orientation of the
reaction plane of the n-th order in the xy-plane [34], and v,, are the Fourier coefficients
that quantify the magnitude of the flow, as described below:

00 = j:” e cos[ly = ¥l = (cosLn(p = )] 23)

The first-order coefficient, v1, represents directed flow, while the second-order coef-
ticient, v,, corresponds to elliptic flow. The third-order coefficient, v3, is associated
with triangular flow, with higher-order coefficients (v4,vs, etc.) describing increasingly
complex flow patterns. Figure 2.9 illustrates some examples of the overlap region
based on 1QCD calculations. The shape of the interaction volume is more intricate
than the simple almond-shaped approximation, resulting in significant contributions

from higher-order flow components.



2.5. Collective phenomena in HIC 17

FIGURE 2.9: Left: The overlapping region obtained from 1QCD computa-
tions. Picture from Ref. [35]. Right: The second, third and fourth cross-
flow components. Picture from Ref. [36].

The study of flow is fundamental to this analysis, as the v, coefficients play a sig-
nificant role in modelling the correlation functions, giving rise to distinct, and often
dominant, structures in the #-¢ distribution, which will be introduced and discussed
in Sec. 4.4.6. In particular, the effects of elliptical and radial flow are prominent. Ra-
dial flow is particularly important because elliptical flow, which is central to our study,
represents a second order effect of radial flow, highlighting their interdependent rela-
tionship. In the following section, a detailed description of the most important flow
components, which contribute to the angular correlation analysis, will be provided.

2.5.2.1 Directed flow

The directed flow (vq) [37] represents the lateral movement of particles along the reac-
tion plane and is produced in the pre-equilibrium phase of the collision. A schematic
representation of the directed flow is shown in Fig. 2.10. This flow is fundamental
to an understanding of the initial stages of the collision and the dynamics of nuclear
matter, as it reflects the pressure gradients and transport properties that emerge im-
mediately following the collision. The strength of the directed flow is connected to the
impact parameter of the collision. In central collisions, where the impact parameter is
nearly zero, the system exhibits a high degree of symmetry. Consequently, the pres-
sure gradients are uniform in all directions within the reaction plane, leading to little

or no directed flow. In contrast, in peripheral collisions, where the impact parameter is
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AY

FIGURE 2.10: Schematic view of directed flow.

larger, the geometry of the system becomes asymmetrical. Here, the pressure gradients
are strongest along the x-axis of the reaction plane, resulting in a pronounced directed
flow.

The intensity of directed flow also varies with the energy of the collision. At lower
energies, directed flow is more pronounced because emitted particles, such as protons
and nuclear fragments, retain a strong correlation with the motion of the colliding nu-
clei. This motion is primarily along the x-axis, creating a significant asymmetry in the
pressure gradients that drive particle flow. At high energies, such as those at the LHC,
directed flow exhibits a characteristic pattern driven by collision symmetry. Particles
emitted at forward and backward rapidities experience flow in opposite directions, re-
sulting in a net zero-directed flow when integrated over a symmetric rapidity range.
As the system rapidly transitions into a QGP, the directed flow approaches zero, while

elliptic flow remains nonzero after integration and becomes more pronounced [38].

2.5.2.2 Elliptical flow

Elliptic flow (v;) [39] represents an important observable in HIC, offering substantial
insights into the collective behavior of the QGP. Indeed, the study of v, has suggested
that the matter produced during QGP formation behaves like a nearly perfect fluid
with very low viscosity. Hydrodynamic models that describe the evolution of the QGP
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FIGURE 2.11: Schematic view of elliptic flow.

can successfully replicate elliptic flow [34, 40]. This indicates that the medium is highly
efficient at converting spatial anisotropy into momentum anisotropy, see Fig. 2.11. El-
liptic flow (v;) is most pronounced in non-central collisions, where the overlap region
between the colliding nuclei is highly asymmetrical. In contrast, in central collisions,
the overlap region is nearly symmetric, resulting in a v, that approaches zero. This
trend is illustrated in Fig. 2.12, which shows results from the ALICE Collaboration for
Pb-Pb collisions at /s = 5.02 TeV and /s = 2.76 TeV. The data, represented by the red
tilled and open squares, respectively, demonstrate the transition from minimal v; in
central collisions to significantly higher values in non-central collisions. Notably, the
nonzero elliptic flow observed even in central collisions is primarily driven by event-
by-event fluctuations. Even when the impact parameter is zero, initial-state fluctua-
tions can still generate a finite elliptic asymmetry.

When the colliding nuclei partially overlap, an almond-shaped region forms in the
x-y plane, leading to anisotropic pressure gradients. This spatial anisotropy results
in stronger pressure gradients along the short x-axis of the overlap region, causing a
higher frequency of particle emissions in this direction. The outcome is the formation
of an elliptic flow, characterized by an anisotropic momentum distribution. At the
LHC, measurements from ALICE show that elliptic flow remains consistently positive
because the collision remnants move away so rapidly that they have no significant

influence on the interaction region.



20 Chapter 2. The Physics of Heavy-Ion Collisions at Relativistic Energies

e [AUCEPGP

S —
Hydrodynamics —
> 0.15|-5.02Tev 2.76 TeV 5.02 TeV, Ref.[27] —|
L mv, {2, An>1} O v,{2, [An|>1} ':'VEIZ ﬁﬂ‘ﬂ} i
| ev, {2, An>1} O vaf2 an>1}  =va{2 Ani>1p
| ¢v. (2. an>1) O vae{2, JAn|>1} |

| v, {4} & Vo {4}

,{6

0.05

! v || 'I,:g Hydrodynamlcs I!ief [25] t

ol2F v +—_
= = - m’s(T)ﬁ param1 =
£ 1.1F Baa81 1V/s = 0-20 =

1:::::':::='::::'::::':::'::::'::::':(FZI:_
o12F | 1 | | 1 1 | 3
& 11

1_++|||||||(C)_

O

10 20 30 40 50 60 70 80
Centrality percentile

FIGURE 2.12: In the first panel: the anisotropic flow coefficients v,, are pre-
sented as a function of the centrality classes for the \/snN = 2.76 and 5.02
TeV Pb-Pb collisions. In the second panel the ratios of v, for these two
energies are shown. In the last panel, various predictions from hydrody-
namical models are also presented for comparison. Picture from Ref. [41].

2.5.2.3 Radial flow

Radial flow [42] is a collective movement of matter away from the center of the colli-
sion in the transverse directions, see Fig. 2.13. The intense pressure gradient that is
formed following the collision is responsible for driving the expansion, which in turn
results in an increase in the transverse momentum (p) of the particles. The push is
more pronounced for heavier particles, such as protons and kaons than for lighter par-
ticles, such as pions, due to the additional velocity imparted to these particles by the
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FIGURE 2.13: Schematic view of radial flow.
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collective flow, which superimposes upon their thermal motion. This behavior is re-
flective of the nature of the collective expansion, whereby particles with greater mass
receive a more significant boost from the hydrodynamic expansion of the system. In
experiments such as those conducted at RHIC and the LHC, radial flow is analyzed
by examining the transverse momentum distributions of particles produced in colli-
sions [43, 44]. By fitting these spectra to hydrodynamic models, researchers are able to
extract information about the speed of the radial expansion and its evolution during
the collision. A strong radial flow signal is indicative of a rapid thermodynamic trans-
formation and expansion of the matter produced, providing key information on the
dynamics of the QGP and the nature of the phase transition back to hadronic matter as

the system cools.

2.6 Are Collective Phenomena Present in Small Systems?

2.6.1 The role of pp and p-PDb in respect to Pb—Pb collision

In large systems such as Pb-Pb or Au-Au collisions, the high density of interacting
nucleons allows for the emergence of collective behavior, a defining characteristic of
the QGP. This state of matter behaves as an almost perfect fluid with near-zero viscos-
ity. However, it was long believed that small systems, like pp [45], p—Pb [46, 47, 48],
d-Au [49] at LHC and RHIC, could not produce such a medium or exhibit collective
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effects due to their limited size. Small systems were thought to lack the conditions nec-
essary for QGP formation or the emergence of collective behavior, which is typically
associated with larger, more complex interactions.

One of the most attractive questions in nuclear physics over the past decades has
been whether collective phenomena, similar to those observed in large-scale heavy-ion
collisions, can emerge in small systems. This question arises from the fact that mod-
els originally developed to describe heavy-ion collisions, such as EPOS LHC, DPMJET
and AMPT (see Sec 3.2.2, 3.2.3 and 3.2.5), were surprisingly successful when applied to
small systems. These models, initially aimed at providing insights into QGP formation
and collective effects in Pb—Pb collisions, managed to describe experimental data from
smaller systems as well [50, 51, 52, 53, 54]. Recent experimental results at the LHC
and RHIC have uncovered evidence of collective behavior in smaller systems [55], no-
tably the "ridge" structure, which displays unexpected long-range correlations. This
phenomenon will be discussed in detailed in Sec. 4.4.7. Some theories suggest that it
arises from initial-state effects, such as gluon saturation [56], which could create these
long-range correlations before the actual collision occurs. Other perspectives point to
tinal-state effects, such as hydrodynamic flow, as potential explanations for the ridge’s
appearance.

Regardless of its origin, observing the ridge in small systems has fundamen-
tally shifted our understanding. It challenges the notion that collective behavior
is exclusive to large systems and opens new theoretical pathways to explore the
dynamics of smaller collisions. Once considered simple benchmarks for validating
heavy-ion collision data, small systems are now recognized as valuable environments
for studying the emergence of collective phenomena across different system sizes.
These findings suggest that small-systems physics may contain key insights for
the larger understanding of QGP and collective behavior, encouraging a reconsid-

eration of the boundaries between small and large collision systems in nuclear physics.

One of the main goals of this study is to see how collective effects, which are seen
in large heavy-ion collisions, appear in smaller collision systems like pp and p-Pb. By
using the two-particle correlation functions studies and looking at different levels of
particle multiplicity, one can learn how these effects change as the number of particles
in the collision changes. This will help to understand the differences between collisions
where most of the energy is concentrated in a few particles versus those where the
energy is spread out across many particles.



Chapter 3

Monte Carlo Event Generators:
Simulating the Journey from Hard

Scatter to Detector

A Monte Carlo event generator is a fundamental computational tool in high-energy
physics, used to simulate particle collisions. These simulations are essential for making
theoretical predictions and for interpreting experimental results. Using random sam-
pling, event generators model the complex interactions that occur when high-energy
particles collide, including processes governed by QCD and electroweak theory. Fig-
ure 3.1 illustrates a typical structure of pp collision in Monte Carlo event generators.
Each color corresponds to a specific stage involved in the simulation. The hard scatter-
ing process is the starting point, in which a large momentum is transferred. The term
“hard" refers to the high momentum transfer involved, which allows for a perturba-
tive treatment of the interaction, making it possible to compute cross-sections using
the methods of pQCD. The hard scattering results in a more interesting event gener-
ation stage when the incoming and outgoing partons involved in the hard scattering
generate the parton shower. This is a sequential step-by-step process that is formu-
lated as an evolution in momentum transfer scale. How partons are distributed is
described by parton distribution functions (PDFs) that represent the probability den-
sities to find a parton carrying a momentum fraction x at a squared energy scale Q2
[58]. The parton shower evolves through successive branching processes, where each
parton can split into two or more lower-energy partons, continuing the shower until
the partons reach a lower energy threshold. At this point, the perturbative phase ends,
and the partons transition to a non-perturbative phase, where they undergo hadroniza-

tion forming stable hadrons such as protons, neutrons, and pions [59]. The transition
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FIGURE 3.1: Illustration of a proton—proton collision in a typical Monte
Carlo event generator. Each color corresponds to different stages involved
in event generation. Picture from Ref. [57].

from the perturbative to the non-perturbative phase marks the beginning of hadroniza-
tion, where partons combine to form stable hadrons such as protons, neutrons, and
pions [59]. Due to the confinement property of QCD, quarks and gluons cannot ex-
ist in isolation. Instead, they form bound states through mechanisms described by
phenomenological models. Two widely used models for hadronization are the string
model (implemented in PYTHIA) and the cluster model (used in HERWIG) [60]. How-
ever, hadronization is not the only complexity in the collision. During the collision, the
protons appear to be flattened into extremely thin pancakes due to Lorentz contraction
as they move at near-light speeds. The actual collision occurs when these flattened
discs overlap completely in space-time. While the hard scattering dominates the event,
this overlap creates a high probability of additional interactions beyond the primary
scattering. These secondary interactions between the remnants of the colliding pro-
tons give rise to the underlying event [57]. Underlying events refer to all activities
not included in the hard scattering. They are associated with effects such as Multi-

Parton Interactions (MPI), where additional parton—parton scatterings occur; initial-
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and final-state radiation, which involves soft products emitted before and after the col-
lision; and "beam-beam remnants," which are what remains after a parton is knocked out of
each of the initial two beam hadrons [61]. The last stage of the simulation is about the fact
that many hadrons produced are inherently unstable particles which decay into lighter
particles. This process is vital for analyzing the final state of particle interactions, as
most of the particles observed in experiments are decay products rather than the ini-
tially produced hadrons. Event generators simulate these decay processes by sampling
branching ratios and known lifetimes from comprehensive resources such as the Par-
ticle Data Group review [62]. Each particle has a distinct life time that determines
its existence before decay. The decay occurs following the principles of quantum me-
chanics. It is subject to conservation laws, including energy, momentum, angular mo-
mentum, and quantum numbers such as charge, baryon number, and lepton number.
Monte Carlo simulations accurately model these decay processes, which are crucial for
tully understanding the event signature, identifying specific particle interactions, and
investigating potential new physics phenomena within the experimental data.

This study utilizes several Monte Carlo event generators to compare their predic-
tions with experimental data. Before delving into an overview of the specific models
used in the analysis, a detailed explanation of string fragmentation—a key mechanism
for modeling hadronization—is provided. String fragmentation is a fundamental com-
ponent of many generators employed in this study, including PYTHIA, HIJING, EPOS,
and the default version of AMPT. Given its critical role in these models, a thorough un-

derstanding is essential.

3.1 String fragmentation

The production of quarks in a collision is accompanied by the formation of a string
structure, representing the color flux stretched between the initial g4, which is con-
nected by the action of gluon fields.

When the quark-antiquark pair moves away, the energy stored in the string in-
creases due to the strong force, with the binding potential dominated by the linear
term V(r) = kr. Ultimately, the string elongates until it becomes unstable and disinte-
grates, resulting in the formation of new g7 — qq + q'q pairs from the vacuum, which
in turn leads to the creation of hadrons. This process is repeated until the available
energy is exhausted, at which point the system stabilizes as a collection of hadrons.

Nevertheless, this process is not a simple one in the case of baryons, which are particles
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composed of three quarks. These dynamics are captured using a space-time diagram
[63] as is illustrated in Fig. 3.2. At time t = 0, the quarks are initially close, sharing a ki-
netic energy Ex = /s. As they move apart, their kinetic energy is gradually converted
into potential energy E, = kAx, reaching its maximum at t = /s/2k. At this point,
the quarks reverse direction and begin to move toward each other, eventually reaching
t = /s/k when they meet but move in opposite directions. This back-and-forth motion,
or "yo-yo" effect, has a period T = 2/s/k. During this oscillation, when the energy is
sufficiently high, new gq or 47 pairs may form along the string. If the initial energy is
large enough, the string can break multiple times, creating additional strings. These
successive string breakings can be represented in a space-time diagram illustrated in

Fig. 3.3, where the string is fragmented into various hadrons.

:EH_

FIGURE 3.2: Space-time diagram of g7 pair in their rest frame. 1) Be-
ginning of the evolution; 2) 1/4 of full period, maximum tension in the
string; 3) g and § are back to their initial positions, but have their mo-
menta swapped; 4) 3/4 of full period, maximum tension in the string; 5)
full period, the system is back to its initial state. Picture from Ref. [64].
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FIGURE 3.3: g7 system in its rest frame with multiple string breakings.
Picture from Ref. [64].

When we take into account pp collisions, the fragmentation picture becomes more
complicated since multiple partons from the colliding protons participate in the reac-
tion. This leads to two phenomena called multiparton interactions and colour recon-

nections.

3.1.1 Multiparton interactions and colour reconnections

In hadronic collisions, multiple parton scatterings lead to the creation of coloured parti-
cles in both the initial and final states. A simple model assumes these scatterings occur
independently, contributing equally to the momentum distribution and multiplicity of
tinal state hadrons. However, it was shown that the average transverse momentum
increases with particle multiplicity, indicating a more complex collective behavior in
the hadronization stage, where partons from different scatterings become correlated.
The concept of colour rearrangement (CR) is used to explain how the multiple scatter-
ing of partons in hadronic collisions affects particle production [65]. Partons interact
and, after each interaction, form color strings between the scattered partons and the
remaining hadron remnants. These color strings break and produce new hadrons. In
other words, the partons are connected by "color" forces, and when these forces break,
they create new particles. When multiple dispersions occur in a single collision, the

chromatic connections of these different dispersions can be reorganized. Instead of
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producing completely new sets of hadrons for each scattering, the chromatic connec-
tions of successive scatterings are connected to the previous ones. This reduces the
number of low-energy soft hadrons produced by each additional scattering but still
allows the transverse momentum (the momentum perpendicular to the collision axis)
to increase. This explains why the number of particles increases, but the transverse
momentum also increases when more scattering occurs.

This QCD-CR model, which influences jet shapes and particle mass reconstructions,
has been introduced in event generators such as the Pythia model. In the standard
configuration of PYTHIA, baryons are created through the formation of diquark pairs
along the string using the diquark model [66], while this model includes the possibil-
ity for junction formation, adding an additional mechanism for baryon creation [65].
Junctions can be formed by two dipoles reconnecting into a junction—anti-junction pair
connected by a new colour line as in Fig. 3.4b, or by three dipoles reconnecting to sep-

arate junction—anti-junction systems as in Fig. 3.4c. This refined understanding helps
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FIGURE 3.4: Two dipoles and three dipoles CR possibilities. For two

dipoles, they can either have (a) a simple reconnection (a.k.a. a swing)

or (b) a formation of a connected junction and anti-junction system. Three

dipoles can form (c) disconnected junction and anti-junction systems. Pic-
ture from Ref. [65].

explain hadronization, jet formation, and transverse momentum distributions in com-

plex particle collisions. In PYTHIAS, colour reconnections are included in the default
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configuration.

3.2 The MC event generators

This section will give a general overview of the models used in this thesis, describing
their main components and their use in high-energy collisions.

3.2.1 PYTHIA

PYTHIA, short for "Python for Heavy Ion Collisions," is a widely-used event gener-
ator in high-energy physics, specifically designed to simulate particle collisions, such
as proton-proton interactions. Originally developed by Torbjorn Sjostrand and collab-
orators, the latest version, PYTHIA 8, represents a significant advancement over its
predecessors [67]. A key feature of PYTHIA 8 is its implementation of Lund’s string
model [68] for simulating the hadronization process. This model describes the for-
mation of color-connected strings between partons, which subsequently fragment into
observable particles, as detailed in Sec. 3.1. PYTHIA 8 integrates pQCD for model-
ing hard scatterings with phenomenologically motivated approaches for soft hadronic
interactions, crucial for simulating the UE.

An important feature of PYTHIA 8 is its ability to simulate minijets, which are de-
fined as collimated sprays of particles produced by hard scatterings in high-energy col-
lisions, typically arising from pQCD processes in the early stages of the collision. These
minijets are influenced by the UE and soft particle production due to their relatively
low energy. In this analysis, minijets are one of the primary phenomena responsible
for generating the shape of the correlation function, a feature that will be explored in
more detail in the next chapter. The presence of minijets is expected to be observable
when comparing theoretical predictions with experimental data, as demonstrated in
the results presented in Secs. 8.1.3 and 8.2.3 for pp collisions at /s = 13 TeV.

Another significant strength of PYTHIA 8 is its ability to simulate photon radiation
in both the initial and final states, which is crucial for processes such as jet production
and lepton scattering. By accurately accounting for these contributions, PYTHIA 8
ensures a realistic representation of event structures, facilitating direct comparisons

with experimental observations.
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3.2.2 EPOS

EPOS stands for Energy Parton Off-Shell which includes the Energy conserving quan-
tum mechanical multiple scattering approaches, based on Partons (parton ladders),
Off-shell remnants, and Splitting of parton ladders. Figure 3.5 illustrates the various
components produced through parton—parton scattering.

- _ projectile
N — — remnant
excitation

parton
ladder

$

target
remnant
excitation

N —

FIGURE 3.5: Elementary parton—parton scattering: hard scattering in the

medium is preceded by the emission of partons (initial-state space cas-

cade); these ladder partons, being usually off-shell, emit other partons

ladder (final-state time cascade). The complete picture, also includes rem-

nants that are an important source of particle production. Picture from
Ref. [69].

A widely used version, EPOS LHC, was specifically developed to model the dy-
namics of collisions at the LHC. This model is renowned for its ability to reproduce
collective phenomena, such as flow, typically observed in large systems like heavy-ion
collisions, but which have also been seen in smaller systems such as pp and p-Pb inter-
actions at LHC energies [70]. A key feature that enables EPOS LHC to simulate these ef-
fects is its core-corona approach. This differentiates between two regions of the collision:
the dense, central core, where particles are produced through collective hydrodynamic
processes, and the more diffuse corona, where particle production is governed by non-
collective interactions similar to those in pp collisions. The core represents the part of
the system where the energy density is high enough to drive hydrodynamic expansion,
while the corona involves more standard parton scatterings and hadronization. This

division allows EPOS LHC to realistically model both the collective properties of the
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event and the more isolated particle interactions outside the core, enabling it to match
a broad range of experimental data [71]. Additionally, EPOS LHC incorporates the ef-
fects of MPI and integrates collective dynamics within the MPI framework. This allows
the model to better simulate soft processes and the underlying event, which is critical
for accurately describing particle production in small collision systems at the LHC.
Another key component is the model’s use of 3D hydrodynamic evolution to simulate
the behavior of bulk matter produced in collisions. This hydrodynamic approach is es-
sential for explaining the anisotropic flow patterns and collective motion observed in
final-state particle distributions. By including hydrodynamics, EPOS LHC successfully
reproduces the unexpected flow effects seen in smaller systems like p—Pb collisions at
the LHC' [52]. In practical terms, EPOS LHC has been widely used for simulating
pp collisions, providing a comprehensive description of particle production, jet forma-
tion, and the structure of the underlying event. It has also played an important role in
understanding p-Pb collisions, giving valuable insights into the interaction between
collective flow effects and hard scattering processes. EPOS LHC’s ability to describe
phenomena such as ridge structures and flow behavior, which are typically expected
in large systems, underscores its versatility and predictive power. Furthermore, the
model has been applied to heavy-ion collisions (e.g., Pb—Pb), where its hydrodynamic
modeling and core-corona structure have proven effective in explaining key bulk ob-
servables such as elliptic flow [69].

This versatility and precision make EPOS LHC an essential tool for high-energy
physics research, allowing for deeper insights into the physics of particle interactions
at the LHC and providing agreement with experimental data.

In the context of this work, EPOS is an important model for comparing results from
pp collisions at /s = 13 TeV and p—-Pb collisions at /syn = 5.02 TeV. With its physical
foundations, one expects that the EPOS model can reproduce the minijet structure in
the angular correlations and is particularly useful for studying collective phenomena
in small systems, such as flow and ridge structures. More details on the results from
these comparisons are provided in Secs. 8.1.3, 8.2.3, and 8.3.4.

"The models successfully reproduce collective phenomena even in small systems, which can some-
times lead to confusion when trying to understand the underlying dynamics.



32 Chapter 3. Monte Carlo Event Generators

3.2.3 DPMJET

The DPMJET (Dual Parton Model Jet) event generator is a used tool for simulating
high-energy hadronic and nuclear collisions, including those at the LHC. The Dual
Parton Model (DPM) provides the theoretical foundation for this event generator,
which employs concepts from Regge theory2 and QCD postulating the exchange of
Pomerons3, that lead to the creation of parton ladders between colliding particles. The
DPMJET event generator has been designed to model a wide variety of phenomena,
including both soft and hard scattering processes, MPI, particle fragmentation, and
jet production. The processes of soft and hard scattering are described by both
non-perturbative and perturbative QCD processes. In the majority of collisions with
low momentum transfer, soft scattering is the dominant process. In contrast, hard
processes are characterized by higher momentum transfer and are responsible for
the production of jets and high-energy phenomena, including the creation of heavy
quarks. Additionally, the model incorporates MPI, which occurs within a single
collision. These contribute to the underlying event and result in higher particle
multiplicities. Subsequently, DPMJET simulates hadronization. The model employs
the string fragmentation mechanism, which is similar to that used by PYTHIA, see
Sec. 3.1. This process is critical for accurately modeling the final state of the collision
and for understanding phenomena such as jet formation, whereby high-energy quarks
and gluons fragment into collimated sprays of hadrons [72].

The DPMJET event generator is employed in this study for comparison with the
results from p-Pb collisions at /sy = 5.02 TeV. By analyzing the phenomena sim-
ulated in the model, a better understanding of minijet structures, long-range correla-
tions, and the ridge structure associated with Pomeron exchange is achieved, which are
fundamental to the underlying physics in p—Pb collisions. These various contributions
combine to produce a correlation structure that one can expect from the experimen-
tal data, which is essential for understanding particle production and jet formation in
high-energy collisions. A detailed comparison is provided in Sec. 8.3.4.

2Regge theory is a framework in particle physics that describes the behavior of scattering amplitudes
at high energies by associating them with the exchange of trajectories, called Regge trajectories, which
relate the angular momentum of particles to their mass.

3 A Pomeron is a theoretical concept in particle physics that models the exchange of a color-neutral
gluon combination, explaining soft and diffractive scattering in high-energy hadron collisions.
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3.2.4 HIJING

The Monte Carlo Heavy-Ion Jet Interaction Generator (HIJING) model was devel-
oped to study the initial phase of high-energy nucleon-nucleon, nucleus-nucleus, and
nucleon-nucleus collisions [73, 74, 75]. An essential feature of the HIJING model is its
approach to the treatment of soft interactions, which is based on the diquark-quark
string model with the incorporation of gluon fields. The model also incorporates
the production of mini-jets using a pQCD approach, following the framework of the
PYTHIA model, which includes both initial and final state radiation. This radiation
describes the emission of gluons or photons by partons before and after the hard scat-
tering event, respectively. Another important aspect of HIJING is its ability to model
nuclear shadowing, which occurs when the parton distribution functions inside a nu-
cleus are modified compared to those in a single proton or neutron. This phenomenon
helps researchers understand how nearby nucleons in a nucleus influence the behav-
ior of partons, particularly at high energies. HIJING’s shadowing model is especially
useful for studying how these modifications affect particle production, with a focus
on gluons, which dominate at high energy densities. Furthermore, HIJING allows re-
searchers to investigate jet quenching, which refers to the loss of energy by partons as
they traverse the hot and dense quark-gluon plasma (QGP), as discussed in Sec. 4.4.2.2.

Although the HIJING model does not include a hydrodynamic description of col-
lective phenomena in heavy-ion collisions, it is primarily employed in this work to
describe minijet production in Pb—Pb collision systems. A discrepancy is anticipated,
given that flow patterns, which are the dominant feature in Pb-Pb collisions, are not
captured by this model. The results of comparing the HIJING model with experimental
data are presented in Sec. 9.1.4.

3.2.5 AMPT

The A Multi-Phase Transport (AMPT) model is a computational framework used to
simulate pp, p—A, and A-A systems. This model plays a significant role in under-
standing the underlying dynamics of these collisions by providing a detailed descrip-
tion of both partonic and hadronic interactions throughout the entire process. The
AMPT model [76, 77, 78] is comprised of several essential elements. In the initial stage,
the model generates partons using the HIJING model, which describes the initial pro-
duction of particles through a combination of hard and soft QCD processes. Subse-
quently, the parton phase is simulated using Zhang’s Parton Cascade (ZPC) model
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which employs pQCD-derived cross-sections to model the dispersion between par-
tons. As the system cools, the partons undergo hadronization, which can be modeled
through string fragmentation in the default AMPT model or parton coalescence in the

string-melting version [78] as is shown in Fig. 3.6. In the default AMPT, the fragmen-
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FIGURE 3.6: On the left, a schematic overview of the AMPT model in its
default configuration, and on the right, the string melting version. In the
default mode, hadronization is modeled using the Lund string fragmen-
tation mechanism, where strings formed after parton scattering fragment
into hadrons. In contrast, the string melting version converts all excited
strings into partons, and hadronization proceeds via parton recombina-
tion (coalescence), where nearby partons combine to form hadrons based
on their spatial and momentum proximity.

tation occurs by the Lund model (see Sec. 3.1), as observed in PYTHIA [59] or HIJING
[73]. In the context of parton coalescence, the hadronization mechanism is initiated
when quarks and antiquarks fuse to form hadrons after the partonic phase is com-
pleted in a high-energy nuclear collision. This process differs from string fragmenta-
tion in that coalescence assumes that quarks in the deconfined QGP directly recombine
to produce hadrons based on their proximity in phase space (i.e., how close they are
in position and momentum space). The AMPT model has been developed to study
large systems. In such systems, the string-melting version of AMPT is frequently em-
ployed to describe the behavior of partons as they interact and eventually coalesce into
hadrons. This process is of critical importance for the understanding of the properties
of the QGP. The model has been particularly effective in reproducing collective flow
phenomena, such as elliptic flow, and offering significant insights into jet quenching
and partonic energy loss, which occur when high-energy partons traverse the dense
medium created in these collisions [79]. Furthermore, the AMPT model is employed
in smaller systems, such as pp and p-Pb collisions, to serve as a foundation for com-

prehending collective behavior in nuclear collisions. It has been demonstrated that
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collective flow phenomena can manifest in smaller systems under specific conditions.
p—A collisions offer a unique opportunity for researchers to investigate the influence
of nuclear matter on particle production and parton interactions. The AMPT model
is a valuable tool for studying medium effects, such as nuclear shadowing and par-
ton energy loss, in these collisions. Additionally, the model can be used to investigate
whether collective phenomena, analogous to those observed in larger systems, occur
in intermediate-size systems, which can provide insights into the transition between
pp and A—A dynamics.

Given that AMPT is a comprehensive event generator capable of reproducing a
wide range of phenomena in the correlation function space, it is employed in this thesis
to simulate the correlation function in Pb—Pb collisions. The model effectively captures
minijet structures and flow patterns, with expected agreement, as will be discussed in
detail in Sec. 9.1.4.

3.2.6 CALM model

The CALM model ("ConservAtion Laws Model") [80] is a Monte Carlo event genera-
tor developed in C++ using the ROOT framework [81]. Originally designed to study
how conservation laws manifest in angular correlation functions (discussed further in
Sec. 4.4.1), the model’s application was later extended to simulate and analyze minijets.
Unlike previous models, which incorporate numerous physical effects that can in-
fluence the correlation functions, the CALM model is intentionally minimalist. Its sim-
plicity allows for a better understanding of the fundamental contributions of conser-
vation laws alone. By isolating these effects, the CALM model provides insight into
what should be expected in the angular correlation functions when only conservation
laws are at play.
The event generation process in CALM is underpinned by the GENBOD algorithm
[82], a widely used N-body Monte Carlo generator that computes the phase-space dis-
tribution of particles. GENBOD operates under the constraints of global energy and
momentum conservation, making it a powerful tool for simulating particle interac-
tions. In the CALM model, the user specifies key parameters such as the total event
multiplicity, the masses of the particles to be produced, and the total energy available
for distribution. GENBOD then generates the four-momenta of the particles, ensuring
that all events adhere strictly to conservation laws.
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In addition to standard event generation, the CALM model is used to simulate
minijets, which are compact sprays of particles moving in a collimated direction. Mini-
jets in CALM are always produced in pairs, reflecting the back-to-back jet production
commonly observed in particle collisions. Each minijet contains at least two particles,
with GENBOD invoked separately to generate the particles within each jet.

By focusing exclusively on conservation laws, the CALM model provides a stream-
lined yet effective framework for studying angular correlations and the structural
properties of minijets. Its ability to isolate the effects of conservation laws makes
it a valuable tool for understanding these phenomena. For further details, see
Ref. [80], [83].
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Two-particle Angular correlations

Angular correlations between two particles represent a fundamental tool in high-
energy physics, offering insights into the mechanisms of particle production, collective
behavior in heavy-ion collisions, and the properties of the QGP formed under extreme

conditions.

4,1 Reference frame

To describe two-particle angular correlations and related observables, it is essential to
define a reference frame. This frame provides a coordinate system in which the motion
and interactions of particles can be described with respect to specific axes. In particle
physics experiments, the reference frame is typically chosen based on the experimen-
tal setup or the direction of the particle beams. For the ALICE detector at the LHC, as
detailed in Sec. 6.1, the laboratory frame is employed. This frame is aligned with the
beam axis (the z-axis), reflecting the direction of the incoming beams and providing a
natural reference for the experiment. In this frame, the z-axis corresponds to the beam
direction, while the x- and y-axes define the transverse plane, which is perpendicu-
lar to the beam axis. The longitudinal motion of particles is characterized along the
z-axis, while their transverse motion is described within the x—y plane. The ALICE
detector utilizes this frame to track the trajectories of charged particles. The magnetic
tield in the detector bends the particle tracks within the transverse plane, enabling the
measurement of (pr).

In studies of two-particle correlations, the relative pseudorapidity (Ay) or rapidity
(Ay) and the relative azimuthal angle (Ag) between the two particles are commonly
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used. Pseudorapidity (77) quantifies the longitudinal separation of particles with re-
spect to the beam axis, while transverse momentum and the azimuthal angle (¢) de-
scribe the particle’s motion in the transverse plane. By measuring the differences in 7

(or y) and ¢, two-dimensional correlation functions can be constructed.

4.2 Observables

4.2.1 Pseudorapidity

Pseudorapidity (7) is a commonly used variable in high-energy physics to describe the
angle of a particle relative to the beam axis. It is defined as:

beam direction 0 P

0: polar angle
p: particle momentum

FIGURE 4.1: Illustration of the polar angle 6 between the momenta of the
particles, which are deflected by the magnetic field of the detector, and the
beam axis. Credits to Wioleta Rzesa.

7= —ln[tan(gﬂ, 4.1)

where 0 is the polar angle, which is the angle between the particle’s momentum and
the beam axis, as illustrated in Fig. 4.1. This figure specifically depicts the polar angle in
the ALICE detector, where the trajectory of the tracks are influenced by the magnetic
field of the detector. The difference in pseudorapidity, Ay = 171 — 172, represents the
longitudinal separation between two particles.
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4.2.2 Rapidity

Rapidity (y) is another essential observable, particularly in systems where longitudi-
nal motion plays a significant role. It is preferred for studying angular correlations
between particles in relativistic collisions due to its precise incorporation of particle

kinematics. Defined as:

1 E+p.c
y—iln(E_pzc) (42)

where E is the energy and p, is the longitudinal momentum along the beam axis.
The difference in rapidity, Ay = y; — y», provides a way to analyze the momentum
space separation between two particles and is particularly useful in identifying collec-
tive behaviors, such as flow.

In the context of the complex phenomena observed in high-energy collisions at
the LHC, pseudorapidity (1) has become a crucial variable in hadron collision experi-
ments. Its primary advantage lies in its simplicity, as it can be easily determined from
the angle of the particle relative to the beam axis.

However, in this thesis, where kinetic observables are available thanks to the AL-
ICE detector’s ability to identify particles, more precise variables such as rapidity are
employed. The Lorentz-invariant nature of rapidity with respect to boosts along the
beam direction ensures consistency across different reference frames, making it par-
ticularly well-suited for particles with significant masses. In the high-energy regime,

where the particle masses become negligible, rapidity closely approximates pseudora-

pidity (y = 7).

4.2.3 Azimuthal Angle

The azimuthal angle (¢) is the angle in the plane perpendicular to the beam direction
(transverse plane), typically measured relative to the x-axis, which is the horizontal
axis, as is shown in Fig. 4.2. The difference in azimuthal angle between two particles
is calculated as A¢ = @1 — ¢».

4.3 The AyAg two-particle angular correlation

In high-energy particle physics, angular correlations provide a crucial tool for under-
standing the underlying dynamics of particle interactions. By analyzing the angular
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pf R

I

FIGURE 4.2: Schematic view of the azimuthal angle. Credits to Wioleta
Rzesa.

(. azimuthal angle
pT: transverse momentum

distribution of particles in relation to each other, one can investigate various properties
of the collision process, such as the relative momentum and geometry of the produced
particles. In this thesis, the correlation functions are computed in the AyA¢ angular
space. These angular correlations can be used to explore a range of phenomena, such
as particle production mechanisms, flow patterns, and medium effects, which will be
discussed in detail later.

The two-particle correlation function C(y1, ¢1, Y2, ¢2) can be expressed as:

Pio(y1, 91, Y2, ¢2)
Pi(y1, 91)Pa(y2, 92)°

Clyr, 912, 92) = (4.3)
Here, P12(y1, ¢1,Y2, ¢2) represents the probability of finding two particles with pseu-
dorapidities y1 and y;, and azimuthal angles ¢1 and ¢,. The P;(y1, ¢1)P>(y2, ¢2) is the
product of the single-particle distributions assuming indipendent emission.

When C = 1, the particles are emitted dependently. C > 1 indicates a positive
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correlation, meaning that the particles are more likely to be emitted together at the
given pseudorapidities and angles. Viceversa, C < 1 means negative correlation or

suppression of paired emission.

4.3.1 Probability ratio correlation function

The two-particle correlation function, often referred to as the probability ratio cor-
relation function, is a measure of the relations between particle pairs produced in
high-energy collisions. Experimentally, this correlation is expressed in terms of a ratio
of signal and background distributions, which reflect physical two-particle and single-
particle correlations, respectively. The correlation function is defined as:

S(Ay, Ag)
Cp(Ay, Ap) = —Z—12 (4.4)
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FIGURE 4.3: The left panel displays the signal distribution, the middle
panel shows the background distribution, and the right panel presents the
correlation function, calculated as the ratio of the signal to the background.

S(Ay, Ag) represents the signal distribution, constructed from particle pairs origi-

nating from the same event. It is given by:

N
pairs
where N;E’;?: 'is the total number of pairs in the signal. The signal typically shows

a peak around (Ay,Ag) = (0,0), indicating strong correlations between particles in
both rapidity and azimuthal angle, as illustrated in Fig. 4.3. The observed peak is
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overlaid on a triangular-shaped background, which results from the convolution of
two expected uniform rapidity distributions in a Lorentz boost invariant system. This
background distribution is not an artifact or error, but rather an intrinsic feature of
the approximate boost invariance, further modified by detector acceptance effects. To
extract specific correlations beyond these expected contributions, the background must
be subtracted.

Direct subtraction based on a theoretical triangular component may seem a valid
approach; however, this method is insufficient. The system under consideration ap-
proximates ideal momentum invariance only within a limited range of rapidity, and
additional acceptance effects further modify the observed correlations. Consequently,
the theoretical expectation cannot be directly applied in its exact form. Instead, a data-
driven approach is needed, in which the background is constructed from experimental
data. This ensures a more accurate isolation of the relevant physical correlations while
preserving consistency with the theoretical expectation. This is achieved by construct-
ing an additional background distribution, B(Ay, Ag) using the event-mixing tech-
nique. In this approach, particles from different events are paired to ensure that the
background reflects pairs of unrelated particles. The resulting background distribu-
tion is defined as:

g2 Nmixed

pairs

Nmixed dAydA ® 4

pairs

B(Ay, Ag) = (4.6)

where ngr;ii);:d represents the total number of mixed-event pairs. The mixed-event pairs
are constructed by combining particles from ten different events with similar vertex
and multiplicity conditions to replicate the uncorrelated background observed in the
signal distribution closely. Event mixing is crucial because it isolates the true signal
from the influence of acceptance which is not interesting, allowing experimentalists to

focus on genuine correlations between particle pairs from the same event.

4.3.2 Rescaled two-particle correlation functions

The probability ratio approach discussed above introduces an expected multiplicity
scaling proportional to 1/N, where N represents the event multiplicity. This effect was
identified by analyzing the correlation functions in pp collisions at v/s = 7 TeV using
the Pythia_Perugia model [84], as shown in Fig. 4.4 from Ref. [83].
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FIGURE 4.4: Multiplicity dependence of the AiyA¢ correlation function for
all charge pair combinations in /s = 7 TeV pp collisions, simulated using
Pythia Perugia-0. Picture from Ref. [83].
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The expected 1/ N scaling implies that correlation functions, while physically mean-
ingful, have inherent limitations when applied across different multiplicity classes. In
high-multiplicity events, where the number of particle pairs is larger, one would natu-
rally expect stronger correlations. However, due to the imposed scaling, the opposite
trend is observed. Conversely, in lower-multiplicity events, where fewer particle pairs
are present, the correlation magnitude appears enhanced. This systematic effect must
be considered when interpreting correlation functions in different multiplicity regimes.

To address this issue, a new formulation, known as the rescaled two-particle cor-
relation function, has been introduced. Inspired by the work of the STAR Collabo-
ration [85], this method provides a refined approach to studying these correlations.
The removal of the 1/N scaling follows the same principle as background subtraction
in correlation analyses. Just as the background is divided out to isolate the correla-
tion of interest, the rescaled two-particle method removes the multiplicity dependence
to highlight additional underlying physics. Both the probability ratio approach and
the rescaled correlation function capture genuine correlations; neither is incorrect, but
they serve different analytical purposes. The consistency of results across these meth-
ods confirms their validity, justifying the use of the rescaled correlation function to
explicitly remove the 1/N contribution.

The rescaled two-particle correlation function is defined experimentally as:

1 /dN,
Cr(Ay, Ag) = E<

> (CP - 1)/ (47)

where Cp refers to the probability ratio correlation function discussed previously in

Sec. 43.1, and N,y = % <dd1\(;”> represents the average number of charged particles of

a-type, N, produced in the analyzed multiplicity classes within |y| < 0.5.

4.4 Sources of angular correlations

The correlation function is influenced by various physical phenomena as is shown in
Fig. 4.5, each contributing to its overall shape and resulting in distinct behaviors for
each analyzed particle pair. This section will examine each of these contributions indi-

vidually.
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FIGURE 4.5: Contribution of different sources that influence the overall
shape of the AyAg correlation function from pp collision at /s = 7 TeV.
Picture from Ref. [83].

4.4.1 Conservation laws

The particles produced after the collision must obey the conservation of momentum,
energy, and charge on a global scale. For instance, momentum conservation requires
that the total momentum of all produced particles adds up to zero. As a result, when
two particles are emitted, their momenta are often anticorrelated, meaning that if one
particle is emitted in a particular direction, the other tends to be emitted in the opposite
direction. This phenomenon produces distinct patterns in the angular correlation func-
tion, as shown in Fig.4.6. These patterns, reproduced by the CALM model (described
in Sec.3.2.6), demonstrate how conservation laws manifest in angular space, with no
other physical phenomena involved. A detailed discussion of how global momentum
conservation can introduce correlations — even in the absence of dynamical interac-
tions — is presented in Ref [86], where the impact on femtoscopic correlation func-
tions is analyzed. Although their study focuses on femtoscopy, the same conservation-
driven mechanisms can also affect angular correlation measurements. Similarly, en-

ergy conservation limits the total energy available for particle production, influencing
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FIGURE 4.6: Momentum conservation contribution in Az, Ag correlation
function by using CALM model. Picture from Ref. [80].

how energy is distributed among emitted particles. For example, if two particles are
emitted, the energy, which depends on mass and momentum, must be shared between
them. If one particle takes a significant portion of the energy, the energy available for
other particles decreases, affecting their momentum and angular distribution. Addi-
tionally, charge conservation ensures that particles of opposite charge are often pro-
duced together, leading to charge-dependent angular correlations. As a result, particle
pairs with the same charge are classified as like-sign pairs, while pairs with opposite
charges are termed unlike-sign pairs. Other quantum numbers, such as strangeness
and baryon number, are also balanced, with equal numbers of strange quarks and
antiquarks, as well as baryons and antibaryons, being produced. Moreover, collec-
tive phenomena, such as anisotropic flow in heavy-ion collisions, are shaped by the
conservation of momentum and energy, which further influence the observed particle
correlations. Altogether, these conservation laws impose fundamental constraints on
particle behavior, leaving measurable effects on angular correlations.

Studies have shown that conservation laws operate not only globally but can also
manifest locally within parton fragmentation. In its rest frame, a parton fragments
isotropically, leading to an enhanced particle flow due to its initial momentum. This
process must conserve momentum, charge, strangeness, and baryon number. While
gluons conserve only momentum, quarks also retain these additional quantum num-
bers, imposing further constraints beyond global conservation laws. Local conserva-

tion is not a trivial assumption and requires dedicated investigation. The degree to
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which momentum, charge, and baryon number remain locally conserved within pseu-
dorapidity (Az) and azimuthal (Ag) correlations is an open question. For instance, in
the fragmentation of jets emerging from the QGP in heavy-ion collisions, it is unclear
whether the baryon number is always locally preserved, as this depends on the dynam-
ics of the fragmentation process. Correlation analyses offer a direct probe into whether
these conservation laws imprint the expected signatures on the observed distributions.

Here, the Tab. 4.1 presents the conservation laws that apply to the various particle

species studied.
TABLE 4.1: Conservation laws for all the particle species studied.

conservation laws

particles | momentum charge strangeness baryon number

pions v v
kaons v v v
protons v v v

Conservation of momentum and charge are fundamental principles that apply uni-
versally to all particles in the system. These laws ensure that, in any interaction, total
momentum and charge remain constant. Conservation of strangeness applies to all
particles with a nonzero quantum number of strangeness, including kaons, which are
the particles of interest in this analysis. In interactions involving these particles, the
total strangeness must be conserved, that is, the number of strange quarks before and
after the interaction must be in equilibrium. Similarly, conservation of the number of
baryons applies to all baryons, including protons, which are the baryons of interest in
this work. This principle ensures that the total number of baryons remains constant in

any interaction.

4.4.2 Jets

Jets are concentrated flows of particles created when partons scatter during collisions
[87]. Due to confinement, these partons cannot exist independently; instead, they
quickly undergo the hadronization process, generating a series of particles that roughly
follow the direction of the parton’s original momentum. This sequence forms a visible
jet, appearing as a narrow, high-energy particle cone.
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4.4.2.1 MiniJets

FIGURE 4.7: Minijets contribution in A, Ag correlation function by using
CALM model. Picture from Ref. [83].

In the context of particle physics, the term "minijet" is often used to describe jets re-
sulting from scatterings with lower momentum transfer. Typically, minijets contribute
to the correlation functions in both the near and away side regions, as shown in Fig. 4.7.
In this figure, the characteristic structure of minijets in the AyA¢@ angular space is re-
produced using the CALM model, as described in Sec. 3.2.6, which includes no other
physical phenomena. The figure displays the correlation of neutral pion pairs with a
pronounced peak in the near-side region and a long ridge in the away-side region.

If the two correlated particles come from the same jet as is shown in the top Fig.
4.8, this lead to the formation of particle pairs with small angles Ay and A¢. Such
particle pairs form a minijet peak centered at (0,0), referred to as the near-side peak.
In contrast, the particles in the bottom panel of Fig. 4.8 originate from two opposing
jets, moving in opposite directions with A¢ close to 180°. However, this configuration
lacks dependency on the polar angle, 6, as 0 varies based on the spatial orientation of
the jets. Therefore, across multiple events and jet alignments, Ay appears uniformly

distributed, creating a wide ridge along Ag = 7, termed the away-side ridge.

4422 Jet quenching

In HIC, the behavior of jets is notably altered due to the creation of QGP. Unlike in
pp collisions, where jets commonly form a clear opposing structure, the presence of
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FIGURE 4.8: Schematic overview of particles from the same jets (top) and
particles correlated in opposite jets (bottom) from an azimuthal perspec-
tive.

the QGP disrupts this arrangement. Minijets that emerge in the QGP interact inten-
sively with the medium’s quarks and gluons, leading to substantial energy loss, a phe-
nomenon referred to as jet quenching. This jet quenching effect arises when partons
moving through the QGP lose energy through processes like gluon radiation and par-
ticle collisions within the medium. As a result, the jet yield on the opposite side de-
creases, often showing a reduced or absent peak in this region. Significant jet quench-
ing effects have been observed in high-transverse-momentum particles in central Au-
Au collisions at RHIC and in central Pb—Pb collisions at the LHC, underscoring jets as
precise tools for probing the QGP.
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Experiments on asymmetric collisions, such as p—Pb at the LHC and light-nucleus—
Au at RHIC, reveal collective effects comparable to those observed in symmetric col-
lisions. These phenomena can be explained either by models assuming a thermally
equilibrated medium in the final state or by models without a QGP, relying instead
on significant initial-state fluctuations in the incoming wave functions. This raises an
important question: does the QGP form in smaller, asymmetric systems that were pre-
viously considered too small to achieve quasi-equilibrium?

An example of jet quenching is presented in Fig. 4.9, where the azimuthal two-
particle correlation function is compared across different collision systems, including

pp, d-Au, and Au-Au. In heavy-ion collisions, the away-side region (Ap > 7/2) ex-
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FIGURE 4.9: Comparison of two-particle azimuthal distributions for cen-
tral d—Au collisions to those seen in pp and central Au—Au collisions. Pic-
ture from Ref. [88].

hibits no visible jet structure, unlike smaller systems. This provides clear evidence of
the jet quenching phenomenon. The absence of jet quenching in small systems has been
explored experimentally [89]. While theoretical models attempt to estimate quenching
effects in these systems, the lack of experimental evidence leaves many questions un-
resolved. The limited jet quenching observed in small collisions continues to challenge
our understanding of QGP formation, posing significant experimental and theoretical
investigations [90].
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4.4.3 Quantum Statistical and Final-State Interaction Effects

Quantum statistical effects (QS) and final-state interactions (FSI) play a crucial role
in shaping angular correlations. QS effects, governed by Bose-Einstein and Fermi-
Dirac statistics, influence the behavior of identical particles in momentum space. The
Bose-Einstein statistics describe bosons, such as pions and kaons, which can occupy
the same quantum state due to their indistinguishable nature. This property leads to
enhanced clustering in momentum space, producing a characteristic peak in angular
correlations around (Ay, Ag) = (0,0). This phenomenon is driven by quantum inter-
ference, where the overlapping wave functions of identical bosons constructively inter-
fere, increasing the likelihood of their simultaneous detection. In contrast, fermions,
such as protons, are described by Fermi-Dirac statistics and are subject to the Pauli
exclusion principle, which prevents them from occupying the same quantum state.
This results in a suppression of clustering in momentum space, manifesting as less
pronounced peaks or even depletions in the near-side region of angular correlation
functions.

Final-state interactions further modify angular correlations by altering particle tra-
jectories after their emission. The Coulomb interaction, arising from the electrostatic
force between charged particles, has a pronounced effect on angular distributions. For
like-sign particles, such as protons or 77" 7t" pairs, the repulsive Coulomb force reduces
the probability of detecting the particles at small relative angles, suppressing the near-
side peak in the correlation function. Conversely, for oppositely charged pairs like
7" 7", the attractive Coulomb force increases the likelihood of particles being detected
at small angles, enhancing the near-side peak. The strong interaction, a short-range
force acting over distances on the order of ~ 1 fm, also plays a pivotal role in shaping
angular correlations.

FSI and QS effects (as well as the space-time properties of the particle-emitting
source) form the basis of the femtoscopy technique. While femtoscopy is tradition-
ally formulated in terms of relative momentum or invariant mass, its influence is also
visible in two-particle angular correlations, particularly in the near-side region. This
cross-talk between femtoscopic methods and angular correlation studies allows for
complementary insights into the underlying physics, especially in the investigation
of short-range quantum and interaction effects.

The combined effects of QS and FSI are clearly evident in experimental data [91],
particularly in the analysis of like- and unlike-sign pion and proton correlations.
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FIGURE 4.10: Angular correlation functions in Ay, Ag space for like and
unlike-sign pions and protons, illustrating the contributions of quantum
statistical and final-state interaction effects. Picture from Ref. [91].

As shown in Fig. 4.10, the correlation function for 77" 7t" pairs exhibits a promi-
nent peak around (Arn,A¢) = (0,0), with a magnitude of approximately 1.4. This
peak is attributed to the Bose-Einstein quantum statistical effect, which enhances the
probability of close spacing in momentum space for identical bosons. In contrast, the
Coulomb FSI effect is observed in 7" 71~ correlations, where the magnitude of the near-
side peak is significantly smaller, reaching only about 1.03. For pp pairs, a distinct
depletion around (Ar, A¢) = (0,0) is observed, accompanied by a narrow peak at the
exact center. While the depletion can be explained by wide-range energy-momentum
conservation effects, the narrow peak at (0,0) is confirmed to arise from the strong
interaction between two protons. pp correlations also display a depletion, due to the
inelastic channels of the strong interaction, such as annihilation processes. Thanks to
the detailed analysis presented in [91], it is understandable how QS and FSI collectively
shape the structure of angular correlations in Az, Ap space, revealing the intricate in-

terplay between quantum interference and interparticle forces.

4.4.4 Resonances

Resonances are extremely short-lived particles, decaying on the order of 10™% seconds.
Their behaviors have been extensively studied in a range of collision systems, includ-
ing p—p, d-Au, and Au-Au, which reveal sharper, more distinct resonance peaks in
smaller systems with limited medium effects. In contrast, larger systems show altered
resonance characteristics, providing indirect insight into the properties and behavior
of the QGP formed in high-energy collisions [92]. The Intersecting Storage Rings (ISR)
and PHOBOS experiments contributed significantly to understanding resonance ef-

fects in two-particle angular correlations, showing that short-lived resonances such as
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the p, K*, and ¢ mesons produce characteristic peaks in angular distributions due to
clustering of their decay products. The ISR experiment [93], demonstrated that the
decay of a meson can create structures around A¢ = 71, where two particles move in
opposite directions. Any two-body decay with a decay energy (Q-value) much larger
than its transverse momentum will exhibit similar behavior to these mesons. In con-
trast, three-body decays can generate different structures, such as near-side peaks or
contributions to the longitudinal ridge. The PHOBOS experiment investigated the lon-
gitudinal structure around Az = 0 at collision energies of /s = 200 GeV and /s = 410
GeV. Their findings indicated that the observed correlation patterns were consistent
with ISR simulation studies using a low-mass resonance gas model (including p, w, and
n mesons). STAR and ALICE experiments have further demonstrated that these reso-
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FIGURE 4.11: The ratios K*° /K (panels (a) and (b)) and ¢ /K (panels (c) and
(d)) are analyzed across different collision systems: pp, d—Au, p—Pb, Cu-
Cu, Au-Au, and Pb-Pb. Panels (a) and (c) show these ratios as a function
of (AN, /dn)'® for K*° /K and ¢/K in Pb-Pb collisions at \/snn = 2.76 TeV.
Panels (b) and (d) depict the ratios for various systems as a function of
V5NN, alongside predictions from a grand-canonical thermal model at a
freezeout temperature of 156 MeV. Picture from Ref. [94].

nance decay patterns are influenced by collision energy and centrality as is shown in
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Fig. 4.11: in central or high-energy collisions, peaks associated with resonance decays
often broaden or diminish, likely due to interactions with the surrounding medium.
This indicates that some resonances decay within the QGP, where their decay prod-
ucts experience scattering or absorption due to medium effects, resulting in modified
correlation signals [95, 94].

4.4.5 Photon conversion

Photon conversion is a physical phenomenon that contaminates the angular space
AnAg, manifesting as a narrow spike at (A, A¢) = (0,0). This spike arises when
a high-energy photon interacts with matter, often a nucleus, and transforms into an
electron-positron pair traveling in the same direction, resulting in a small angular sep-
aration. For this process to take place, the photon must have sufficient energy, given by
hiv, where 1 is the reduced Planck constant and v is the photon’s frequency, to exceed
twice the electron’s rest energy, approximately 1.022 MeV.

The standard experimental cuts used to select particles of interest, such as pions,
kaons, and protons, are often insufficient to eliminate the contamination caused by
electrons from photon conversion. To address this issue, specific cuts must be applied
at the level of the correlation function to remove this unwanted phenomenon, ensuring

an accurate and clean analysis of the particle correlations of interest.
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4.4.6 Flow structure

ATLAS

Pb-Pb \s,,=2.76 TeV

FIGURE 4.12: Correlation function in AyA¢ space from Pb-Pb collision at

VSNN = 2.76 TeV with ATLAS. The correlation is studied in the centrality

class 20-30% showing a double ridge structure typical of the flow effects.
Picture from Ref. [96].

Collective effects, as previously detailed in Sec. 2.5, create correlations between par-
ticles, which are reflected in the anisotropy parameter v, = (cos(2¢)), referred to as
elliptic flow. This results in a cosine-like oscillation with a cos(2A¢) dependence. As
shown in Fig. 4.12, a double ridge structure is formed in both near-side and away-side
regions.

One can decompose the correlation by projecting the 2D into the A axis and get-
ting information on the flow by using the harmonic Fourier series, as is shown in Fig.
4.13. As one can see higher-order harmonics, v,,, can shape the correlation function in
complex ways.
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FIGURE 4.13: A¢ correlation function from Pb—Pb collision at \/syny =2.76

TeV with ATLAS. The near-side peaks reflect the “ridge” instead of the

autocorrelations from jet fragments. The superimposed solid lines (thick-

dashed lines) indicate contributions from individual v, components (sum
of the first six components). Picture from Ref. [96].

4.4.7 Ridge structure — collectivity in small systems?

Experimental evidence at the LHC has shown signs of collective effects in small sys-
tems, such as pp and p-Pb collisions. The observed long-range correlations, often re-
ferred to as "ridge" phenomena, suggest collective behavior similar to that in heavy-ion
collisions, though the exact mechanisms behind these effects are still an area of active
research. In Fig. 4.14 a typical ridge structure is shown.

At RHIC, the ridge first appeared in Au—Au collisions, where STAR Collaboration
[98] and PHOBOS [99] detected unexpected long-range, near-side correlations extend-
ing over large pseudorapidity ranges. This distinctive correlation was later termed the
"ridge" due to its continuous structure along the pseudorapidity axis. Early interpreta-
tions linked it to collective behaviors in the QGP, as hydrodynamic models—describing
the flow of particles in a nearly perfect fluid state—could partly explain these patterns.
The RHIC results thus hinted that the QGP formed in heavy-ion collisions behaves like
a low-viscosity fluid. With the LHC’s higher collision energies in 2010, pronounced
ridge structures emerged in Pb—Pb collisions, intensifying the observable effects of col-
lective flow. The CMS [46], ATLAS [100], and ALICE [47] collaborations all reported
these enhanced ridge correlations, further supporting a connection between the ridge

and collective behavior associated with the QGP. In a surprising development in 2012,
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FIGURE 4.14: Ridge structure from pp collision at /s = 13 TeV with ALICE
in high-multiplicity class. Picture from Ref. [97].

CMS identified a ridge pattern in high-multiplicity pp collisions [45], while it appeared
to be absent under minimum-bias ' triggers and at low pt; however, it becomes visible
at higher pr. Under high-multiplicity triggers %, the ridge-like feature appears across
both low and high pt ranges. Soon after, similar findings emerged in p—Pb collisions
[46, 47, 100]challenging assumptions that QGP effects only occur in large collision sys-
tems.

Theoretical interpretations of the ridge phenomenon attribute its origin to a combi-
nation of initial-state effects and collective behavior. Initial-state models include gluon
saturation and structures described by the Color Glass Condensate framework, while
final-state explanations focus on hydrodynamic flow under high-density conditions,
suggesting that even small systems might exhibit medium collective behavior at ex-
treme energies. Competing theories also invoke mechanisms such as gluonic flux tubes
and other forms of collective phenomena. This duality—the ridge arising from either
initial-state dynamics or final-state flow—remains the subject of intense investigation.
Growing evidence suggests a hybrid explanation, where both mechanisms contribute.
In large systems, the ridge is strongly linked to collective flow driven by hydrodynamic

' A minimum bias trigger is designed to capture a broad and representative sample of collision events,
minimizing selection bias by including events across a wide range of particle production.

A high-multiplicity trigger selectively records events with a large number of produced particles
(high multiplicity), often linked to extreme collision conditions or collective effects.
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expansion. In smaller systems, the debate continues over whether the ridge primarily
originates from initial conditions or emerges from collective behavior at high multiplic-
ity. Very recent experimental results from HERA [101] and LEP [102] have provided
critical insights, though they highlight notable inconsistencies. For instance, ALICE re-
cently reported significant ridge yields in high-multiplicity events [97, 103], contrasting
earlier findings from e'¢” annihilation studies, where no substantial ridge structure
was observed. Similarly, CMS has documented long-range elliptic anisotropies in pp
collisions [104], adding further complexity to understanding ridge formation across

different collision systems.
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Baryon Correlation Puzzle

I hereby declare that the results presented in the following chapter were obtained by the ALICE
Collaboration and are not part of the original work conducted for this thesis.

In this chapter, the primary motivation behind initiating this work will be explained in
detail.

5.1 Baryon and Meson Correlation functions

Recent results from ALICE on correlation functions in angular space (Ay,Ag)
for mesonic and baryonic pairs have been highly significant, particularly in ad-
vancing the understanding of baryon production mechanisms. The correlation
functions—discussed in the previous chapter—are shaped by various physical phe-
nomena, each contributing uniquely to their form. This results in distinct behavior
for each particle pair analyzed. The study of pp collisions at /s = 7 TeV, conducted
with the ALICE experiment at the LHC [4], investigated correlations among like-sign
and unlike-sign pions, kaons, and protons. As shown in Fig. 5.1, a near-side peak is
observed for all particles, except for like-sign protons, with varying magnitudes.

For like-sign pions, the primary contributors to the near-side peak are minijets and
Bose-Einstein quantum statistics. In contrast, for unlike-sign pions, the peak arises
from a combination of minijet contributions and Coulomb interactions. While the peak
for unlike-sign pions appears smaller in magnitude compared to like-sign pions, it is
mainly a difference in the scale along the z-axis. However, the peak for unlike-sign
pions is still smaller in magnitude when compared to that of unlike-sign kaons. This

difference can be attributed to the fact that multiple physical phenomena contribute
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FIGURE 5.1: Correlation functions AyA¢ for unlike-sign pairs of pions,
kaons, and protons (top row) and like-sign pairs of pions, kaons, and pro-
tons (bottom row). Picture from Ref. [4].

to the near-side region for kaons, including minijets, Coulomb interactions, and res-
onances such as ¢, which decay into K"K~ pairs. Notably, local strangeness conser-
vation plays a crucial role by increasing the statistics for the creation of K"K pairs,
as it ensures a balance of strange quarks before and after the interaction. This mecha-
nism further strengthens the correlation for unlike-sign kaons. For like-sign kaons, the
near-side peak is smaller in magnitude compared to unlike-sign kaons, which can be
attributed to the absence of resonances and Coulomb repulsion. The main contribu-
tions to the near-side peak for like-sign kaons come from minijets, and Bose-Einstein
effects. In the case of unlike-sign protons, a pronounced near-side peak is observed,
although it is smaller in magnitude than that for unlike-sign kaons due to the absence
of resonances. The main contributions to the near-side peak for unlike-sign protons are
minijets and the local conservation of baryon number, which ensures an enhancement
of the near-side correlation for unlike-sign proton pairs, consistent with expectations
based on conservation laws. In contrast, like-sign protons reveal a novel anticorrela-
tion, appearing as a dip at AyAg¢ ~ (0,0). Notably, this dip is accompanied by a narrow
peak at the center, attributable to strong interaction effects.

The findings were compared with specific Monte Carlo models in Fig. 5.2, includ-
ing PYTHIAG6.4 Perugia-0, Perugia-2011 [105, 84], PYTHIAS [67, 106], and PHOJET
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[107], which are designed to simulate high-momentum fragmentation (i.e., jets). The
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FIGURE 5.2: Ay integrated projections of correlation functions for unlike-

sign pairs of pions, kaons, and protons (top row) and like-sign pairs of

pions, kaons, and protons (bottom row). The ALICE data are represented

by the black circles, while the dashed colored lines are the Monte Carlo
models. Picture from Ref. [4].

Monte Carlo (MC) models provide a reasonable description of the experimental re-
sults for mesons. However, it is important to emphasize that none of these models
include quantum-statistical effects. Consequently, the near-side correlation strength
for identical pions and kaons is expected to be weaker in the models compared to the
experimental data. Both PYTHIA6.4 tunes, Perugia-0 and Perugia-2011, yield results in
good agreement with the observations: Perugia-0 shows better performance for pions,
while Perugia-2011 provides more accurate results for kaons. While the models suc-
cessfully replicate meson correlation functions, they show significant limitations when
applied to baryon correlations. For pp pairs, the MC models fail to reproduce the data
quantitatively. In the case of pp and pp pairs, the models are unable to capture the
anticorrelations observed in the experimental results, underscoring their inadequacy
in accurately describing baryon interactions.
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These findings suggest the need for modification of particle production mechanisms
and/or modification of fragmentation functions in Monte Carlo models [4]. This could
imply that the models accurately describe the hadronization process but that jet
fragmentation is not the dominant mechanism in particle production for the measured
data, or that the fragmentation mechanisms in PYTHIA and PHOJET are incomplete.
If the latter, this would further suggest an additional, unidentified mechanism that
suppresses the production of multiple baryon-antibaryon pairs within a single

fragmentation event [4].

5.2 The puzzle

Numerous studies have attempted to disentangle the observed anticorrelation, assem-
bling a complex puzzle of potential contributing factors. The main influences explored

in the literature are described below:

* Dependence on transverse momentum;
¢ Coulomb interaction effects;
¢ Fermi-Dirac quantum statistics;

¢ Comparisons with other baryon pairs.

5.2.1 Dependence on Transverse Momentum

ALICE pp Vs =7 TeV, pp+pp pairs
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FIGURE 5.3: Correlation functions for combined pairs of pp+pp for two

transverse momentum intervals (a) 0.5 < pr <1.25GeV/cand (b) 1.25 < pt

< 2.5 GeV/c. Panel (c) shows Ay integrated projections. Statistical (bars)
and systematic (boxes) uncertainties are plotted. Picture from Ref. [4].
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To investigate whether part of the observed anticorrelation is influenced by
momentum transfer during the interaction, the pp+pp sample was divided into two
ranges of transverse momentum: 0.5 < py < 1.25 GeV/c and 1.25 < pt < 2.5 GeV/c.
This momentum dependence was studied because the initial hypothesis for the
anticorrelation was linked to energy conservation effects [3]. If energy conservation
were the dominant factor, it would be expected that higher transverse momentum
(and thus higher energy) would reduce the significance of energy-related effects. As
shown in Fig. 5.3, the results indicate even stronger anticorrelation for particles with
higher transverse momenta, suggesting that energy conservation alone is unlikely to
fully explain the observed behavior. This suggests that other factors, beyond simple
energy conservation, may contribute to the observed anticorrelation.

5.2.2 Coulomb interaction, Fermi-Dirac QS, and other baryons

The study of anticorrelation was further expanded to assess the impact of additional
effects, such as Coulomb interaction and Fermi-Dirac quantum statistics, using pairs
of Lambda particles. Since A particles are neutral, AA and AA pairs are unaffected
by Coulomb interactions. Similarly, pA and pA pairs are non-identical, so Fermi-Dirac
statistics’ do not impact their correlations. As illustrated in Fig. 5.4 and Fig. 5.5, the
anticorrelation remains evident in both particle pairs. This observation suggests that
Coulomb and Fermi-Dirac effects play only a minor role implying that the observed
anticorrelation may be a general feature of all baryon pairs.

5.3 2017 - today

Since the 2017 paper from ALICE [4], many studies were carried out to add more pieces
to the puzzle. In Fig. 5.6, the STAR Collaboration examines the energy dependence of
baryon correlations [85]. The left panel shows that like-sign protons exhibit stronger
anticorrelation at higher beam energies, while the right panel reveals an increased an-
nihilation effect in unlike-sign protons as energy rises.

Following the 2017 ALICE publication, studies of pp collisions at /s = 13 TeV were

conducted. These investigations extended baryon-pair analyses to include correlations

!Fermi-Dirac statistics apply only to identical fermions, suppressing correlations at short distances
due to the Pauli exclusion principle, which prevents two identical fermions from occupying the same
quantum state.
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FIGURE 5.4: AyAg¢ correlation functions for like-sign and unlike-sign
lambda particles. The study is conducted to verify the influence of
Coulomb interaction. Picture from Ref. [4].
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FIGURE 5.5: AnA¢ correlation functions for non-identical proton-lambda
pair particles. The study is conducted to verify the influence of Fermi-
Dirac quantum statistics. Picture from Ref. [4].

involving charged E baryons and identified hadrons [108]. Particular attention was
given to the distribution of strangeness in correlations between the doubly-strange
& baryon and mesons or baryons containing a single strange quark, such as the K
and A particles. By incorporating strange baryons, the analysis aimed to explore how
properties like electric charge, strangeness, spin, and shared quark content influence
the shape of the correlation function.

These studies, which were not feasible at lower energies, are presented in Figs. 5.7

and 5.8. Notably, an anticorrelation is observed for particle pairs with the same baryon
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and unlike-sign (right) protons in Au + Au collisions at mid centrality
30%—-40% and 0.4 < pr < 2.0 GeV/c in different beam energies from 7.7
GeV (top left) to 200 GeV (bottom right). Picture from Ref. [85].
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FIGURE 5.7: Per-trigger yields in (Ay, A¢) for Ep (left), EA (middle), and
EZ (right) particle pair with the same baryon number, measured in pp
collisions at /s = 13 TeV. Picture from Ref. [108].

number. HERWIG 7 [109, 110], which incorporates its color reconnection model along
with a mechanism for non-perturbative gluon splittings—essential for describing
strangeness enhancement through the production of s3 pairs—appears to reproduce
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FIGURE 5.8: Correlation functions for Ep, EA, and EE pairs, as a func-
tion of Ag (|Ay| < 1). Black circles and grey squares denote opposite-
and same-baryon-number correlations, respectively, with their difference
(OB-SB) shown in the lower panels. Error bars indicate statistical un-
certainties, while shaded boxes show systematic ones. ALICE data are
compared to model predictions: PYTHIA 8 Monash (blue), PYTHIA 8
with junctions (green), junctions and ropes (yellow), EPOS-LHC (red), and
HERWIG 7 (pink). Picture from Ref. [108].

this behavior qualitatively. Conversely, various tuned versions of PYTHIA 8 fail to
reproduce the observed baryon anticorrelations, as shown in Fig. 5.9 for pp and pp
pairs, as well.

From the theory side, a lot of improvements have been made. In 2019, T. Sjostrand,
a key figure behind the Lund model and the PYTHIA Monte Carlo generator,
highlighted unresolved questions surrounding baryon production in proton-proton
collisions. He cited that “the real problem is baryon production [...] it is clear we still lack
some fundamental insight on baryon production, at least in the string context” [112]. His
remarks pointed to the need for deeper understanding, particularly in the context of
high-multiplicity events. Other studies were made within the AMPT model [113],
in which a detailed analysis of two-baryon correlations suggested that the observed
baryon-baryon and antibaryon-antibaryon anticorrelations in pp collisions stem
from a combination of factors like initial parton-level correlations, quark coalescence,
and finite parton system expansion. Recent advancements within the PYTHIA
framework introduced two specific modifications to address baryon anticorrelation
phenomena [114]. The first modification, the “one-baryon” policy, restricts a single

string from producing more than one baryon, eliminating forward correlations but
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FIGURE 5.9: AnA¢ correlation functions for like-sign pions, kaons and,

protons in pp collision at /s = 13 TeV. PYTHIA8 model, represented by the

black line is not able to reproduce the anticorrelation for like-sing protons.
Picture from Ref. [111].

reducing the total baryon yield. The second, the “always-baryon” policy, ensures
that every string break produces a baryon, compensating for the reduced yield and
achieving better alignment with experimental results. These adjustments suggest
that previously unaccounted-for Pauli-exclusion principle effects at the quark level
could be responsible for the discrepancies between experimental data and existing
string-based models. Another recent study [115] explored the role of gluon kinks
in PYTHIA simulations, proposing that suppressing these kinks could reduce the
(mini-)jet-like correlations observed in the model, further refining its accuracy.

These theoretical developments and the experimental results underscore the intri-
cate nature of baryon production and correlations in proton-proton collisions. They
highlight the interplay of initial-state effects, hadronization processes, and the poten-
tial emergence of partonic matter in small collision systems. To address these open
questions, this thesis presents a detailed examination of correlation functions across
various multiplicity classes for three different collision systems (pp, p—Pb, and Pb-Pb)

aiming to provide fresh insights into particle production mechanisms and the origin of
baryon anticorrelations.
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5.4 What next?

The motivation for this thesis has been thoroughly outlined, establishing the founda-
tion for studying two-particle correlation functions across different collision systems.
The primary objectives are twofold: to compare these correlations among the three
systems to uncover and better understand the underlying physics, and to analyze
different multiplicity classes, enabling comparisons based on dNg,/dn values across
systems. This multiplicity-dependent study is critical for understanding how angular
correlations evolve with varying event activity.

The multiplicity dependence of angular correlations offers valuable insights for
refining event generators and improving theoretical models, aiming to capture the
complexities of high-energy collisions more accurately. High-multiplicity events,
characterized by a larger number of multi-parton interactions (MPIs), provide a
richer environment for exploring subleading color effects, such as color reconnection.
In high-multiplicity scenarios, the finite number of color states in QCD becomes a
constraining factor, increasing the likelihood of interactions between partons and
amplifying the role of color reconnection. This enhances the formation of baryonic
clusters or strings as more partons, moving in similar directions, combine effectively.
In contrast, low-multiplicity events, with fewer MPIs and partons, exhibit weaker
color reconnection effects and fewer opportunities for such interactions. These
contrasting behaviors across multiplicity classes are essential for a comprehensive
understanding of the mechanisms driving high-energy collisions.

In the next part of this thesis, the analysis will focus on the correlation function in
small collision systems, such as pp and p-Pb collisions, across different multiplicity
classes for pions, kaons, and protons of like and unlike charge. The pp collision analy-
sis will be extended from 4 multiplicity classes to 13, incorporating events triggered by
a high-multiplicity trigger. The study will include the Pb—Pb collision system, where
the selected particle pairs will be analyzed across 7 centrality classes. Finally, a compre-
hensive comparison among the three systems will be performed to uncover underlying
similarities and differences. Details regarding the applied cuts and particle selection

criteria are provided in full.



Chapter 6

LHC at CERN

The Large Hadron Collider (LHC) [116] at CERN, near Geneva on the Swiss-French
border, is the world’s most powerful particle accelerator. This facility was designed
to collide protons and lead ions at energies of up to /s = 14 TeV for proton—proton
collisions and /sNyN = 5.52 TeV for lead-lead collisions, although these target energies
have been gradually approached over time.

The LHC occupies a 27-kilometer ring-shaped tunnel buried approximately 100
meters underground. Inside, two beams of particles circulate in opposite directions
within separate beam pipes at nearly the speed of light. The beams are directed to col-
lide at specific points along the ring, where four main experiments—ALICE, ATLAS,
CMS, and LHCb—are positioned to detect and analyze the particles created in these
high-energy interactions.

The LHC’s journey began on September 10, 2008, when it circulated its first proton
beams. However, a malfunction in a magnet circuit shortly afterward led to a tem-
porary halt. Following repairs, the accelerator resumed operations in 2009, and on
March 30, 2010, it achieved its first high-energy collisions at /s = 7 TeV. During Run 1,
the maximum energy reached was /s = 8 TeV in pp collision and /syn = 2.76 TeV in
Pb-Pb collision as a precaution following the initial incident. After the first Long Shut-
down, the LHC was upgraded to handle higher energies, reaching /s = 13 TeV during
Run 2. A further upgrade took place from 2019 to 2022, which enabled the LHC to set
anew record in 2022 with Run 3, where pp collisions reached +/s = 13.6 TeV and Pb-Pb
collisions attained /snn = 5.36 TeV.

An overview of the LHC and the entire CERN accelerator complex is shown in
Fig. 6.1. Several smaller accelerators serve as essential intermediate stages for gradu-
ally accelerating particles before injecting them into the LHC. These accelerators also
support their own independent and successful research programs, contributing valu-

able findings across various areas of particle physics.
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CERN's accelerator complex
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FIGURE 6.1: CERN accelerator complex. Picture from Ref. [117].

6.1 ALICE experiment

ALICE, or "A Large Ion Collider Experiment", is one of the four main detectors at
CERN'’s LHC, located near Saint Genis-Pouilly, France. ALICE is specially designed to
study heavy-ion collisions, primarily involving lead (Pb-Pb) nuclei, to recreate and an-
alyze a unique state of matter that existed just after the Big Bang, the QGP. ALICE also
conducts pp and p—Pb collision studies. These serve as crucial benchmarks, providing
comparative data to better interpret the results of heavy-ion collisions and enhance our
understanding of QGP formation and the strong force governing nuclear matter.
ALICE’s advanced detection systems and international collaboration of over 1.800
scientists allow it to probe the early universe’s conditions, offering deep insights
into the fundamental structure of matter and the nature of strong interactions under
extreme temperatures and densities. Figure 6.2 shows the ALICE experiment along
with its various subdetectors. The detector is an impressive structure, measuring 16

meters in height, 16 meters in width, and 26 meters in length. A key feature of ALICE



6.1. ALICE experiment 71

THE ALICE DETECTOR j . a. ITS SPD (Pixel)
R % b. ITS SDD (Drift)
sematiaw v avh mm oA a VAN 1 . c. ITS SSD (Strip)
< d. VO and TO
e. FMD

3

1. ITS

2. FMD, TO, VO

3. TPC

4. TRD .
5. TOF @
6. HMPID \.
7. EMCal

8. DCal

9. PHOS, CPV

10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17.AD

18.zZDC

19. ACORDE

FIGURE 6.2: The ALICE experiment at LHC. Picture from Ref. [118].

is its outstanding tracking and particle identification capabilities, which span a wide
momentum range—from just a few MeV/c up to 100 GeV/c. This extensive range

enables the study of a broad spectrum of physics, from "soft" to "hard" interactions.

This work relies on several key detectors, detailed in the following paragraphs. The
VO detector determines multiplicity classes, which are crucial for event categorization.
At the heart of the central barrel, the Inner Tracking System (ITS) plays a pivotal role
in track reconstruction. The Time Projection Chamber (TPC) supports both track re-
construction and particle identification, with the Time of Flight (TOF) detector further
enhancing the resolution of particle identification. These detectors collectively form
the basis of the analyses conducted in this study.

6.1.1 VO detector

The VO detector, also referred to as VZERO, is a pair of forward scintillator arrays lo-
cated symmetrically on either side of the interaction point, with one array covering
the A side (2.8 < # < 5.1) and the other the C side (-3.7 < 7 < =1.7) [119]. These
arrays, called VOA and VOC, are composed of two disks of plastic scintillator tiles, each
modestly segmented into eight sections and read out via optical fibers, as is illustrated
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in Fig. 6.3. The detector’s pseudorapidity coverage ensures that both sides of the in-
teraction point are adequately measured. However, due to the lower segmentation
of the scintillator arrays, each segment registers a higher average number of hits, as

each segment covers a larger area. The VZERO system is important in event trigger-

FIGURE 6.3: Segmentation of the VOA/VOC arrays. Picture from Ref.
[119].

ing and particle multiplicity measurements in ALICE. It provides minimum-bias (MB)
triggers for the central barrel detectors during both pp and Pb—Pb collisions by detect-
ing events with varying numbers of charged particles, ranging from single-particle to
high-multiplicity interactions. Additionally, it measures charged-particle multiplicity
based on the energy deposited in the scintillators. By utilizing simulations, the rela-
tionship between the total charge collected in specific VZERO rings and the number
of primary particles emitted into the corresponding pseudorapidity ranges is deter-
mined. This allows the calculation of charged-particle multiplicity, d N, /dy, in eight
pseudorapidity bins, each corresponding to a VZERO ring [120].

A key function of the VZERO system is to deliver the Level 0 (LO) centrality trig-
ger by applying energy thresholds, while also suppressing background signals, such
as those from asymmetric beam-gas events or secondary particles originating in the
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vacuum chamber. Although its timing resolution of approximately 0.6 ns limits its
precision for determining the interaction vertex or event timing, it is highly effective in
background rejection and enhances the performance of the di-muon arm. The VZERO
also contributes to reaction plane determination and anisotropic flow studies, which
are crucial for understanding the collective behavior of the matter created in heavy-ion
collisions. With its reliable design and ability to operate in high-radiation environ-
ments, the VZERO detector remains an essential component for data collection and
analysis in ALICE.

6.1.2 Inner Tracking System

The ITS [121] is located in the center of the ALICE detector. It plays an important role in
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FIGURE 6.4: Layout of the ITS. Picture from Ref. [122].

determining the primary vertex with a resolution better than 100 micrometers, which
is essential for accurate event reconstruction. Additionally, the ITS helps in recon-
structing secondary vertices necessary for analyzing the decays of charm hadrons and

hyperons. It also enables the tracking and identification of low-momentum particles,
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while enhancing the momentum and angular resolution for particles reconstructed by
the TPC [122].

For LHC Runs 1 and 2, the ITS consisted of six cylindrical layers, see Fig. 6.4, in-
corporating two layers each of Silicon Pixel Detectors (SPD), Silicon Drift Detectors
(SDD), and Silicon Strip Detectors (SSD). This design provides high-precision track-
ing and vertex measurements, which are vital for studying the particle interactions in

heavy-ion collisions.

6.1.2.1 Silicon Pixel Detectors

The ALICE SPD [123] is an integral part of the ITS and consists of two barrel layers
positioned at radii of 3.9 cm and 7.6 cm, each with an active length of 28.3 cm along
the beamline, offering excellent tracking coverage close to the interaction point. The
detector is designed to operate in high-charged particle environments with particle
densities greater than 50 particles per square centimeter, requiring excellent spatial
resolution and granularity. To achieve this, the SPD features a fine pixel pitch of 50 ym
x 425 ym, with a total of 8,192 pixels arranged in a matrix of 256 rows and 32 columns
per chip. This arrangement provides a spatial resolution of approximately 12x100 ym
in the radial (r¢) and longitudinal (z) directions, essential for resolving fine details in
particle tracks. The pixel design allows for precise measurement of transverse momen-
tum, benefiting from the low material budget of the detector, with a combined thick-
ness of 350 ym for the silicon sensor and its readout chip, ensuring minimal multiple
scattering and preserving particle track accuracy. The SPD was constructed to endure
the high-radiation environment near the interaction point, ensuring its reliability and
longevity during long-term operations at the LHC. Its two layers cover pseudorapidity
ranges of |77| < 2 for the inner layer and |57| < 1.4 for the outer layer, providing optimal
coverage for particles in the central and forward regions of the detector.

In summary, the SPD’s combination of high granularity, fine resolution, low mate-
rial budget, and robustness against radiation makes it an indispensable tool for study-
ing the intricate dynamics of particle interactions in the ALICE experiment at the LHC.
This robust design renders the SPD a pivotal component for the investigation of intri-
cate particle dynamics in ALICE.
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6.1.2.2 Silicon Drift Detectors

The Silicon Drift Detectors (SDDs) [123] is situated between the SPD and the Silicon
Strip Detector (SSD). The detectors comprise two layers, situated at approximately 15
cm and 24 cm from the beamline. Each detector module is rectangular in design, with
dimensions of 7.5 cm (anode) x 7.0 cm (drift) x 300 ym (thickness). The detector’s sen-
sitive regions are segmented into 256 anodes with a pitch of 294 ym and 292 cathodes
with a pitch of 120 ym, allowing for fine granularity and precise spatial resolution. The
SDDs use drift-time measurements to accurately determine the transverse position of
incoming particles, with the anode segmentation contributing to the longitudinal po-
sitioning. This design achieves a spatial resolution on the order of 35 X 25 ym in the
radial (r¢) and longitudinal (z) directions. By analyzing the drift time and energy de-
position in each pixel, the SDDs enable precise tracking of low-momentum electrons,
in particular, through enhanced particle identification capabilities. The SDDs are sen-
sitive to small ionization signals, which are crucial for detecting low-momentum parti-
cles, making them invaluable for various physics analyses, including electron tracking
and particle identification. In addition, the SDDs play a crucial role in track reconstruc-
tion. They bridge the gap between the SPD and SSD, providing highly detailed infor-
mation on particle trajectories and enabling the reconstruction of continuous tracks
starting from the collision point. This functionality is vital for measuring transverse
momentum and reconstructing complex particle interactions. The SDDs are also key
to vertex reconstruction. They work alongside other ITS layers to determine the pre-
cise location of primary and secondary vertices, which is essential for understanding
particle decay processes and improving the accuracy of tracking measurements.
Overall, the SDDs contribute to the tracking performance of the ITS by offering ex-
cellent precision and granularity, essential for accurate particle tracking and momen-

tum measurements across a wide range of collision events.

6.1.2.3 Silicon Strip Detectors

The SSD [123] is situated at the outermost layer located at radii of approximately 24
cm and 38 cm from the beamline. The SSD plays a crucial role in enhancing track re-
construction by providing precise measurements of particle trajectories, particularly in
the outer regions of the ITS, and is essential for achieving high-quality tracking over a
broad range of pseudorapidities. The SSD covers the acceptance range of || < 0.97,
facilitating accurate tracking in the region beyond the SPD and SDD detectors. The
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SSD is composed of a 1698 modules, each one consisting of a 1536-strip double-sided
silicon sensors. These are designed to provide excellent resolution in the transverse
plane, with each sensor module comprising single-sided strips with a pitch of 95, ym.
The strips are oriented along the radial direction of the detector, with each strip repre-
senting a precise measurement of the transverse position of the incoming particle. The
spatial resolution of the SSD is primarily determined by the strip pitch and the preci-
sion of the readout electronics. With a strip pitch of 95 ym, the transverse resolution
is typically 60-100 ym, while the resolution on the longitudinal side is about 800 ym.
This resolution allows for high-precision tracking, providing an essential contribution
to the reconstruction of particle tracks, particularly in heavy-ion collisions, where the
particle multiplicity is high. In addition to particle tracking, the SSD, as for the SPD
and SDD, plays a key role in vertex reconstruction by contributing to the determina-
tion of primary and secondary vertex positions with high accuracy. This capability
is particularly critical for studying decays of short-lived particles and reconstructing
particle interactions in heavy-ion collisions. By linking the tracks from the inner layers
of the ITS (SPD and SDD) to the TPC, the SSD provides continuous, high-resolution
measurements of particle trajectories across the entire ITS. This integration is essential
for improving the precision of momentum measurements and particle identification,
particularly in high-density collision environments.

Overall, the SSD contributes significantly to the tracking performance of the ITS,
offering exceptional spatial resolution and precise measurements of particle trajecto-
ries. This makes the SSD an indispensable component for particle tracking, momen-
tum measurement, and vertex reconstruction in the ALICE experiment, particularly in

the challenging environment of heavy-ion collisions.

6.1.3 Time Projection Chamber

The TPC of ALICE, shown in Fig. 6.5, is located in the central barrel, just beyond the
ITS. It features a cylindrical structure extending from 85 cm to 247 cm from the inter-
action point and covers a pseudorapidity range of || < 0.9. It is a gas detector with
an effective volume of 90 m3, filled with a Ne — CO; — N, gas mixture. A drift field of
100 kV is maintained between the central electrode, located at the centre of the detec-
tor (z = 0), and the two reading planes at z = +2.5 m. As the largest TPC ever built, it
serves as a high-granularity 3D tracker capable of reconstructing thousands of charged

particle tracks in the extreme environment of heavy ion collisions. When a charged par-
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FIGURE 6.5: A schematic layout of the ALICE Time Projection Chamber.
Picture from Ref. [124].

ticle passes through the TPC, it ionizes the surrounding gas, releasing electrons along
its path. These electrons drift toward the readout planes under a uniform electric field,
with their drift velocity carefully calibrated. The time it takes for the electrons to reach
the readout plane, known as drift time', determines the particle’s position along the
z-axis (the beam direction). The readout plane records the transverse (x, y) coordinates
of the particle’s path based on where the electrons hit. The readout plane of the TPC
consists of 570132 pads, arranged in a grid with three different pad sizes. These pads
form the cathode of multi-wire proportional chambers located at the TPC end caps.
The end caps are divided into 18 trapezoidal sectors, each optimized for track den-
sity by splitting them radially into two chambers, each with varying pad sizes. The
pads are arranged in 159 radial rows. The detector operates in discrete time intervals,
capturing signals as the electrons drift toward the end caps. The signal strength is pro-
portional to the number of electrons, allowing the TPC to track the particle’s path with
sub-millimeter precision. By combining the signals from successive time intervals, the
TPC reconstructs the 3D trajectory of the particle. In addition to track reconstruction,
the TPC plays an important role in particle identification, as explained in detail in the
6.2 section.

!The total drift time of the electrons is about 100 us. A dead time of about 200 ys is then applied to
neutralize the environment of electrons that can distort the amplification region by drifting back to the
barrel after reaching the end plates. This results in a total time of about 300 ys per read operation.
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6.1.4 Time-of-Flight

The TOF detector is situated in the central barrel of the experiment, encircling the Tran-
sition Radiation Detector (TRD)Z, which lies between the TPC and the TOF. The TOF
covers a pseudorapidity range of |77] < 0.9 and extends radially from 3.7 to 3.99 meters
from the beam axis. The TOF detector is composed of a cylindrical array of Multi-gap
Resistive Plate Chambers (MRPCs), which serve as highly efficient detection elements.
When a charged particle passes through an MRPC, it ionizes the gas inside, creating
an electron avalanche. The resulting electrical signals are collected by readout elec-
trodes to precisely measure the particle’s time of flight. The MRPCs are optimized
for fast timing and excellent spatial resolution, achieving an intrinsic time resolution
of approximately 80 ps. They are arranged to provide full azimuthal coverage and
a wide pseudorapidity range, enabling comprehensive particle identification across
the central barrel of the detector. This timing information, combined with momentum
measurements from the TPC, allows the TOF system to accurately distinguish between
particles of different masses.

6.2 Particle identification

Particle identification (PID) is one of the most important features of the ALICE
detector, which, unlike other experiments, offers very high resolution due to the use
of both the TPC and TOF detector.

The TPC provides precise information on particle momentum, charge, and energy
loss (dE/dx). By measuring the specific energy loss (dE/dx), the TPC can distinguish
between particle species based on their velocity and charge, as described by the Bethe-
Bloch formula

2 2
Z ,3 2
dE/dx) = A1 -—=|In| A, - - , 6.1
(dE/dx) 1ﬁ2{(21—[32)ﬁ} (6.1)
where A ; are constants depending on the properties of the material (gas), while z and
B are the charge number and velocity of the particle. The ionisation electrons produced

by the passage of a charged particle drift towards the end plates of the TPC under the

>The Transition Radiation Detector is used for electron identification and jet triggering, delivering a
trigger decision in about 7 microseconds. Since this analysis focuses on charged particles identified as
pions, kaons, and protons, the TRD is not discussed in detail in the main text.
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influence of an electric field. These electrons carry information about the particle’s
relativistic momentum, which can be expressed as:

p= P 62)

N
where m corresponds to the rest mass of the particle. The final energy loss dependence

on momentum and mass can be then described:

2

dE/dx) = A, - 22 m2+p21 A r P 6.3
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Eq. 6.3 implies that the average measured energy loss, as a function of the momentum
has different functional shape depending on the mass of the particle. This property
is used to determine the mass, and consequently species, of the particle based on its
measured momentum and energy loss. The Bethe-Bloch curves for the TPC, together
with (dE/dx) measurements from Pb-Pb collision at /sy = 5.02 TeV are shown
in Fig. 6.6. The black curves represent theoretical predictions for the energy loss of
different particle species based on their mass. The 2D histogram shows recorded
tracks characterized by their measured energy loss and momentum. Due to detector
resolution effects, the measured energy loss may deviate slightly from the expected
values, forming a band around the theoretical predictions. At higher momenta, the
energy loss bands for different particle species overlap, making identification less reli-
able. In such cases, additional information from other ALICE sub-detectors is required.

The primary purpose of the TOF system is to measure the time a particle takes to
travel from the interaction point to the detector. Since particles with different masses
and momenta travel at different velocities, this measurement directly provides the par-
ticle’s velocity, enabling effective particle identification. The precise detection time of
these signals allows for an accurate calculation of the particle’s time of flight, ttor. The
measured ttoF is then compared with the expected time for a particle traveling at the
speed of light, enabling the determination of its velocity. Using momentum measure-
ments from the TPC or ITS, the particle’s mass can be calculated through the relativistic

relation: !
v
p=c=p— (64

¢ troF’
Here, L is the known distance traveled by the particle, and ttop is its measured time of
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FIGURE 6.6: The energy loss as a function of momentum over charge, as
measured by the ALICE TPC from Pb-Pb collisions at /sy = 5.02 TeV.
Picture from Ref. [125].

flight. This method is particularly effective at distinguishing particle species such as
pions, kaons, and protons, especially in the intermediate momentum range. Figure 6.7
illustrates an example of particle velocity () as a function of momentum for species
detected in Pb-Pb collisions at /syn = 5.02 TeV. The figure demonstrates the ability
of the TOF system to separate particles based on their unique velocity profiles. Due
to its placement at a considerable distance from the interaction point, not all particles
reach the TOF detector. Low-momentum particles, in particular, may be absorbed or
bent back into the TPC due to magnetic field effects. Consequently, the TOF system is
typically employed for particle identification in the higher momentum range, where

the TPC alone lacks sufficient resolution to differentiate between particle species.
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TOF B

FIGURE 6.7: Particle velocity B as a function of momentum detected by
TOF detector from Pb-Pb collision at /sy = 5.02 TeV. Picture from Ref.
[125].

6.3 Software environment

This study analyzed data from ALICE Run 2 for various collision systems. For pp
collisions at /s = 13 TeV, data collected during 2016, 2017, and 2018 were utilized. The
analysis of p—Pb collisions at \/sNN = 5.02 TeV was based on data from 2017, while the
dataset from 2015 was used for Pb-Pb collisions at \/snn = 5.02 TeV.

The data for this analysis were stored in AOD (Analysis Object Data) files, which
have been optimized for efficient access and analysis. The AOD format retains the
information necessary for this analysis from the ESD files. These latter contain the
complete reconstruction information, which is not required for the majority of studies.
Therefore, the processing of this complete data format is not justified from a resource
point of view. Due to their large size and high resource requirements, ESD files are
filtered into smaller, leaner AOD files.

Both ESD and AOD files are analyzed using the AliRoot framework, which is an
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extension of the ROOT framework. This framework was developed with the specific
intention of addressing the simulation, reconstruction, and analysis requirements of
ALICE. AliRoot, written in C++, utilizes the object-oriented programming paradigm to
provide a modular and flexible environment. It integrates large existing libraries, such
as GEANT 3 [126], GEANT 4 [127], FLUKA [128], and JETSET [129], along with other
pre-existing codes, to simulate particle interactions and detector responses. AliRoot
is used not only for data acquisition but also for simulation and event reconstruction.
This publicly available software framework serves as the backbone of the ALICE data
processing pipeline, enabling complex analyses across the collaboration. For this spe-
cific analysis, the code is developed in the AliFemto and AliFemtoUser sections within
the ALICE analysis framework, AliPhysics, available in the AliPhysics GitHub repos-
itory [130]. The management of the substantial quantity of data generated presents a
considerable challenge, as no single entity is capable of supplying the requisite com-
puting power or storage capacity. In order to meet these demands, ALICE has adopted
a grid computing infrastructure, namely the ALICE Grid Environment (AliEn). Grid
computing builds upon the concept of the World Wide Web (WWW), facilitating the
sharing of computational resources and data storage, as well as information. In this
system, computing centres from diverse institutions collaborate by connecting to a
global Grid network. Data generated by the experiment are distributed to these cen-
tres in accordance with their storage and computing capabilities. Scientists conducting
the analysis can send their work without concern for the physical location of the data.
The Grid infrastructure oversees task allocation and data access, ensuring the optimal
utilisation of resources. To oversee and enhance this extensive system, ALICE em-
ploys MonALISA, a real-time instrument for monitoring the performance and activity
of computing nodes within the Grid. MonALISA provides a comprehensive overview
of the Grid, showcasing the geographical distribution and operational status of the
computing centres that are connected to the ALICE Grid. As illustrated in Fig. 6.8, this
distributed Grid encompasses institutions from across the globe, collectively fulfill-
ing ALICE’s computing requirements. By integrating the AliEn framework with Grid
technologies, ALICE ensures the efficient management and analysis of its extensive
datasets. This infrastructure enables scientists from diverse locations to collaborate
seamlessly, accessing and processing data as needed to advance physics research.
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MonALISA Repository for ALICE U””AL”A

FIGURE 6.8: The MonALISA system provides a real-time overview of the

ALICE GRID network. On its interactive map, dots represent the locations

of computing centers worldwide that are part of the ALICE GRID infras-

tructure, which facilitates data storage and analysis for the experiment.

The color of each dot indicates the current operational status of the corre-
sponding computing center.






Chapter 7
Data analysis

In the following chapter, I declare that 1 have performed the quality control procedures for
the selection of pions, kaons, protons, and their antiparticles. I have defined and finalized
the analysis settings, ensuring strict selection criteria. Furthermore, I have conducted the
procedures for purity, efficiency, and correction. All these analysis steps were carried out using
data from pp, p—Pb, and Pb—Pb collisions within the framework of the ALICE collaboration.

This chapter provides a detailed description of the event selection, track selection,
and particle identification processes for like-sign and unlike-sign pion, kaon, and pro-
ton pairs in pp, p-Pb, and Pb-Pb collisions. To enable meaningful comparison across
these collision system:s, it is essential to apply consistent selection criteria for events

and tracks.

7.1 Event Selection

The data were recorded using both minimum bias (MB) and high multiplicity (HM)
triggers. The MB trigger captures all inelastic interactions within the detector, being
activated when coincident hits from charged particles are detected in both the VOA
and VOC systems. In contrast, the HM trigger is based on the multiplicity of hits in
the outer layer of the SPD, with a typical threshold of 80-100 hits. This trigger is par-
ticularly useful for studying rare phenomena, such as charged or neutral jets, in pp
collisions. Only collisions with an event vertex within 10 cm from the center of the
detector along the beam axis are accepted to the analysis. Additionally, specific selec-

tion criteria to remove pile-up collisions' were applied. After applying the selection

1Pile—up occurs when multiple collisions happen simultaneously within a single bunch crossing.
These additional collisions can introduce extraneous tracks that interfere with the analysis. To address
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criteria, approximately 1 X 10” events in pp collisions at v/s = 13 TeV, 5 x 10° events in
p—Pb collisions at /syn = 5.02 TeV, and 3 x 10° events in Pb-Pb collisions at VSNN =
5.02 TeV were selected for this analysis.

7.2 Multiplicity and centrality selection

The analysis examines events across various multiplicity and centrality classes to un-
derstand better the complex mechanisms of color reconnection and hadronization in
QCD. High-multiplicity events, which are distinguished by a greater number of mul-
tiparton interactions, create an environment rich in subleading color effects. These
effects are amplified due to the finite number of color states in QCD, making phenom-
ena like color reconnection more pronounced. Color reconnection is crucial for baryon
production, as it influences how partons reorganize themselves during hadronization.
In high-multiplicity events, partons moving in similar directions are more likely to
interact, promoting the formation of baryonic clusters or strings.

The classification of centrality and multiplicity in this analysis follows an estab-
lished framework developed by the ALICE collaboration, as described in [55]. This
scheme ensures consistency across studies by using the same centrality and multiplic-
ity estimators. The Collaboration’s work is trusted to have been done accurately, al-
lowing reliance on their methodology for the analysis.

In A-A collisions, centrality is typically determined by correlating the measured
particle multiplicity distribution with the number of nucleon—nucleon collisions (No1),
as predicted by the Glauber model. For the Pb—Pb analysis in this work, the centrality
classes are defined in intervals of 0-20%, 20-40%, 40-50%, 50-60%, 60-70%, 70-80%,
and 80-90%. The most central events correspond to the 0-20% range, which includes
the highest-multiplicity collisions, while the most peripheral class considered is 80—
90%, as the 90-100% range is excluded due to limited statistics. This classification
enables a systematic study of collision geometry and its effect on particle production,
from nearly head-on interactions, where the overlap region between nuclei is maximal,
to peripheral events, where only a small number of participating nucleons contribute
to the interaction.

In smaller systems such as pp and p—Pb collisions, the relation between multiplic-
ity and Nop is much weaker. This is because particle production in these systems is

this, specialized algorithms and selection criteria devised by the ALICE Data Preparation Group (DPG)
are employed to identify and exclude such events.
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dominated by fluctuations, making it difficult to reliably estimate centrality based on
multiplicity alone. As a result, relying on multiplicity to define centrality in pp and
p—Pb can introduce significant biases. To address this, results for these systems are
typically reported either for the full minimum-bias sample or divided into multiplic-
ity classes, which are not directly linked to N.. In this analysis, pp and p-Pb events
recorded by ALICE are grouped into multiplicity classes as a percentage of the total
inelastic cross-section, such as 0-20%, 20-40%, 40-70%, and 70-100%. Additionally,
the pp collision analysis includes a more granular division of multiplicity classes, ex-
ploiting the high-multiplicity trigger to study rare, extremely high-multiplicity events,

such as those corresponding to the 0-0.17% multiplicity class.

7.3 Track Selection

The analysis uses tracks reconstructed within the kinematic acceptance defined by
ly| < 0.5, with (pr) ranging from 0.2 to 2.5 GeV /¢ for pions, and from 0.5 to 2.5 GeV/c
for kaons and protons. The lower pt selections were selected based on the pt depen-
dence of dE/dx (see Fig. 6.6 in Sec. 6.2), ensuring minimal contamination. Specifically,
for kaons and protons, the minimum pt was set to 0.5 GeV /¢ for two reasons: (i) below
this threshold, the number of kaons and protons is significantly reduced, and (ii) to en-
hance particle identification, where TOF is used for better separation starting from this
pt value.

Particle trajectories were reconstructed using the ITS and the TPC detectors, fol-
lowing a multi-step process using the Kalman algorithm [122]. The tracking process
begins at the outer edge of the TPC, where initial track candidates are found. These
are used as starting points for the fitting algorithm, which moves inward to the center
of the TPC. After that, the ITS takes over and extends the tracks as close as possible to
the primary vertex. The second phase involves tracking from the primary vertex to the
outer edge of the TPC. In the third phase, the track is readjusted to the primary vertex,
tirst using the TPC and then using the ITS.

For a track to be included in the analysis, it must contain at least 70 clusters. Each
cluster corresponds to the ionization signal produced as a particle passes through the
TPC, recorded on a specific pad row. Although the TPC can have up to 159 pad rows,
some clusters may be missed due to detector dead zones or signals below the detec-
tion threshold. Tracks with significant gaps in their trajectory, indicated by large spatial

points where clusters are missing, or tracks associated with false signals are excluded
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from the analysis. The quality of the trajectory is assessed using the chi-square ) per
cluster, with two degrees of freedom per cluster. Tracks with a XZ per cluster greater
than 4.0 are rejected to ensure that only high-quality trajectories are considered. At the
ITS stage, each track must include at least one hit in the SPD. This requirement ensures
that the track is accurately linked to the primary vertex. The SPD’s proximity to the
collision point and its high spatial resolution enable precise tracking of particle posi-
tions. To guarantee that only primary-particle tracks were selected and minimize con-
tributions from the background and secondary particles, a requirement was imposed
that each track must closely approach the primary interaction vertex. This proximity
is quantified using the Distance of Closest Approach (DCA), with specific thresholds
applied depending on the collision system. In pp and p-Pb collisions, the DCA to
the primary vertex was constrained to less than 0.0182+0.0350/(pt/(GeV/ ol em
in the transverse plane corresponded to XY plane and less than 1 cm along the beam
axis. For Pb—Pb collisions, particle reconstruction is based only on information from
the TPC. However, when considering the DCA from the primary vertex, the measure-
ment incorporates both ITS and TPC information. In the transverse plane, the DCA
is constrained to be less than 0.0105+0.0350/(pt/(GeV/ c)_l'l) cm and less than 1 cm
along the beam axis.

Basic quality assurance (QA) plots for the Monte Carlo data from pp collisions at
Vs = 13 TeV, taken during the 2017 period, are shown in Figs. 7.1 and 7.2. The QA
plots are displayed for the highest and lowest multiplicity classes, covering positive
and negative pions, kaons, and protons. In the ¢-y distributions shown in Fig. 7.1,
each entry represents a single particle, with colors indicating the number of entries
within the acceptance, convolved with the detector efficiency. While a uniform distri-
bution in both ¢ and rapidity (y) is expected, specific structures are evident due to the
geometry, efficiency, and intrinsic characteristics of the TPC and TOF detectors. For
pions, the plot on the x-axis stops at 0.5, reflecting the rapidity acceptance and the in-
clusion of TOF in the particle identification (PID) at this point. In contrast, kaons and
protons exhibit higher contamination levels, with their plots extending to 0.7 and 0.9,
where particle counts diminish, as shown by the blue regions. A gap near (0, -1.5) is
visible, attributed to the PHOton Spectrometer (PHOS) partially obstructing the TOF
detector. The QA plots represent the highest and lowest multiplicity classes in pp colli-
sions, corresponding to the 0-20% and 70-100% multiplicity ranges, respectively. The
reduced number of entries in the 70-100% class reflects the smaller number of events

in this category rather than any issue with detector performance.
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FIGURE 7.1: ¢ as a function of y distribution for positive pions, kaons, and
protons in the highest (0-20%) and lowest (70-100%) multiplicity classes
from pp collision at /s = 13 TeV.

Figure 7.2 displays the g—pt distribution, where the z-axis represents the number of
entries in the single-particle distribution. The color scale, ranging from red to blue, in-
dicates the expected particle counts, with higher densities represented in red. Results
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FIGURE 7.2: pr vs ¢ distribution for positive pions, kaons, and protons on

the left column and for negative pions, kaons and protons on the right

column in the highest (0-20%) multiplicity classes from pp collision at
Vs =13 TeV.

are shown for positive and negative pions, kaons, and protons in the highest multiplic-
ity class (0-20%). The influence of TPC sectors is evident, with distinct deviations for
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positively and negatively charged particles due to the magnetic field. For pions within
a pr range of 0.2 to 2.5 GeV /¢, a gap around 0.5 is marked by the inclusion of the TOF
detector in the PID. This feature is absent in the kaon and proton plots because their
pr ranges start at 0.5 GeV/c.

QA checks were conducted on all experimental and Monte Carlo datasets, cover-
ing a range of particle species, collision systems, multiplicity classes, and centrality
intervals. These single-particle distributions provide insight into the complex struc-
ture of the detector efficiency. Specifically, the plots are analyzed for patterns that
could indicate differences in detector acceptance, such as variations between sectors
of the TPC, edge effects, or momentum-dependent features. For example, the trans-
verse momentum dependence arises due to the varying curvature of tracks in the TPC.
These expected patterns are captured in the QA plots. By examining and identifying
the anticipated structures, one can confidently verify the accuracy of the data. How-
ever, if unexpected structures are detected, it suggests potential issues with the data.
In such cases, the data undergoes reanalysis or rejection to maintain the integrity of the
analysis.

Without separating the mixed-event background from the signal, such complexities
would propagate into the correlation functions, as was described in Sec. 4.3.1.

7.4 Particle Identification

Particle identification, detailed in Sec. 6.2, is performed using data from the TPC and
TOF detectors. The PID technique relies on the N, method, where ¢ represents the
uncertainty associated with the measured signal, either from the Bethe-Bloch curve (for
the TPC) or the time-of-flight (for the TOF). Experimentally, the uncertainty has been
found to follow a Gaussian distribution and ¢ is associated with the standard deviation
of the distribution. If the signal from the TPC detector is analyzed, the corresponding
value is N,pc, and if the TOF signal is considered, it is Nytor. The selections used in
this analysis for pp, p—Pb, and Pb—Pb collision systems are as follows:

e particle are accepted:

o pr<0.5GeV/c: Ny = |Nyrpc| <2.0;
o pr>05GeV/c: Ny = \/N2pe + N2 op < 2.0;

e particle are rejected:
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o if the track passes the N, pip < 3 for more than one particle species.

Figure 7.3 show the N,rpc vs NytoF distribution for positive and negative pions,
kaons, and protons from Pb—-Pb collision at \/syn = 5.02 TeV for the highest (0-20%),
middle (50-60%), and lowest (80-90%) centrality classes. The distribution gives us
information about how far the signal of TPC and TOF is from theoretical predictions.

7.5 Two-track particle pairs selections

Pairs of particles emitted from collisions with nearly identical momenta and small an-
gular separations (Ay, A@) = (0,0) are influenced by effects such as track merging and
track splitting. Track merging occurs when two spatially close tracks are mistakenly
reconstructed as a single track, leading to a deficit of close pairs relative to unaffected
pairs [131]. In contrast, track splitting arises when a single track is incorrectly recon-
structed as two closely spaced tracks, resulting in an excess of close pairs compared to
an uncorrelated sample [131]. To mitigate the bias introduced by these effects, a cut
is applied to the track separation, removing affected pairs from both the Signal distri-
bution (correlated pairs) and the Background distribution (uncorrelated pairs) in the
correlation function.

The selections used to eliminate split tracks consist of two components. The first is
the share quality, which measures the difference between the number of clusters shared
by two tracks on the same TPC pad row and the total number of clusters belonging to
those tracks. If the share quality is positive, the tracks share more clusters than they
have individually, indicating a potential splitting issue. The second component is the
share fraction, defined as the fraction of shared clusters relative to the total clusters of
the two tracks. Since split tracks typically share a significant portion of their clusters,
pairs with a share fraction greater than 5% are excluded. These criteria are applied
across pp, p—Pb, and Pb-Pb collision systems to ensure the reliability of the correlation
functions.

In the case of p—Pb and Pb-Pb collisions, where the high density of particles in-
creases the probability of track reconstruction errors, an additional approach, referred
to as the Radial Distance Method, is employed. This method examines the pair’s sep-

aration using specific variables designed to identify problematic pairs.
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FIGURE 7.3: N,tpc Vs Nytof distributions for the Monte Carlo dataset

from Pb—Pb collision system at \/snn = 5.02 TeV for all particle types stud-

ied and for the highest (0-20%), middle (50-60%), and lowest (80-90%)
centrality classes.
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e A¢”, the adjusted angular difference in azimuth, measures how far apart the
tracks are in the horizontal plane. Unlike A¢, which represents the geometric az-
imuthal angle at the vertex, A¢™ accounts for the curvature of particle trajectories
caused by the magnetic field. It is defined as:

Ap™ = Ay — Agp1 = @3 — @1 + arcsin (—0'235;212) — arcsin (—0'235;1{) ,  (7.1)
where ¢ and ¢, are the azimuthal angles of the tracks at the vertex, pr; and pt,
are their transverse momenta, B, is the magnetic field strength in the z-direction,
and R is the radial distance from the collision point where the tracks are mea-
sured. By incorporating these corrections, Ag™ provides a precise description of
the particle trajectories as observed in the detector.

* Anymeasures the separation of the tracks in pseudorapidity space, which is related
to the polar angle.

FIGURE 7.4: Schematic view of the A¢™ angle in the azimuthal space. Pic-
ture from Ref. [131].

The areas where these errors (such as merging or splitting) occur depend on the type
of beam and the detector geometry. Within the ITS, located between 0.2 m and 0.8

m from the collision point, reconstruction errors are minimal and broadly distributed.



7.5. Two-track particle pairs selections 95

At larger distances, from 0.8 m to 2.5 m, corresponding to the volume of the TPC,
these inefficiencies become more significant due to increased track densities and longer
trajectories. To address this, the Radial Distance Method calculates A¢™ for particle
pairs at radial positions ranging from 0.8 m to 2.5 m, with calculations performed at
every 0.01 m increment. For p—Pb and Pb-Pb analyses, the following selection criteria
are applied:

e Ap™ > 0.05 radians.
* Ay 2 0.015 radians.

Figures 7.5 and 7.6 show the correlations between Ag* and Ay for like-sign pions,
kaons, and protons, based on Monte Carlo-reconstructed data. Similar analyses were
also performed for oppositely charged particle pairs.

For like-sign pions, as shown in Fig. 7.5, the white rectangle represents the applied
cuts in Ag™ and Az. These selections ensure that the correlation remains stable across
different radial and multiplicity classes, demonstrating their consistency and reliabil-
ity throughout the TPC volume. Notably, the physical structures near (0,0) persist
across all radii, confirming that the cuts do not inadvertently suppress significant cor-
relation features. This validates the effectiveness of the selection criteria in isolating
the relevant correlation signals. For like-sign kaons and protons, as shown in Fig. 7.6,
the selection criteria have minimal impact on the final correlation function, primarily
due to lower statistics compared to pions. However, the cuts are still carefully opti-
mized to ensure that no meaningful physical structures are lost. Despite the reduced
statistics, the observed correlation features remain intact, confirming that the selections
preserve the underlying physical signals without introducing distortions. Once these
cuts are established, they are applied to both the signal and background distributions
to remove particle pairs that could introduce artificial correlations due to merging or
splitting effects.

In the pp analysis, in addition to the share quality and share fraction requirements
used to mitigate merging and splitting effects, an alternative approach is employed to
address potential impacts on the correlation, such as photon conversion, which pro-
duces a narrow peak. As discussed in Sec. 4.4.5, this arises from track misidentifica-
tion. To mitigate bias, a method called minimum average separation is applied. This
method calculates the invariant mass of an electron-positron pair originating from pho-
ton decay, where the invariant mass is ideally zero. Therefore, pairs with an invariant

mass below 0.2 are discarded. Furthermore, photon conversions occur at the same
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FIGURE 7.5: AyAg@" correlation functions performed for experimental
data from p-Pb collision at /sNN = 5.02 TeV for all multiplicity classes
and for four radii (0.8, 1.2, 1.6, and 2.0) cm for like-sign pions.

pseudorapidity. Although the transverse plane may exhibit a slight angular difference
due to the bending of the magnetic field, the polar angle for both particles should re-
main identical, as there is no reason for their directions to diverge. To further minimize
misidentification and ensure the selected tracks align with the expected characteristics
of photon conversions, a cut on the polar angle difference of approximately 0.008 radi-
ans is applied. This cut is designed to very strictly remove only those particles with a
small difference in Af. This ensures that potential candidates from photon conversion
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FIGURE 7.6: AyAg@" correlation functions performed for experimental

data from p-Pb collision at /syN = 5.02 TeV for the highest and the lowest

multiplicity class and for four radii (0.8, 1.2, 1.6, and 2.0) cm for like-sign
kaons and protons.

are effectively removed. It is important to note that only pairs fulfilling both crite-
ria—the invariant mass cut and the polar angle difference cut—are discarded, thus

ensuring a more stringent selection of tracks.
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7.6 Purity and Efficiency Corrections

7.6.1 Purity

Purity is a measure of how accurately a sample reflects the presence of particles of the
desired type. Specifically, it represents the percentage of correctly identified particles
of the target species (e.g., species A) relative to the total number of particles in the
sample. Mathematically, purity (P) is defined as:

P =1-Cpp, (7.2)

where Cppp (contamination) is the fraction of particles in the sample that do not belong
to species A. A purity of 1 (or 100%) indicates no contamination, meaning every parti-
cle in the sample belongs to the desired species. In simpler terms, the higher the purity,
the "cleaner" the sample, with fewer misidentified or unwanted particles.

To evaluate the quality of PID purity, dedicated Monte Carlo (MC) simulations are
employed, providing detailed information about the particles in each event. This pro-
cess involves comparing Monte Carlo true data with Monte Carlo reconstructed data to de-
rive the purity. The MC true data represents the simulated particle-level information
generated by Monte Carlo event generators, offering a precise depiction of the under-
lying physics processes without being affected by detector resolution, acceptance, or
inefficiencies. The reconstructed MC data are obtained by running the real MC data
through a full detector simulation and reconstruction, replicating the same conditions
and limitations found in the real experimental data. This process begins with parti-
cles from the MC truth sample being propagated through the detector volume and
materials using the GEANT3 [126] transport package. The transport package not only
models the particle transport, but also simulates the detector response at the final stage.
This comprehensive simulation provides a realistic representation of how the particles
interact with the detector, replicating the conditions and limitations found in real ex-
perimental data. In this thesis, the analysis relies on various Monte Carlo generators
tailored to pp, p—Pb, and Pb-Pb collisions, which are detailed in subsequent sections.
These simulations are aligned with the corresponding experimental data and account
for all technical aspects of data acquisition.

PID purity is determined by comparing the distributions (e.g., pr) of particles that
meet the selection criteria and are verified as true pions, kaons, or protons, with the

distribution of all particles passing the same selection requirements, regardless of their
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true identity. This approach enables the evaluation of purity by assessing the selec-

tion’s ability to correctly identify the target particles while minimizing contamination.

7.6.1.1 Purity in pp collisions

Figure 7.7 presents the purity of pions, kaons, and protons obtained using Monte
Carlo reconstructed data from the 2017 period at v/s = 13 TeV, corresponding to the
PYTHIA8_Monash13 generator. For all particle species, the purity of particles is con-
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FIGURE 7.7: Purity distribution as a function of pr using Monte Carlo
reconstructed data from 2017 period from pp collision at /s = 13 TeV.

sistent with that of antiparticles, as evidenced by the similar behavior of filled and
empty markers. The kaon sample exhibits a noticeable dip at 0.5 GeV/c, which can be
attributed to the overlap between the electron and kaon signals in the dE/dx energy
loss plot measured in the TPC, as shown in Fig. 6.6. However, this contamination does
not impact the purity of the sample, as the selected pr range for kaons is between 0.5
and 2.5 GeV/c, effectively excluding the affected region. Additionally, kaons exhibits
lower purity compared to pions and protons, primarily due to contamination from sec-
ondary particles such as pions and electrons, which overlap with the kaon PID region



100 Chapter 7. Data analysis

(as shown in Fig. 6.6 from Sec. 6.2). This contamination occurs during the selection pro-
cess. Despite this, the overall purity remains high, with kaon purity exceeding 98%,

and pion and proton purity exceeding 99%.
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FIGURE 7.8: Contamination levels from pp collision at /s = 13 TeV, in

samples of pions (top), kaons (middle), and protons (bottom), including

contributions from pions, kaons, protons, electrons, and muons. Particles

are represented in red, and antiparticles in blue. Sample purity was eval-

uated within the analyzed pt ranges: 0.2-2.5 GeV/c for pions, and 0.5-2.5
GeV/c for kaons and protons.

The percentage composition of pions, kaons, protons, electrons, and muons in each
particle sample is illustrated in Fig. 7.8. The rows of the histograms correspond to the
pion, kaon, and proton samples, while the columns represent the contributions from
pions, kaons, and protons. Contributions from electrons and muons are negligible.
The histograms are color-coded, with red representing particles and blue representing
antiparticles. The associated values, shown in the same color, indicate the percentage
purity of the observed samples within the selected pt ranges: 0.2-2.5 GeV /c for pions
and 0.5-2.5 GeV/c for kaons and protons. The pion sample shows negligible con-
tamination, whereas the kaon sample exhibits a 2% contamination from pions, which
slightly lowers its purity. The proton sample maintains high purity with minimal con-

tamination.
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7.6.1.2 Purity in p-Pb collisions

Similar results regarding purity and contamination were obtained for p-Pb collisions
at \/sNN = 5.02 TeV, using a reconstructed Monte Carlo dataset from the 2017 period
which corresponds to the DPMJET MC generator. Figure 7.9 illustrates behavior simi-
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FIGURE 7.9: Purity distribution as a function of pr using Monte Carlo
reconstructed data from 2016 period from p-Pb collision at /snny =5.02
TeV.

lar to that observed in the pp analysis, including a drop at 0.5 GeV/c for kaons. How-
ever, this feature is not relevant for the current analysis, as the pt range selected for
kaons begins at 0.5 GeV/c. The figure highlights the high purity levels, which is calcu-
lated within the pr ranges chosen for each particle. For pions and protons an integrated
purity exceeding 99%, while for kaons, the purity gradually decreases at higher pt val-
ues. Overall, as shown in the grid in Fig. 7.10 the kaon sample maintains an integrated

purity above 98%, with approximately 1.5% contamination from pions.
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FIGURE 7.10: Contamination grid of p-Pb samples at /syy = 5.02 TeV
of pions (top), kaons (middle), and protons (bottom), including contri-
butions from pions, kaons, protons, electrons, and muons. Particles are
represented in red, and antiparticles in blue. Sample purity was evalu-
ated within the analyzed pr ranges: 0.2-2.5 GeV/c for pions, and 0.5-2.5
GeV/c for kaons and protons.

7.6.1.3 Purity in Pb-Pb collisions

The particle purity in Pb—Pb collisions was evaluated using a 2017 dataset at \/sNN =
5.02 TeV, simulated with the AMPT model. The purity trends closely resemble those
observed in pp and p-Pb collisions.

For pions, the purity is approximately 97%, with contamination primarily from

muons, which contribute 2.3%. The kaon sample also achieves a purity of around 97%,

with a ~2% contamination from misidentified pions during the PID process. Protons

exhibit the highest purity, exceeding 99%.

These purity and contamination results are summarized in Fig. 7.11 and Fig. 7.12.
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FIGURE 7.11: Purity distribution as a function of pr using Monte Carlo
reconstructed data from 2017 period from Pb—Pb collision at /snn =5.02
TeV.
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cluding contributions from pions, kaons, protons, electrons, and muons.

Particles are represented in red, and antiparticles in blue. Sample purity

was evaluated within the analyzed pt ranges: 0.2-2.5 GeV/c for pions,
and 0.5-2.5 GeV/c for kaons and protons.
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7.6.2 Correction factor estimation

The AyA¢ correlation functions were corrected following a procedure designed to ad-
dress key experimental biases that could influence the analysis results. This correction
process involved comparing Monte Carlo true data with Monte Carlo reconstructed data
to derive the correction factors. Through this comparison, the number of correctly
identified particles and contributions from secondary and primary particles were de-
termined. Using this information, three distributions were obtained as functions of
pt: the tracking efficiency €, the contamination from secondaries Cg, and the correc-
tion factor f. These distributions ensure a robust correction of the correlation func-
tions by accounting for detector effects and particle misidentification. The following
subsections will be organized based on the three analyzed collision systems, with the
corresponding figures provided for the respective distributions.

7.6.2.1 Correction factor in pp collisions

To obtain the proper value of correlation functions unaffected by inefficiencies, a cor-
rection factor, f, is introduced, defined as:

f=— (7.3)

where Cg, represents the contamination from secondary particles, and € is the tracking
efficiency.

The € is the ratio of the number of measured primary particles to the number of
primary particles that would have been measured in an ideal detector:

Nsurvived
primaries

€= (7.4)

generated ’

N,

primaries

The efficiency is shown in Fig. 7.13. At low pr, the efficiency rises steeply with in-
creasing transverse momentum. The observed steep decline around pt ~ 0.5 GeV/c
for identified particles corresponds to the transition where the TOF detector becomes
a contributing factor in the PID process for pt > 0.5 GeV/c.

An interesting observation is that for pions and kaons, the efficiency for like-sign and
unlike-sign particles is very similar. This is evident from the overlapping empty and

tilled markers in the plots. In contrast, protons show a notable efficiency difference
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between particles and antiparticles. This disparity arises because protons experience
greater contamination from material interactions compared to antiprotons, as clearly
visible in Fig. 7.14.
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FIGURE 7.13: Efficiency as a function of pt for pions, kaons, and protons
in pp collisions at /s = 13 TeV.

The Cgec is defined as the ratio of the number of measured secondary particles to

the total number of measured particles:

survived
N, secondaries
. (7.5)
Nsurvived + Nsurvived
primaries secondaries

Csec =

The dependence of Cg. on pr for pions, kaons, and protons in pp collisions at
Vs = 13 TeV is shown in Fig. 7.14. The contamination from particles misidentified
as primaries is particularly significant in the case of protons. This is primarily due to
the substantial number of secondary protons originating from interactions with sur-
rounding materials, introducing a notable background that affects the measurements.
This contamination is especially problematic for protons with pr < 0.5 GeV/c, where
the contribution of secondary particles is extremely large, as is shown in Fig. 7.14. In
contrast, for pions and kaons, the contamination from secondaries is almost negligible.

Using the defined observables, such as € and Cg, the correction factor distribution,

f, is obtained and shown in Fig. 7.15.
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FIGURE 7.14: Contamination from secondary particles as a function of pr
for pions, kaons, and protons in pp collisions at /s = 13 TeV.
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7.6.2.2 Correction factor in p-Pb collisions

As discussed earlier for the estimation of the correction factor in the pp analysis, the
same procedure was applied to determine the correction factor for the p—Pb analysis.
Figures 7.16 and 7.17 present the secondary particle contamination, efficiency, and the
resulting correction factor, all evaluated as functions of pr.

In the p—Pb analysis, the trends are similar to those observed in the pp collision
analysis. The secondary contamination plot reveals significant contamination for pro-
tons and antiprotons, whereas it is almost negligible for pions and kaons. The total
efficiency shows a noticeable drop around 0.5 GeV/c, attributable to the inclusion of
the TOF in particle identification. Among the particles, pions exhibit the highest effi-
ciency, followed by protons, which lie in the middle with a clear efficiency difference
between protons and antiprotons. Kaons show lower efficiency compared to pions.

The correction factor plot reflects these trends, with its structure directly shaped by
the secondary contamination and efficiency distributions. These quantities are critical
for correcting the correlation functions, ensuring that detector effects and systematic
biases are properly accounted for.
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FIGURE 7.16: The left panel shows the secondary contamination, while
the right panel displays the efficiency, both as functions of pr for p-Pb
collisions at /syN = 5.02 TeV.
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FIGURE 7.17: Correction factor as a function of pr for pions, kaons, and
protons in p—Pb collisions at /snn = 5.02 TeV.

7.6.2.3 Correction factor in Pb-Pb collisions

Secondary particles, originating from material interactions or decays, predominantly
affect the proton sample, with contamination values ranging from approximately 0.5 at
low pt to around 0.2 at higher pr, due to the higher particle density produced in Pb—Pb
collisions. Despite this, the correction factor is estimated without explicitly accounting
for secondary particle contamination. This approach is supported by Monte Carlo clo-
sure tests, detailed in Appendix A, which demonstrated that excluding this correction
produces better agreement between the reconstructed and true MC data. While the
significant impact of secondary contamination is acknowledged, the improved consis-
tency of the results justifies omitting this correction in the Pb—Pb analysis.

However, for pions and kaons, the impact of secondary particles is minimal, result-
ing in negligible contamination for these species. Consequently, the correction factor
for pions and kaons remains largely unaffected and can be reliably estimated without
explicitly including secondary particle contributions.

Figures 7.18 and 7.19 present the distributions of contamination from secondary
particles, the efficiency, and the resulting correction factors as functions of pt. These
results are derived from reconstructed Pb-Pb collision data at \/snn = 5.02 TeV, high-
lighting the varying levels of contamination and their subsequent impact on the cor-

rection factor for different particle species.
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FIGURE 7.18: On the left the secondary contamination and on the right
the efficiency both as a function of pr from Pb—Pb collision at /snn = 5.02
TeV.
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FIGURE 7.19: Correction factor as a function of pr for pions, kaons, and
protons in Pb—Pb collisions at /syn = 5.02 TeV.

7.6.3 Correction of Signal and Background Distributions

The correction factor is applied to both the signal and background distributions for

each particle pair to mitigate all potential experimental biases. The signal distribution,
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corrected for efficiency losses, is calculated using the correction factor f:

S'(Ay, Ap) = Z f(pra, pr2) - S(By, Ag, pr1, pr2), (7.6)

PT1,PT2

where S is the uncorrected signal distribution.

The background distribution is corrected similarly:

B'(Ay, Ap) = Z f(pr1, pr2) - B(AY, Ag, pra, pr2), (7.7)

PT1,PT2

where B is the uncorrected background distribution.

In both corrected distributions, S' and B', the correction factor f(pr1, pr2) is defined
as the product of individual corrections for each particle’s transverse momentum,
f(p11) - f(pr2). Also, the summation runs over all transverse momentum bins (pr1
and pt») to account for the contributions from different momentum ranges. By
dividing the corrected signal and background distributions, the efficiency-corrected
experimental correlation function is given as:

mixed

Npairs S’(Ay,Aq})
Nsignal B’(Ay, Aq)) ’

pairs

C(Ay, Ag) = (7.8)
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Two-Particle Angular Correlation

Analysis in small systems

Declaration

I hereby declare that the work presented in the following chapter is the result of my analysis
conducted within the ALICE collaboration. This study focuses on the AyAg correlation
functions of identified pions, kaons, protons, and their corresponding antiparticles in pp
and p—Pb collision systems, categorized into different multiplicity classes for each system.
The analysis is performed by using the probability ratio and rescaled two-particle correlation

function definitions.

Specifically, I performed the following tasks:

O Performed quality assurance of particle selection for pions, kaons, and protons (and their

antiparticles).
O Defined and finalized the analysis settings.
O Carried out purity, efficiency, and correction procedures.

O In pp analysis, validated the rescaled two-particle correlation function method and esti-
mated Ny, values across four multiplicity classes for each particle species.

O Performed Monte Carlo closure tests to validate the correction procedures for both corre-
lation function definitions, as detailed in Appendix A.

O Evaluated systematic uncertainties for both correlation function definitions, as detailed

in Appendix B.
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O Calculated the 2D AyAg correlation functions using both correlation function defini-
tions.

O Performed projections onto the azimuthal direction using both correlation function defi-

nitions.
0O Compared the results with Monte Carlo models using both definitions.
0O Analyzed and compared multiplicity classes between pp and p—Pb collision systems.

O Presented the analysis, separated for pp and p—Pb systems, at various stages of progress
within the collaboration.

O Defended the results for acceptance during the preliminary approval for both collision

systems.

O Extended the pp analysis from four to thirteen multiplicity classes after obtaining pre-
liminary approval, following the full workflow described above.

O Defended the results over thirteen multiplicity classes during the paper proposal ap-

proval.

O Contributed to writing the analysis note and preparing the publication, in collaboration
with other members of the ALICE collaboration.

This analysis was primarily conducted by me, with invaluable guidance and contributions
from my supervisors and colleagues, including Maltgorzata Janik, Lukasz Graczykowski, and
Adam Kisiel.
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8.1 Results from pp Collisions Across Four Multiplicity

Classes

The initial analysis focuses on pp collision data at /s = 13TeV. This was conducted
using both the probability ratio and the rescaled two-particle correlation function def-
initions across four multiplicity classes: 0-20%, 20-40%, 40-70%, and 70-100%. The
analysis was later extended to 13 multiplicity classes: HM (0-0.17%), 0-1%, 1-5%, 5-
10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-70%, 70-80%, 80-90%, and 90—
100%.

For both approaches, the accuracy of the applied cuts was verified through Monte
Carlo closure tests. This technical procedure involves comparing reconstructed MC
data with the corresponding generated data to confirm that all cuts, selections, and
corrections were correctly implemented. These checks were performed across all mul-
tiplicity classes and for both correlation function definitions. Details about the MC
closure test can be found in Appendix A.

At the outset of this work, one key task was to validate the method related to the
rescaled two-particle correlation function in the Ay A angular space. This definition,
inspired by the STAR Collaboration [98], was introduced in ALICE for the first time.
As outlined in Sec. 4.3.2, the required normalization factor for this method was deter-
mined, with the details provided in Secs. 8.1.1 and 8.3.1.

8.1.1 Estimation of N,, for Multiplicity Classes in Experimental
Data: Method Consolidation

The AyAg¢ correlation function, defined as a probability ratio, is compared to the
rescaled two-particle correlation function. Calculating the latter required an estimate
of Ny, the average number of particles produced in the multiplicity classes under
analysis. The estimation of N,, from experimental data was carried out as follows:
tirst, quality assurance plots were used to count the number of particles reconstructed
in each multiplicity class after applying selection cuts. Efficiency corrections were then
applied to account for detector effects. Finally, the corrected particle counts for each
multiplicity class were divided by the total number of events in that class, yielding the
N,y values. To validate this approach, the experimental method was cross-checked
against an alternative method used in previous studies. Specifically, Ny, values were
also estimated using data published by ALICE Collaboration [132].
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The referenced publication provided N,, values for 10 multiplicity classes for pi-
ons, kaons, and protons, as illustrated in Figs. 8.1. These values were subsequently
adjusted to align with the four multiplicity classes used in this analysis. The corre-
sponding pt spectra were compared, as illustrated in Fig. 8.2. The comparison shows
that the spectra are consistent and comparable. Specifically, the N,, values extracted
from these plots for the experimental data and published one were compared numeri-
cally, as presented in Tab. 8.1 and Tab. 8.2, revealing very similar values.

TABLE 8.1: N, value estimated using experimental data for the four mul-
tiplicity classes analyzed, i.e 0-20%, 20-40%, 40-70% and 70-100%. These
values are obtained for pions, kaons, and protons.

N,, Experimental values
Multiplicity 0-20% | Multiplicity 20-40% | Multiplicity 40-70% | Multiplicity 70-100%
Pions 5.5 3.25 2.07 1.33
Kaons 0.65 0.35 0.2 0.1
Protons 0.33 0.19 0.11 0.06
TABLE 8.2: N, values are estimated from published data [132] for the four
multiplicity classes analyzed, i.e., 0-20%, 20-40%, 40-70%, and 70-100%.
These values are obtained for pions, kaons, and protons.
N,, Public data values
Multiplicity 0-20% | Multiplicity 20-40% | Multiplicity 40-70% | Multiplicity 70-100%
Pions 5.38 3.07 1.75 0.88
Kaons 0.63 0.33 0.17 0.07
Protons 0.31 0.17 0.09 0.04

The N,, values were used to compute the rescaled two-particle correlation function,
comparing the A¢ projections shown in Fig. 8.3. For pions and kaons, the results are in
good agreement within systematic uncertainties. However, notable discrepancies ap-
pear for protons, especially in low-multiplicity classes. These discrepancies arise from
the event selection criteria, which require at least two particles to construct the cor-
relation function, and the lower abundance of protons, which affects low-multiplicity
classes more. Despite these differences, cross-validation between the two sets shows
good agreement. Therefore, for the final analysis of the rescaled two-particle correla-

tion function, N,, will be derived from experimental data.
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8.1.2 2D AyAg correlation functions

From Fig. 8.4 to Fig. 8.9, a comparison between the two definitions of the correlation
function is presented. The probability ratio definition is labeled as Cp(Ay, Ag), while
the rescaled two-particle correlation function is denoted as Cc(Ay, A(p)l.

ALICE preliminary, pp Vs = 13 TeV

T+ wtnt, 0-20% T + wtnt, 20-40% Tw + wnt, 40-70% T + wnt, 70-100%

Co(ApAy)
Ce(apAy)
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C(Ag, Ay)
CoAp, Ay)
Cclag, Ay)
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s s s 5g

FIGURE 8.4: AyAg correlation functions from pp collisions at /s = 13

TeV, using the probability ratio definition (top row) and the rescaled two-

particle correlation function (bottom row). The results are shown for like-

sign pions across the [0-20%], [20—40%], [40-70%], and [70-100%] multi-
plicity classes.

According to the definition of the probability ratio, the correlation function in-
creases in magnitude as the multiplicity class decreases, primarily due to the expected
scaling factor of ~ 1/N. In contrast, the rescaled two-particle correlation functions
more accurately capture the actual number of events within each multiplicity class.
Both definitions are valid, each emphasizing different aspects of the data, which is
why both are employed in the analysis.

A consistent trend is observed for all particle types except for unlike-sign pions.
Specifically, while the correlation function generally increases with higher multiplic-

ities, unlike-sign pions show a similar pattern in both definitions of the correlation

!The notation of rescaled two-particle correlation function described in Sec. 4.3.2, differs because the
name of the correlation function was finalized after the preliminary results for pp and p-Pb collisions.
Cc is used here, where the "C" stands for cumulant as originally defined. Since these results are prelim-
inary, it is not possible to change the notation at this stage. However, the calculation remains the same
as described in Sec. 4.3.2.
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FIGURE 8.5: AyA¢ correlation functions from pp collisions at /s = 13

TeV, using the probability ratio definition (top row) and the rescaled two-

particle correlation function (bottom row). The results are shown for

unlike-sign pions across the [0-20%], [20—40%], [40-70%], and [70-100%]
multiplicity classes.
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FIGURE 8.6: AyA¢ correlation functions from pp collisions at /s = 13

TeV, using the probability ratio definition (top row) and the rescaled two-

particle correlation function (bottom row). The results are shown for like-

sign kaons across the [0-20%], [20—40%], [40-70%], and [70-100%] multi-
plicity classes.

. . . . + - . .
function. This behavior arises because 77" 7t pairs are influenced by resonances that

do not contribute to a distinct peak in the near-side region. Instead, these resonances
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FIGURE 8.7: AyA¢ correlation functions from pp collisions at /s = 13
TeV, using the probability ratio definition (top row) and the rescaled two-
particle correlation function (bottom row). The results are shown for
unlike-sign kaons across the [0-20%], [20-40%], [40-70%], and [70-100%]
multiplicity classes.
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FIGURE 8.8: AyA¢ correlation functions from pp collisions at /s = 13

TeV, using the probability ratio definition (top row) and the rescaled two-

particle correlation function (bottom row). The results are shown for like-

sign protons across the [0-20%], [20—40%], [40-70%], and [70-100%] mul-
tiplicity classes.

create a structure known as the longitudinal ridge, which extends across the entire A¢

range and is centered around Ay = 0 [93]. This structure is typical of a large energy
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FIGURE 8.9: AyA¢ correlation functions from pp collisions at /s = 13

TeV, using the probability ratio definition (top row) and the rescaled

two-particle correlation function (bottom row). The results are shown

for unlike-sign protons across the [0-20%], [20-40%], [40-70%], and [70-
100%] multiplicity classes.

release from the resonance during decay or from a three-body decay.

Another effect of resonances is observed for unlike-sign kaons, which exhibit a dis-
tinctive structure in the space of (Ay, Agp) at (0,0), the so-called ring structure, due
precisely to the ring-like shape. This behavior arises because many K"K~ pairs origi-
nate from ¢ resonances, which decay with a very small energy release [95]. A dedicated
study, using theoretical models such as Pythia Perugia-0, and Phojet, demonstrated a
strong connection to ¢ resonances. Specifically, when KK~ pairs with an invariant
mass corresponding to the ¢ resonance are subtracted, the ring structures in the corre-
lation function vanish [83].

Generally, for all particle pairs, in the near-side region, a typical minijet structure
is observed, except for like-sign protons, which exhibit a depletion accompanied by a
small peak in the (Ay, Ag) space at (0,0). This peak is visible across the four multiplic-
ity classes and is attributed to final-state interactions, as demonstrated in a dedicated
study [91]. The anticorrelation appears to become stronger with increasing multiplic-
ity when using the rescaled two-particle correlation functions, indicating that the larger
the particle multiplicity, the stronger the anticorrelation.
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8.1.3 Ag projections and comparison to MC models

In this section, the azimuthal distributions of the correlation functions from the pp col-
lision analysis at v/s = 13 TeV are presented, categorized into four multiplicity classes,
and compared with MC model predictions.

Figures 8.10 and 8.11 show the projections of the correlation functions onto Ag,
using the probability ratio and the rescaled two-particle cumulant definitions, respec-
tively. Systematic uncertainties are indicated in all plots by colored boxes overlaid on
the correlation functions. These uncertainties were independently estimated for both
the probability ratio and the rescaled two-particle cumulant definitions. For the prob-
ability ratio, the relative uncertainties are presented, and their magnitude increases
with decreasing multiplicity. In contrast, the systematic studies with the rescaled two-
particle correlation functions were performed by using absolute uncertainties, which
remain consistent in magnitude across all multiplicity classes. Additional details re-
garding the systematic uncertainty estimation can be found in Appendix B.

For each particle type, the projections are overlaid across the four multiplicity
classes. As shown in Fig. 8.10, the distributions decrease with increasing multiplicity
class. In contrast, Fig. 8.11 shows that the distributions increase with higher multi-
plicity classes. These trends are consistent with the patterns discussed in previous
sections. An interesting behavior is observed for like-sign kaons. In the case of
the probability ratio definition, a slight difference between the multiplicity classes
is visible. However, when the rescaled two-particle correlation function is used,
no multiplicity dependence is observed, indicating that the correlations become
independent of multiplicity.

From the 1D projections, the dominance of minijet structures becomes even more
apparent, particularly in mesonic correlations. However, for like-sign protons, as ob-
served in the 2D angular correlations, a distinct anticorrelation is seen. In the probabil-
ity ratio definition, this anticorrelation is stronger in lower multiplicity classes, while
in the rescaled two-particle correlation function, the anticorrelation becomes more pro-
nounced in higher multiplicity classes.

Another behavior observed in the 1D projections is the effect of resonances on
unlike-sign pions. Specifically, in the case of the probability ratio, the correlation
function in the 70-100% multiplicity range, which would typically show the largest
amplitude, instead exhibits a small near-side peak. This behavior arises because the

correlation does not increase in amplitude but instead generates a longitudinal ridge,
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as seen clearly in the 2D plots. In the case of the rescaled two-particle correlation
function, resonances still influence the correlation, but their effect is less pronounced in
the projections due to the overall smaller magnitude of the correlation. For unlike-sign
kaons, the small dip caused by ¢ resonances is not visible in the projections, as it is
averaged over the entire Ay range.

The correlation functions measured in this work are compared with the predictions
of MC models. For the pp analysis, PYTHIA8_Monash13 [134] and EPOS_LHC [70]
both at /s = 13 TeV were used for the comparison, which are described in detailed in
Sec. 3.2.1 and 3.2.2. Both definitions are presented in the figures as follows: the upper
plots display the projections onto Ag, while the bottom panels show the ratio to the
data. The ratio provides a quantitative measure of how the models differ from the ex-
perimental results, offering insights into the order of magnitude of these discrepancies.

Figures 8.12 and 8.13 show the comparison of the azimuthal projections for like-
and unlike-sign particle pairs with MC models, respectively, using the probability ra-
tio definition. Both models qualitatively reproduce the experimental data for pions
and kaons, but not quantitatively, due to the absence of QS effects in the models. In
particular, both models exhibit a very pronounced away-side peak. For PYTHIAS,
this arises from the structure of minijets and back-to-back jets, while in EPOS_LHC, it
is attributed to the inclusion of collective phenomena in the model, which could po-
tentially explain the presence of QGP-like effects in small collision systems such as
pp collisions. However, neither model agrees with the data for unlike-sign particles,
where the away-side correlation is nearly flat. For like-sign protons, the models fail
to reproduce the observed anticorrelation, although they show reasonable agreement
on the away side, which reflects the typical back-to-back jet structure. For unlike-sign
protons, PYTHIAS exhibits significantly higher magnitudes compared to the results,
while EPOS_LHC appears to agree better on the near side at lower multiplicities but
tails to reproduce the away side.

Figures 8.14 and 8.15 compares the results using the rescaled two-particle correla-
tion function definition for like- and unlike-sign particle pairs, respectively. With this
definition, the correlation functions exhibit an opposite trend across the multiplicity
classes. In general, better agreement is observed between the models and the data
for meson correlations. For like-sign pions, the models appear to agree well with the

data within the uncertainties, and similar agreement is observed for unlike-sign pions.
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Notably, the correlation retains its behavior consistently from higher to lower multi-
plicity classes. The same trend is seen for both like- and unlike-sign kaons. For like-
and unlike-sign protons, the trends observed with the probability ratio definition re-
main consistent. The models fail to reproduce the anticorrelation across all multiplicity
classes. For unlike-sign protons, EPOS_LHC matches the near-side correlation reason-
ably well but fails to describe the away side, while PYTHIAS8 qualitatively captures the
shape but not the magnitude.



8.1. Results from pp Collisions Across Four Multiplicity Classes

129

Co(Ag)

—_

Colag

Co(Ag)

T T T ]
L ALICE preliminary -
*
S pp (s=13TeV
1.2 * W+ wnt N
. E I 7
L - ©0-20% ®20-40% -
i e
I - *:40-70% ~+70-100% |
1 e ]
T = o i
|- w_._ .* B
L - - 7
| e -+ 1
8 ¥ ]
L P g
*® o
: Bt
|- s - ]
L L | L L | - L |
0.9 0 2 4
Ao (rad)
14 T ‘ T ‘
L ALICE preliminary -
| pp (s=13TeV |
KK+KK*
i °0-20% ®20-40% |
1.2 ‘% 40-70% +70-100% |
. ! I "
0 2 4
Ao (rad)
T T T T T T
" ALICE preliminary |
14~ pp /s=13TeV ]
| pp+Pp ]
| 00-20% ®20-40% .
1.2F #40-70% + 70-100%
1
0.8

Ag (rad)

)
o

1.05

LA s B R R B B

-w[uuumééa-”

0.95

T T T I
ALICE preliminary |
pp Vs=13TeV -
T

©0-20% ®20-40%
#40-70% +70-100%

PR TR R S NS N

ALICE preliminary |
pp Vs=13TeV |
KK .

©0-20% ®20-40% _|
#40-70% +70-100% -

Cr(Ap)

ALICE preliminary
pp Vs=13 TeV
PP
©0-20% ®20-40% |
#40-70% ~+70-100% |

0t

Ty 1T
(¥ 13¢3eT¢ ¢ 3¢ Ty 361 3¢1 3¢ 35
DopptiluRo=nu

FIGURE 8.10: Ag projections of correlation functions using the probability
ratio definition. All four multiplicity classes are plotted on the same can-
vas for each particle.



130

Chapter 8. Two-Particle Angular Correlation Analysis in small systems

J
< o015
0.1

0.05

-0.05

c(A9)

O  0.01

0.005

-0.005

0.02

CAg)

0.01

-0.01

ALICE preliminary
pp Vs =13 TeV
T + et

1

©0-20% ®20-40%
*#40-70% +70-100%

L v b

i ALICE preliminary |
B pp Vs = 13 TeV

F KK+K'K*

i ©0-20% ®20-40%
% 40-70% ~+70-100%

0 T
Ag (rad)
L B A B
| ALICE preliminary i
" pp Vs=13 TeV ]
I pP+pp i

| ®0-20% ®20-40%
- #40-70% +70-100%

Ag (rad)

Cc(A9)

0.15 ——— —
I ALICE preliminary |
L M pp Vs=13TeV |
|- n+n' .|
0.1— =
L o %0-20% ®20-40% -
[ L::*l #40-70% +70-100% |
0.05[- -
0 —
LJ © %3¢ e 0e [2¢ [ 26 [9¢ ¢ [ 3¢ 5¢ [ 3¢ [ ¢ | ]
[ @ 10 O o L]
r *o/s/e*[*°[°**eie/e|® :

_ PP ot SRR s

0.05 > 7
Ag (rad)

0.1 T L —
F ALICE preliminary -

I pp Vs =13 TeV

o KK
I ©0-20% =20-40% |
#40-70% ~+70-100%

0.05[- =

0.02

0.01

o

O]
[Id\ht[ll

ALICE preliminary |
pp Vs=13 TeV
PP
‘©0-20% & 20-40%
#40-70% ~+70-100%

L b

-0.01

FIGURE 8.11: A¢ projections of correlation functions using the rescaled
two-particle correlation function definition. All four multiplicity classes
are plotted on the same canvas for each particle.



8.1. Results from pp Collisions Across Four Multiplicity Classes 131

g n T T . T T T T T T T T
SIS ALICE preliminary T 20-40% 40-70% 70-100% ]
st pp ¥s =13 TeV == DATA .
[ T 4 T 0-20% — PYTHIA8 . .
[ ’ - — EPOS .+
1.1 . - + + - - + * -
B + + . .
4 &
5 S aliiiaac ="
1.1'- 1 1 I 1
% 1.05f
g 0.95F v v
0.9
0 2 4 0
Ap (rad)
s [ . ————— T
a4 ALICE preliminary
S pp ¥s =13 TeV
KK+K'K*, 0-20%
1.2F
1-— ¢“‘¢ - 2.
) : . :
= 12f
S
= 08F
0.6
0 2 4
Ag (rad)
g N T T . . T
J16f ALICE preliminary
St pp Vs =13 TeV
14 pp+pp, 0-20%
1.2f
1: "”0‘0000’.“ ]
E Pooarpett "Noou"‘
0.8F +
S 1.5F
g ———
= osp
0 4 % : b % : b ) ) b P 3
Ag (rad) Ag (rad) Ao (rad) A (rad)

FIGURE 8.12: Ag projections of correlation functions computed using the
probability ratio definition. Comparison with MC models was made for
like-sign pions, kaons, and protons across the four multiplicity classes
involved in this analysis. The red solid line is the PYTHIA8_Monash13
model and in blue the EPOS lhc model. The black markers are the AL-
ICE data with their respective uncertainties. The box below shows the
relationships between each model and the actual data.



132 Chapter 8. Two-Particle Angular Correlation Analysis in small systems
St ALICE preliminary 1 20-40% 40-70% 70-100%
S pp Vs =13 TeV == DATA

[ T, 0-20% — prlaAs
IR S
: . .
)
(TR RR R e
11E } } } } il } } -+ } }
‘é 1,05‘ - — ¥
g 0.95y E e — N .
0 ] 5 T % T % 7 3 7
Ag (rad) Ap (rad) Ao (rad) Ag (rad)
B ALICE preliminary 20-40% 40-70% 70-100%
& 7T Is=13TeV T DAT. ]
i K'K, 0-20%

MC/data

pp Vs =13 TeV
PP, 0-20%

$r000t00tt 00000y

ALICE preliminary B

000009000

MC/data

Ap (rad)

FIGURE 8.13: Ag projections of correlation functions computed using the
probability ratio definition. Comparisons with MC models were made for
unlike-sign pions, kaons, and protons across the four multiplicity classes
involved in this analysis. The red solid line is the PYTHIA8_Monash13
model and in blue the EPOS lhc model. The black markers are the AL-
ICE data with their respective uncertainties. The box below shows the

relationships between each model and the actual data.



8.1. Results from pp Collisions Across Four Multiplicity Classes

133

0.1~

CC(A(P)

ALICE preliminary
pp Vs =13 TeV
nn + ntnt, 0-20%

L 40-70%

70-100% A

% 0 /\ N e —]
-0 ] 3 p) ] l 5
Ag (rad) Ap (rad) Ao (rad) Ag (rad)
20.01'- ALICE preliminary - 20-40% 4+ 40-70% 70-100% -
S0 pp Vs =13 TeV DAT

A\ KK+, 0-20%

0 2 4 2 0 2 2
Ag (rad) A (rad) Ag (rad) Ag (rad)
3 ALICE preliminary 20-40% 40-70% 70-100%
SO pp s =13 TeV T == DATA ] ]
pp+Pp, 0-20% ZEros
0.005)
0
-0.005]
5 0o ‘ l I F EX 3
3 9 —— S
g N N~N—— ~
001 + + E
2 2 0 2 4 2
Ag (rad) A (rad) Ap (rad) Ag (rad)

FIGURE 8.14: Ag projections of correlation functions computed using the
rescaled two-particle correlation function. Comparisons with MC mod-
els were made for like-sign pions, kaons, and protons across the four
multiplicity classes involved in this analysis. The red solid line is the
PYTHIA8_Monash13 model and in blue the EPOS lhc model. The black
markers are the ALICE data with their respective uncertainties. The box
below shows the relationships between each model and the actual data.



134 Chapter 8. Two-Particle Angular Correlation Analysis in small systems

Py T

Soasf ALIGE preliminary 20-40% F 40-70% F 70-100% -
ot Vs=13TeV == DATA
ot PP | PYTHIA8
o1F T, 0-20% + —EPOS [ T ]
[ .

* — —toe o XX ¥
oof + + 1 Il Il + 1 Il 1 -
S o0.02f 4+ k3 i k
: o e — 1 —— —
S o0k E3 3 i E

-0 0 3 L 0 z L 0 5 3 0 3 3

Ag (rad) Ap (rad) Ao (rad) Ag (rad)

’§ T T ] ] T T T T T T T T T T
2 ALICE preliminary 20-40% 40-70% 70-100%
St Vs =13 TeV == DATA

0.05- K'K, 0-20% + — Bridms L + -

Soost ALICE preliminary T 40-70% 70-100% |
S pp ¥s=13 TeV DATA
0.0 Bp, 0-20% 1 YHins [ 1 ]

Thereeerey "‘4ﬁ;;::}21‘*<111112222222315

g

0.02F
g 0.01

-0.01

-0.02]

(data-MC;
)

FIGURE 8.15: Ag projections of correlation functions computed using the
rescaled two-particle correlation function. Comparisons with MC mod-
els were made for unlike-sign pions, kaons, and protons across the four
multiplicity classes involved in this analysis. The red solid line is the
PYTHIA8_Monash13 model and in blue the EPOS lhc model. The black
markers are the ALICE data with their respective uncertainties. The box
below shows the relationships between each model and the actual data.



8.2. Results from pp Collisions Across Thirteen Multiplicity Classes 135

8.2 Results from pp Collisions Across Thirteen Multi-
plicity Classes

In the next section, all figures are presented without the PRELIMINARY status, as the analy-
sis across thirteen multiplicity classes is directly included in the paper currently in preparation.

The analysis, originally conducted over four multiplicity classes, was extended to
the maximum feasible number of multiplicity classes at the request of theorists. The
underlying motivation from theorists is that high-multiplicity events, characterized by
a greater number of multi-parton interactions, provide a richer environment for sub-
leading color effects, such as color reconnection, compared to low-multiplicity events.
In high-multiplicity scenarios, the finite number of color states in QCD becomes a lim-
iting factor, increasing the probability of interactions between partons and amplifying
the role of color reconnection. This process leads to more efficient formation of bary-
onic clusters or strings, as the abundance of partons moving in similar directions en-
hances the probability of their combination. Conversely, low-multiplicity events, with
fewer multi-parton interactions and partons involved, exhibit weaker color reconnec-
tion effects and fewer opportunities for such interactions.

For the extended analysis, the same procedure, cuts, and selection criteria were
consistently applied across all 13 multiplicity classes to ensure uniformity and reliabil-
ity. The following subsection presents the 2D plots for both the probability ratio and
the rescaled two-particle correlation function definitions. These will be followed by
projections onto the azimuthal direction and, finally, a comparison with Monte Carlo
models.

8.2.1 2D AyAg correlation functions

Figures 8.16 and 8.17 present the AyAg correlation functions for like- and unlike-sign
pions, kaons, and protons, respectively, using the probability ratio definition. The re-
sults correspond to high-multiplicity events in the 0-0.17%, 20-40%, 60-70%, and 90—
100% centrality classes. For clarity and conciseness, only a subset of multiplicity classes
is shown in the 2D plots.

Similarly, Figs. 8.18 and 8.19 presents the corresponding correlation functions using
the rescaled two-particle correlation function definition.
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FIGURE 8.16: AyAg correlation functions from pp collisions at v/s = 13
TeV using the probability ratio definition for like-sign particle pairs in HM
(0-0.17%), mid (20-30%, 60-70%), and low (90-100%) multiplicity classes.

As seen in the analysis of four multiplicity classes, the correlation trends remain
consistent across the expanded set of multiplicity classes. By dividing the multiplicity
classes into 13, the physical phenomena are more clearly exhibited in the plots. In par-
ticular, HM correlation functions offer deeper insight into the underlying physics. In all
cases, the dominant contribution to the correlation functions for both like- and unlike-
sign pions and kaons comes from the minijets. Additionally, for like-sign pions and
kaons, Bose-Einstein correlations are evident, leading to an enhancement in the near-
side region, while the away-side region shows the typical back-to-back jet structure.
For unlike-sign pions and kaons, in addition to the minijet structure, which is the main
contributor, Coulomb and strong interactions further enhance the peak in the near-side
region. In the case of unlike-sign kaons, the conservation of strangeness plays a sig-
nificant role, leading to a highly pronounced, narrow peak with a ring-like structure at
(Ay, Ag) = (0, 0), which has been observed in the previous four-class analysis, is due to
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FIGURE 8.17: AyAg correlation functions from pp collisions at v/s = 13

TeV using the probability ratio definition for unlike-sign particle pairs

in HM (0-0.17%), mid (20-30%, 60-70%), and low (90-100%) multiplic-
ity classes.

a ¢ resonances [83]. For like-sign protons, the anticorrelation is particularly strong in
the HM class, with a small peak observed in the (Ay, Ag) at (0,0), indicative of strong
interactions, as described in the previous section of the analysis over four multiplicity
classes. An interesting feature, not visible in the analysis with four multiplicity classes,
is the dip that appears in the unlike-sign proton correlation in the high-multiplicity
class. This phenomenon arises from strong interaction effects, where the annihilation

of unlike-sign protons contributes to the observed dip. This effect was discussed in
Sec. 4.4.3.
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FIGURE 8.18: AyAg correlation functions from pp collisions at /s = 13

TeV using the rescaled two-particle correlation function definition for like-

sign particle pairs in HM (0-0.17%), mid (20-30%, 60-70%), and low (90—
100%) multiplicity classes.
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FIGURE 8.19: AyAg correlation functions from pp collisions at v/s = 13

TeV using the rescaled two-particle correlation function definition for

unlike-sign particle pairs in HM (0-0.17%), mid (20-30%, 60-70%), and
low (90-100%) multiplicity classes.
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8.2.2 Ag projections

Figures 8.20 and 8.21 present the Ag projections of like-sign and unlike-sign correla-
tion functions, integrated over the full |Ay| < 1 acceptance range. These correspond
to the probability ratio and rescaled two-particle correlation function definitions, re-
spectively. The thirteen multiplicity classes are clearly visible as projections in the az-
imuthal direction, enabling a detailed comparison across multiplicity classes.

The plots include both statistical and systematic uncertainties. Statistical uncertain-
ties are displayed as error bars directly on the correlation functions, while systematic
uncertainties are shown as colored boxes at the bottom of each plot. Each color repre-
sents a specific correlation function for a given multiplicity class, and the same color
scheme is consistently applied across all classes. Systematic uncertainties were ana-
lyzed separately for each correlation function type. For the probability ratio, relative
uncertainties were used, and their magnitude increases for lower multiplicity due to
limited statistics. In contrast, the rescaled two-particle correlation function uses abso-
lute uncertainties, which exhibit a consistent trend across all multiplicity classes, with
one notable exception: for unlike-sign pions, systematic uncertainties show a clear de-
crease, transitioning from larger values at high multiplicity to smaller values at low
multiplicity. In the case of correlation functions defined by the probability ratio, the
1/N multiplicity scaling causes the distributions to appear higher for lower multiplic-
ity classes. This behavior, previously observed for four multiplicity classes, is clearly
visible here, especially for unlike-sign pions. The 71" 71~ distribution confirms the pres-
ence of resonances, particularly evident in the lower multiplicity classes.

The behavior observed for other particle types is consistent with previous findings.
By employing the rescaled two-particle correlation function, the correlations show a
notable dependence on multiplicity. As illustrated in Fig. 8.21, the distributions for all
particle types increase with multiplicity. An exception is observed for like-sign kaons,
where the correlation functions appear largely independent of multiplicity, with all

distributions overlapping.
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8.2.3 Comparison to MC models

The results from both correlation function definitions were compared with the same
MC models used in the analysis across four multiplicity classes: PYTHIA8_Monash
2013 and EPOS LHC, at /s = 13 TeV in pp collisions. Figures 8.22 and 8.23 present
the azimuthal two-particle angular correlations for like-sign and unlike-sign pions,
kaons, and protons across the highest (0-1%), middle (20-30% and 60-70%), and low-
est (90-100%) multiplicity classes using the probability ratio definition. Meanwhile,
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FIGURE 8.22: Comparison of pp collision data at /s = 13 TeV with

PYTHIA8 and EPOS_LHC using the probability ratio definition for like-

sign particle pairs in the (0-1%), (20-30%), (60-70%), and (90-100%) mul-
tiplicity classes.

Figures 8.24 and 8.25 illustrate the same comparison for the rescaled two-particle corre-
lation functions. The same multiplicity classes were used for both definitions, though
the presentation of rescaled results is more compact due to space constraints.

The comparison is displayed on the upper plots, showing the projection in the az-

imuthal direction for experimental data and MC models, while in the bottom plots, the
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FIGURE 8.23: Comparison of pp collision data at vs = 13 TeV with

PYTHIAS8 and EPOS_LHC using the probability ratio definition for unlike-

sign particle pairs in the (0-1%), (20-30%), (60-70%), and (90-100%) mul-
tiplicity classes.

ratio of the models with the data is shown giving the magnitude of the discrepancy
between them.

The definitions exhibit similar trends in both correlation function formulations
when comparing experimental data with MC model predictions. Overall, the MC
models reproduce the experimental results for mesons quite well. Since the models
do not incorporate QS effects, the experimental data exhibit larger correlations than
the model predictions. For unlike-sign pions in the lowest multiplicity class, the
models fail to describe the correlation. In scenarios with a low particle multiplicity,
it is hypothesized that the probability of a 7" and 7~ being close to each other
in phase space decreases. This is attributed to a higher probability of charge and
momentum balancing occurring at 180 degrees. As a result, the near-side peak in the
correlation function is suppressed. For like-sign kaons, good agreement is observed in
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FIGURE 8.24: Comparison of pp collision data at vs = 13 TeV with

PYTHIA8 and EPOS_LHC using the rescaled two-particle correlation

function definition for like-sign particle pairs in the (0-1%), (20-30%), (60—
70%), and (90-100%) multiplicity classes.

both the near-side and away-side regions, particularly at lower multiplicity for both
correlation function definitions. For unlike-sign kaons, the agreement is reasonable
in the near-side region; however, the models fail to capture the away-side structure,
especially at lower multiplicity classes.

Despite these successes, the models are unable to describe the anticorrelations. For
unlike-sign protons, while EPOS LHC does not reproduce the data either qualitatively
or quantitatively, PYTHIAS8 qualitatively matches the correlation trends. In certain

multiplicity classes, PYTHIAS8 even achieves good agreement within the experimental
uncertainties.
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FIGURE 8.25: Comparison of pp collision data at vs = 13 TeV with

PYTHIA8 and EPOS_LHC using the rescaled two-particle correlation

function definition for unlike-sign particle pairs in the (0-1%), (20-30%),
(60-70%), and (90-100%) multiplicity classes.
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8.3 Results from p-Pb collision

The analysis, previously conducted for pp collisions, was repeated by using data
recorded in 2016 period from p—Pb collision at /syN = 5.02 TeV for both the correlation

functions introduced.

8.3.1 N,, values

The value of N,,, determined in the pp collision analysis, was deemed valid and conse-
quently applied to the p—Pb analysis for defining the rescaled two-particle correlation
functions.

The value of N,, were calculated, as was done in the pp collision analysis. This
method has been previously tested where the values were cross-checked against pub-
lic data. The results demonstrated good experimental agreement between the calcu-
lated values and published data, within systematic uncertainties. Consequently, in the
subsequent p—Pb collision analysis, N,, values were estimated using the same method.
The estimated values are presented in the following Tab. 8.3.

Experimental N,, values from p—Pb collision

Multiplicity 0-20% | Multiplicity 20-40% | Multiplicity 40-70% | Multiplicity 70-100%
Pions 12.2 7.8 4.8 2.1
Kaons 0.81 0.5 0.28 0.1
Protons 0.79 0.5 0.31 0.12

TABLE 8.3: N,y value estimated using experimental data from p-Pb col-

lisions at \/syn = 5.02 TeV for the four multiplicity classes analysed, i.e

0-20%, 20-40%, 40-70% and 70-100%. These values are performed for
pions, kaons and protons.

8.3.2 2D AyAg correlation function

Correlation functions are plotted and compared between the probability ratio and
rescaled two-particle correlation functions across all analyzed particles and multiplic-
ity classes. Figures from 8.26 to 8.31 illustrate the comparison between these two defi-
nitions.

Using the definition of the likelihood ratio, the correlation function increases sig-

nificantly for lower multiplicity classes due to the expected multiplicity scaling ~ 1/N.



148 Chapter 8. Two-Particle Angular Correlation Analysis in small systems

In contrast, the rescaled two-particle correlation function mitigates this issue by pro-
viding a representation that more accurately reflects the actual number of events in
each multiplicity class. While both correlation functions are valid and capture genuine
correlations, they emphasize different aspects of the data.

Like-sign pions exhibit the characteristic structures associated with minijets and
Bose-Einstein correlations, including a pronounced peak in the near-side region. A
similar structure is observed for like-sign kaons. Interestingly, for like-sign pions, a
small dip is observed at (Ay, Ap) = (0, 0), a feature not present in the pp analysis due
to the lower density of particle pairs compared to p—Pb collisions.

For unlike-sign pions, a similar ring-like structure is observed in the near-side re-
gion, as previously noted for unlike-sign kaons. This effect arises from resonances that
decay with small angular separation at (Ay, Ag) = (0,0), rather than producing a lon-
gitudinal ridge structure as seen in pp collision analyses. Specifically, the near-side
structure is attributed to po resonances, which decay into 77" 71~ pairs with minimal Q
energy release, contributing to the observed ring structure [93]. A comparable effect
is evident in unlike-sign kaons, particularly when the rescaled two-particle correlation
function is used. In contrast, the probability ratio tends to obscure this phenomenon
due to trivial multiplicity scaling. Notably, ¢ resonances introduce a ring-like structure
on the near-side peak, consistent with previous observations [83].

In case of like-sign protons, a depletion around (Ay, Ag) at (0, 0) is observed also
in p—Pb collisions across all multiplicity classes. After removing the expected multi-
plicity scaling, the anticorrelations appear stronger in high-multiplicity classes. The
small peak in the center of the anticorrelation region, as previously observed in the pp
analysis, has been associated with strong interactions [91].

An important physical effect, previously identified when the pp analysis was ex-
tended from 4 to 13 multiplicity classes, is annihilation, which is visible for unlike-sign
protons and appears as a dip in the (Ay, Ap) = (0, 0). In pp collisions, this phenomenon
was only visible in the highest multiplicity class (0-0.17%). However, in p-Pb colli-
sions, due to the higher particle density, the annihilation effect is observed across all
multiplicity classes. When studied using the rescaled two-particle correlation func-
tion, the effect becomes more pronounced with increasing multiplicity, indicating a
direct association with particle density.
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FIGURE 8.26: AyAg correlation functions from p-Pb collisions at /sNN =
5.02 TeV, using the probability ratio definition (top row) and the rescaled
two-particle correlation function (bottom row). The results are shown
for like-sign pions across the [0-20%], [20-40%], [40-70%], and [70-100%]
multiplicity classes.
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FIGURE 8.27: AyAg correlation functions from p-Pb collisions at \/sNn =

5.02 TeV, using the probability ratio definition (top row) and the rescaled

two-particle correlation function (bottom row). The results are shown for

unlike-sign pions across the [0-20%], [20-40%], [40-70%], and [70-100%]
multiplicity classes.
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ALICE Preliminary, p-Pb s, = 5.02 TeV
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FIGURE 8.28: AyAg correlation functions from p-Pb collisions at /sNN =
5.02 TeV, using the probability ratio definition (top row) and the rescaled
two-particle correlation function (bottom row). The results are shown for
like-sign kaons across the [0-20%], [20—40%], [40-70%], and [70-100%]
multiplicity classes.
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FIGURE 8.29: AyAg correlation functions from p-Pb collisions at \/sNn =

5.02 TeV, using the probability ratio definition (top row) and the rescaled

two-particle correlation function (bottom row). The results are shown for

unlike-sign kaons across the [0-20%], [20-40%], [40-70%], and [70-100%]
multiplicity classes.
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FIGURE 8.30: AyAg correlation functions from p-Pb collisions at /sNN =

5.02 TeV, using the probability ratio definition (top row) and the rescaled

two-particle correlation function (bottom row). The results are shown for

like-sign protons across the [0-20%], [20—40%], [40-70%], and [70-100%]
multiplicity classes.
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FIGURE 8.31: AyAg correlation functions from p-Pb collisions at \/sNn =

5.02 TeV, using the probability ratio definition (top row) and the rescaled

two-particle correlation function (bottom row). The results are shown

for unlike-sign protons across the [0-20%], [20-40%], [40-70%], and [70-
100%] multiplicity classes.
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8.3.3 Projection of AyAg correlation functions

The integrated A¢ projections from this analysis of p—Pb collisions are presented in
Figs. 8.32 and 8.33, for probability ratio and rescaled two-particle correlation function
definitions, respectively.

The projection onto the azimuthal direction provides a clearer representation of
the behavior of the correlation functions. As seen in the 2D plots, the probability ratio
combines physical phenomena with trivial multiplicity scaling, resulting in an increase
in the distributions as one moves toward lower multiplicity classes. In contrast, the
rescaled two-particle correlation function reveals a more explicit dependence on mul-
tiplicity. By effectively disentangling physical correlations from the scaling effects, the
rescaled distributions show an opposite trend: the higher the multiplicity, the larger
the correlation function.

While many of the physical phenomena discussed in detail using the 2D plots are
also evident in the azimuthal projections, some features are obscured due to the inte-
gration over the full Ay range.

For both correlation function definitions, systematic uncertainties are illustrated on
the projections as empty colored boxes, corresponding to the color of each correlation
function for each multiplicity class. Further details on the systematic uncertainties,
including all values and separate plots, are provided in Appendix B.

8.3.4 Comparison to MC models

Predictions from MC models are compared with the measured correlations. The MC
event generators used for this analysis are DPMJET [72] and EPOS_LHC [135], both at
Vs =5.02TeV.

The projections of models on the azimuthal direction, based on the probability ra-
tio and rescaled two-particle cumulant definitions, are compared with ALICE data in
Figs. 8.34 8.35 and 8.36 8.37, respectively. The figures follow a similar design to those
used in the pp analysis. The upper plots depict the projections onto A¢, while the bot-
tom panels present the ratio to the data. This ratio serves as a quantitative indicator of
the discrepancies between the models and the experimental results, highlighting their
magnitude.

Starting with the probability ratio definition shown in Figs. 8.34 and 8.35 for like-
and unlike-sign particle pairs, respectively, it is clear that neither model fully describes
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the data. Neither model includes quantum statistical effects, which prevents a mean-
ingful qualitative comparison for like- and unlike-sign pions. However, both models
succeed quantitatively in reproducing the minijet structures in the near-side and away-
side regions. For kaons, a better agreement is observed. EPOS_LHC provides a more
accurate description of like-sign kaons at lower multiplicities, whereas DPMJET better
reproduces the behavior of unlike-sign kaons. In contrast, both models fail to describe
like- and unlike-sign protons. No anticorrelation is visible in the models, and there is
neither qualitative nor quantitative agreement for unlike-sign protons.

With the rescaled two-particle correlation functions, the results appear notably dif-
ferent, as shown in Fig. 8.36 and 8.37 for like- and unlike-sign paricle pairs, respec-
tively. For like- and unlike-sign pions, as well as kaons, EPOS_LHC fails to reproduce
the away-side features but shows qualitative agreement for most meson correlations.
DPMJET, on the other hand, provides a better description of meson correlations, cap-
turing both the near-side and away-side structures. For like-sign protons, both models
tail to reproduce the observed anticorrelation. However, for unlike-sign protons, DP-
MJET achieves agreement within the uncertainties, while EPOS_LHC fails to describe

the away-side but shows reasonable agreement on the near-side.
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8.4 Small Systems in Focus: pp vs. p-Pb

The results of pp collisions in 4 multiplicity classes were compared with those of p—
Pb collisions. This comparison allows to obtain information on how the correlation
functions and thus the different contributing physical phenomena vary for each mul-
tiplicity class in small collision systems. This comparison is carried out separately for
each definition, as shown in the plots below.

The measured correlation functions for like- and unlike-sign pions, kaons, and pro-
tons are shown in Fig. 8.38 using the probability ratio definition. Both pp and p—Pb cor-
relation functions exhibit very similar shapes, suggesting that the physical phenomena
occurring in both collision systems are closely related. In both systems, a distinct peak
for meson correlations appears in the near-side region of (Ay,A¢) around (0,0), which
can be attributed to at least three physical effects: mini-jets, resonance decays, and fem-
toscopic correlations (Bose-Einstein correlations). While these phenomena occur in a
similar manner in both systems, their intensities may differ, as it was described in de-
tails in the previous sections. However, due to the obscuring influence of 1/N scaling
effects, direct comparison between the two systems in the probability ratio definition
is challenging.

A slight difference is observed for unlike-sign pions in pp collisions. More specifi-
cally, resonance decays can contribute to the near-side peak of the correlation function,
as observed in the 2D plots for p-Pb collisions (Fig. 8.27), or produce a ridge at Ay = 0
(extending in Ag), as seen in pp collisions (Fig. 8.5) [93, 136]. In pp collisions, the 77" 77~
correlation functions do not exhibit a monotonic behavior with multiplicity. At lower
multiplicities, the near-side region does not show a clear increase; instead, a longitu-
dinal ridge at Ay = 0 is formed. However, the projection in Fig. 8.39 reveals that, in
terms of multiplicity, correlations increase at lower multiplicities, a trend not visible in
p—Pb collisions. In p—Pb collisions, this effect, which is clearly visible in the 2D plots,
is not apparent in the projection onto A¢ due to the integration over the full Ay range.

In Fig. 8.40, the correlation functions for pp and p—Pb collisions are computed using
the rescaled two-particle correlation function definition. These functions suggest that
the number of correlated particles increases more rapidly than other particles (underly-
ing events). Both collision systems show a multiplicity dependence in their correlation
functions. In particular, in p—Pb collisions, the correlations are stronger than in pp
collisions due to the higher multiplicity. Moreover, for baryon-baryon correlations,

where anticorrelations are observed, the anticorrelation is stronger in p—Pb collisions
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FIGURE 8.38: Comparison of the Ag projections between pp and p-Pb

collisions at /s = 13 TeV and +/s = 5.02 TeV, respectively. The comparison

is made for all particles and overall multiplicity classes analyzed using the
probability ratio definition.

compared to pp collisions.
For proton—-antiproton correlations, the highest multiplicity class (0-20%) in pp col-
lisions shows a stronger correlation than in p-Pb collisions. This is attributed to the

annihilation phenomenon, visible in the correlation function as an anti-peak at Ag = 0.
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different multiplicity classes show a monotonic trend, with an increase in
the function as multiplicity decreases.

This physical effect has been studied using femtoscopy with PYTHIA8 Monte Carlo
simulations of pp collisions at /s = 13 TeV [91]. The observed depletion in pp corre-
lations due to the strong interaction is qualitatively consistent with the STAR Collab-
oration’s findings in Au—Au collisions, confirming that the anticorrelation in proton
pairs with different signs is caused by baryon-antibaryon annihilation [85]. Therefore,
comparing the 0-20% multiplicity class in pp collisions with the correlation function is
challenging.
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8.5 Summary of Angular Correlation Studies in Small

Systems

In the first part of this work, a dedicated study of two-particle angular correlations
in Ay, A space was performed for small collision systems. By analyzing like- and
unlike-sign pion, kaon, and proton pairs across different multiplicity classes, a new
methodology was developed. It was observed that the probability ratio correlation
function exhibits a dependence on 1/N multiplicity. This implies that while the prob-
ability ratio captures physical correlations, these correlations are intrinsically linked to
multiplicity effects. To address this, rescaled two-particle correlation functions were in-
troduced, allowing for a more focused investigation of different physical aspects. The
primary goal of this study was to investigate and better understand the anticorrela-
tion observed for like-sign protons across varying multiplicities and collision systems
like pp and p-Pb. This depletion observed in pp collisions at /s = 7 TeV at (AyA¢)
at (0, 0), is also present at higher energies, specifically in pp collisions at v/s = 13 TeV,
across different multiplicity classes. Moreover, this anticorrelation persists in denser
collision systems, such as p—Pb at /syn = 5.02 TeV. A clear multiplicity dependence is
observed: when using the definition of rescaled two-particle correlation functions, the
anticorrelation becomes even stronger in higher multiplicity classes. However, none of
the models in pp and p—Pb collision systems were able to reproduce it.

Such an analysis, initially focused on studying anticorrelations, has revealed sev-
eral intriguing phenomena when comparing different particle species, such as mesons
and baryons, across various multiplicity classes and collision systems.

One key observation emerges when comparing different particle species, as these
phenomena would not be apparent from a single plot. Specifically, unlike-sign particle
pairs show an absence of the typical back-to-back jet structure in the away-side region.
In contrast, for like-sign particle pairs, the correlation structures differ significantly
across species. Like-sign pions exhibit a narrow away-side correlation, while like-sign
kaons display a pronounced back-to-back jet structure, nearly as strong as the near-
side peak. This effect is even more pronounced for like-sign protons, where no minijet
signatures are observed in the near-side region, but a strong back-to-back jet structure
dominates the away-side region.

For unlike-sign pairs, this absence raises fundamental questions about the nature
of jet correlations in small systems, particularly since the away-side region for unlike-

sign pairs is not well described by existing models. In both pp and p-Pb collisions,
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PYTHIAS, which does not incorporate collective effects, predicts back-to-back jets that
are absent in the data. Similarly, EPOS and DPMJET, which include collective effects,
also fail to describe the observed correlations. This discrepancy prompts further ques-
tions: why can’t PYTHIAS reproduce the away-side? Could this indicate a form of jet
quenching? And if so, why are these effects not reproduced by EPOS and DPMJET?

Another intriguing finding concerns the multiplicity dependence of like-sign kaons.
Using the probability ratio method, a slight variation across multiplicities is visible, as
is shown in Fig. 8.38. However, after removing the trivial multiplicity scaling, like-sign
kaon correlations for both pp and p-Pb systems appear to be independent of multiplic-
ity as illustrated in the Fig. 8.40, as they overlap across different classes.

Another noteworthy feature is the dip observed at Ay, A¢ = (0,0) for unlike-sign
protons, which is attributed to annihilation, FSI effect. This effect is expected to be in-
dependent of multiplicity, as it depends only on the size of the source, not on the num-
ber of particles involved. However, the results suggest otherwise. Interestingly, no
sign of this annihilation effect is seen in pp collisions across four multiplicity classes.
Yet, when extending the study to 13 multiplicity classes, the annihilation feature be-
comes prominent in the highest multiplicity class (0-0.17%). In p-Pb collisions, this
phenomenon is observed across all multiplicity classes. This raises the question: why
does the annihilation effect become more significant in high-density environments, de-
spite its expected independence from multiplicity?

In summary, this study serves as an exploratory experimental analysis aimed at
verifying and extending previous findings from pp collisions at /s = 7 TeV [4]. The
methodology for studying the correlations across different multiplicity classes was suc-
cessfully developed and applied, revealing new insights in both pp and p-Pb colli-
sions. These findings prompt numerous new questions, which were quite extensively
thought. Future studies will be essential to fully understand these intriguing phenom-

ena and their implications for particle correlations in small systems.
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Two-Particle Angular Correlation
Analysis in HIC

Declaration

I hereby declare that the work presented in the following chapter is the result of my analysis
conducted within the ALICE collaboration. This study focuses on the AyAg correlation
functions of identified pions, kaons, protons, and their corresponding antiparticles in Pb—Pb
collision systems, categorized into seven different centrality classes which are 0-20%, 20-40%,
40-50%, 50-60%, 60-70%, 70-80%, 80-90%. The analysis is performed by using the
probability ratio and rescaled two-particle correlation function definitions.

Specifically, I performed the following tasks:

O Performed quality assurance of particle selection for pions, kaons, and protons (and their
antiparticles).

O Defined and finalized the analysis settings.
O Carried out purity, efficiency, and correction procedures.

O Estimation of N, values across the seven centrality classes for each particle species, based

on the pp, and p—Pb method estimation.

O Performed Monte Carlo closure tests to validate the correction procedures for both corre-
lation function definitions, as detailed in Appendix A.

O Evaluated systematic uncertainties for both correlation function definitions, as detailed
in Appendix B.
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O Calculated the 2D AyAg correlation function using both correlation function definitions.

O Performed projections onto the azimuthal direction using both correlation function defi-

nitions.
O Compared the results with Monte Carlo models using both definitions.
O Analyzed and compared the three collision systems using both definitions.
O Presented the analysis at various stages of progress within the collaboration.
O Defended the results for acceptance during the preliminary approval.

O Defended the results in HIC in different centralities and the comparison of the results

across the three collision systems during the paper proposal approval.

O Contributed to writing the analysis note and preparing the publication, in collaboration
with other members of the ALICE collaboration.

This analysis was primarily conducted by me, with invaluable guidance and contributions
from my supervisors and colleagues, including Maltgorzata Janik, Lukasz Graczykowski, and
Adam Kisiel.
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9.1 Results from Pb-Pb collision

9.1.1 Estimation of N,, in Pb-Pb collision

Consistent with the approach employed in small systems, the N,, values required

for the rescaled definition was determined accordingly and shown in the following

Tab 9.1.
Experimental N,, values from Pb-Pb collision
centrality classes | 0-20% | 20-40% | 40-50% | 50-60% | 60-70% | 70-80% | 80-90%
Pions 501.4 233 115.4 66.4 34.5 16 7
Kaons 66 31 15 8.3 4 1.7 0.7
Protons 24.3 12.4 6.5 3.8 2 0.95 0.4

TABLE 9.1: N,, value estimated using experimental data from Pb—Pb col-
lisions at \/syn = 5.02 TeV for the 7 centrality classes analyzed for pions,
kaons and protons.
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FIGURE 9.1: AyAg correlation functions using the probability ratio defini-
tion from Pb-Pb collisions at /sy = 5.02 TeV. The results are shown for

like-sign pions across the seven centrality analyzed.
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FIGURE 9.3: AyAg correlation functions using the probability ratio defini-
tion from Pb-Pb collisions at /sy = 5.02 TeV. The results are shown for
like-sign kaons across the seven centrality analyzed.
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ALICE Preliminary, Pb—Pb ﬂsNN =5.02 TeV
KK, |y| <0.5,0.5 < p, < 2.5 GeV/c
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FIGURE 9.4: AyAg correlation functions using the probability ratio defini-
tion from Pb-Pb collisions at /sSyn = 5.02 TeV. The results are shown for
unlike-sign kaons across the seven centrality analyzed.

ALICE Preliminary, Pb—Pb s, = 5.02 TeV
pp+Pp; |y <£0.5, 0.5 < p, < 2.5GeV/c
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FIGURE 9.5: AyAg correlation functions using the probability ratio defini-
tion from Pb-Pb collisions at /sy = 5.02 TeV. The results are shown for
like-sign protons across the seven centrality analyzed.
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ALICE Preliminary, Pb—Pb s, = 5.02 TeV
PP, ly|<0.5,0.5 < p_<2.5GeVic
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FIGURE 9.6: AyAg correlation functions using the probability ratio defini-
tion from Pb-Pb collisions at /sSyn = 5.02 TeV. The results are shown for
unlike-sign protons across the seven centrality analyzed.

The correlation functions, defined as a probability ratio, are presented from Figs. 9.1 to
9.6. As observed in analyses of small collision systems, this definition reveals that the
correlation function increases as centrality decreases, following the expected scaling of
~ 1/N. Conversely, the rescaled two-particle correlation function, shown from Figs. 9.7
to 9.12, exhibits the opposite trend. To better highlight these behaviors, one could plot
the functions for different centrality classes using the same z-axis range. However,
due to the rapid increase in the number of correlated particles with centrality, such
an approach would primarily display the largest correlation function, rendering those
from lower centrality classes nearly flat. Instead, the increasing trend for the probabil-
ity function and the decreasing trend for the rescaled two-particle correlation function
can be inferred from the z-axis values or more directly from the projections shown in
the next section.

The physics underlying the correlation functions, regardless of the definition used,
remains the same. In general, one observes a strong influence of flow effects in mid-
to-high centrality classes, which became less strong in lower centrality classes. A pro-
nounced peak is seen for both like-sign and unlike-sign pions and kaons, originating
from the longitudinal flow along the Ay range. This suggests that minijets, which dom-

inate these correlation functions, are very pronounced in contrast to the flow effects.
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ALICE Preliminary, Pb—Pb ﬂsNN =5.02 TeV
T+ wt, [y £0.5,0.2 < p, < 2.5 GeV/c
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FIGURE 9.7: AyA¢ correlation functions using the rescaled two-particle

correlation function definition from Pb—Pb collisions at /syy = 5.02 TeV.

The results are shown for like-sign pions across the seven centrality ana-
lyzed.

ALICE Preliminary, Pb—Pb ﬂsNN =5.02 TeV
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FIGURE 9.8: AyAg¢ correlation functions using the rescaled two-particle

correlation function definition from Pb-Pb collisions at \/syn = 5.02 TeV.

The results are shown for unlike-sign pions across the seven centralities
analyzed.
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ALICE Preliminary, Pb—Pb ﬂsNN =5.02 TeV
KK+K*K*, ly| <0.5,0.5< p, < 2.5 GeV/c
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FIGURE 9.9: AyA¢ correlation functions using the rescaled two-particle

correlation function definition from Pb—Pb collisions at /syy = 5.02 TeV.

The results are shown for like-sign kaons across the seven centralities an-
alyzed.
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FIGURE 9.10: AyA¢ correlation functions using the rescaled two-particle

correlation function definition from Pb-Pb collisions at \/syn = 5.02 TeV.

The results are shown for unlike-sign kaons across the seven centralities
analyzed.
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ALICE Preliminary, Pb—Pb s, = 5.02 TeV
pPP+PP, y| <0.5,0.5 < p_<2.5GeV/c
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Cr(Ap, Ay)
Crlag, Ay)

Crl(Ap, Ay)
Cr(ap, Ay)

FIGURE 9.11: AyAg correlation functions using the rescaled two-particle

correlation function definition from Pb-Pb collisions at \/syn = 5.02 TeV.

The results are shown for like-sign protons across the seven centralities
analyzed.

ALICE Preliminary, Po-Pb s, = 5.02 TeV
pPp, ly] £0.5,0.5 < p, < 2.5GeV/c
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FIGURE 9.12: AyA¢ correlation functions using the rescaled two-particle

correlation function definition from Pb-Pb collisions at \/syn = 5.02 TeV.

The results are shown for unlike-sign protons across the seven centralities
analyzed.
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For like-sign pions and kaons, QS effects enhance the near-side peak in the corre-
lation functions. Unlike-sign pions and kaons, on the other hand, exhibit the typical
minijet structure, modulated by flow effects. In the case of unlike-sign pions, a narrow
peak appears above the flow background, attributed to FSI within the minijet struc-
ture. Resonance contributions to unlike-sign pion correlations are minimal compared
to what was observed in pp and p—Pb collisions. In contrast, for unlike-sign kaons, FSI
effects are also present, but the influence of the ¢ resonance is more pronounced than
in pp and p-Pb collisions, leading to the characteristic ring-like correlation structure.

For like-sign protons, a clear anticorrelation is observed. Notably, this pronounced
suppression in heavy-ion collisions is nontrivial, as one might expect a smaller de-
pletion in magnitude compared to pp and p—-Pb collisions. However, as shown in
Figs. 9.5, 9.11, this effect is so strong that it dominates over the flow contributions.
The characteristic peak at (Ay, Ap) = (0,0), typically attributed to strong interactions,
is absent in the higher multiplicity classes (0-20% and 20-40%). This absence is due
to the increase in the femtoscopic source size, which, in larger collider systems with a
source size of around 5 femtometers, leads to the flattening of the correlation function.
As a result, the correlation no longer contributes to the AyA¢ distribution. This behav-
ior is a distinctive feature of pp and pp correlations, where the source size plays a cru-
cial role in diminishing the correlation. Similarly, the annihilation effect for unlike-sign
protons is notably stronger in Pb—Pb collisions compared to smaller systems such as

pp and p-Pb, reflecting the denser environment characteristic of heavy-ion collisions.

9.1.3 Ag projections

Figures 9.13 and 9.14 show the projections onto A¢ for the probability ratio and the
rescaled two-particle correlation function, respectively.

Both statistical and systematic uncertainties are shown in the plots, with error bars
representing statistical uncertainties and shaded boxes denoting systematic uncertain-
ties. Systematic uncertainties are calculated as the square root of the sum of the fits
performed for each variation as described in Appendix B.3. Colors are used to dis-
tinguish correlation functions and uncertainties across different centralities. Using the
probability ratio definition, one can observe that the systematic uncertainties increase
as centrality decreases. In contrast, the rescaled two-particle correlation functions ex-
hibit systematic uncertainties of similar magnitude across all centralities. For the prob-

ability ratio, significant fluctuations are observed at lower centralities. To reduce the
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statistical error bars, the largest contributing variation for the 80-90% centrality class
was fitted, and the resulting value was added as a statistical error.

In contrast, the rescaled two-particle correlation function eliminates the ~ 1/ N scal-
ing, resulting in behavior that does not strictly follow centrality classes. Instead, flow
effects play a dominant role, particularly in mid-centralities such as 20-40% and 40—
50%. At lower centralities, the influence of flow becomes nearly negligible, showing
the physical phenomena described in the 2D section.

9.1.4 Comparison between MC models and data

Figures 9.15 to 9.20 present comparisons between the data and MC model predictions
using the probability ratio definition, while Figs. 9.21 to 9.26 illustrate the same com-
parisons using the rescaled two-particle correlation function definition. The AMPT
model is represented by the red line, and the HIJING model by the blue line. In each
tigure, the upper panels display projections onto Ap, while the lower panels show the
ratio to the data, providing a quantitative measure of discrepancies between models
and experimental results.

For the probability ratio definition, the HIJING model (discussed in Sec. 3.2.4) sig-
nificantly underestimates the observed correlations. This is expected since HIJING
does not account for flow effects and is primarily designed to describe minijet struc-
tures in Pb—Pb collisions. Conversely, the AMPT model, specifically the string melting
version (Sec. 3.2.5), incorporates flow effects and shows qualitative agreement with the
data, although some quantitative deviations remain.

In the case of like- and unlike-sign pions, the AMPT model qualitatively repro-
duces the correlation functions. For like-sign pions, it achieves quantitative agreement
at high and mid-to-high centrality classes. However, at lower centralities, large dis-
crepancies emerge because AMPT does not include quantum statistic effects, which
become more pronounced as flow effects become negligible. Similarly, for unlike-sign
pions, discrepancies arise due to the lack of Coulomb interactions in the model. For
like- and unlike-sign kaons, as well as unlike-sign protons, the AMPT model performs
well across all centrality classes, both qualitatively and quantitatively. However, for
like-sign protons, the anticorrelation observed in the data is largely hidden by flow
effects in the azimuthal projection, except at lower centralities. Despite this limitation,
the AMPT model appears to align reasonably well with the data.
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Using the rescaled two-particle correlation function, a similar trend is observed. Fo-
cusing on like- and unlike-sign protons, the AMPT model shows qualitative agreement
in the presence of flow effects. However, at lower centralities, the model struggles to
capture the proton-proton correlations, highlighting its limitations.

To further investigate the behavior of the AMPT model, comparisons were also
made on the rapidity side. Figures 9.27 to 9.32 present results using the probability
ratio definition, while Figures 9.33 to 9.38 show results using the rescaled two-particle
correlation function. These rapidity projections were generated by integrating over
Ag < 71/2.

For both definitions, the AMPT model fails to reproduce the like- and unlike-sign
pion correlations, displaying a dip instead of the observed peak, both qualitatively
and quantitatively. However, for like- and unlike-sign kaons, the model achieves good
agreement across all centrality classes, remaining within the systematic uncertainties.
Notably, the rapidity-side projection reveals that the AMPT model qualitatively repro-
duces the anticorrelation observed for like-sign protons. Furthermore, for unlike-sign
protons, the AMPT model provides an accurate representation of the data.
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definition of probability ratio. For each particle, the 7 centrality classes are
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FIGURE 9.14: A¢ projections of correlation functions described using the
definition of rescaled two-particle correlation function. For each particle,
the 7 centrality classes are drawn on the same canvas.



9.1. Results from Pb-Pb collision

183

1 ALICE preliminary 0200 T l T 2040% I " 4oso% T £ ALICE data 50-60%]
[ Pb-Pb 5, =5.02 TeV [ — AmPT ]
r [ — HUING
gmus_— -+ + T .
S I = [ e ]
| R AN N 2 G R 1P . U N
: 7 e N NN
1 . . T . D . M . . .
s 1.08) k3 *
8 o9 S E3 ~
0.9} =+ =+
11 ) ] 0 2
r 60-70% 70-80% - 80-90% | A (rad)
gmos:— - T _"_ + —
°c I = - T + Tt
S = =
L = _-=l= = e =4
N . , e T Tt TP 02<p, <25GeVic
O 1.09 E
KE-“ S E— m—
o 5 7 0 s ) 0 5 7
Aop{rad) Ao (rad) Ao (rad)
FIGURE 9.15: The comparison of AyA¢ correlation functions with MC
models (AMPT in red and HIJING in blue) projected onto the azimuthal
direction in Pb-Pb collisions at /sy = 5.02 TeV is presented using the
probability ratio definition for like-sign pions across all centrality classes
included in the analysis.
[ ALICE preliminary 0-20% 20-40% 40-50% | P ALICE data 50-60%]
[ Pb-Pb f5y =5.02 TeV [ — AMPT 1
1.05}- £ 1 I — HUING h
s [ ]
< | [ = ]
3 I [ ]
T o N A N A o
o 1.05 =+ =
3 —f— ————— i — _
T 0.95 =+
0.9} =+
60-70% 70-80% - 80-90% | Ap (rgd)
1.0+ + - + 7= ]
S - -
3 [ ~= - - [ ]
T S m ly|<0.5
N . . . ’ s ™l 0.2<p, <25 GeV/e
g 1.08)
; L e ————
g 0.95] —~ V v
E 0 3 % 0 3 % 0 3 7
Aop{rad) Ag (rad) Ag (rad)

FIGURE 9.16: Comparison between AyAg correlation functions and MC
models (AMPT in red and HIJING in blue) projected onto the azimuthal
direction in Pb-Pb collision at \/syn = 5.02 TeV by using the probability
ratio definition for unlike-sign pions and for all centrality classes involved
in the analysis.
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FIGURE 9.17: Comparison between AyAg correlation functions and MC

models (AMPT in red and HIJING in blue) projected onto the azimuthal

direction in Pb—Pb collision at /sy = 5.02 TeV by using the probability

ratio definition for like-sign kaons and for all centrality classes involved
in the analysis.
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FIGURE 9.18: Comparison between AyAg correlation functions and MC

models (AMPT in red and HIJING in blue) projected onto the azimuthal

direction in Pb-Pb collision at \/syn = 5.02 TeV by using the probability

ratio definition for unlike-sign kaons and for all centrality classes involved
in the analysis.
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FIGURE 9.19: Comparison between AyAg correlation functions and MC

models (AMPT in red and HIJING in blue) projected onto the azimuthal

direction in Pb—Pb collision at /sy = 5.02 TeV by using the probability

ratio definition for like-sign protons and for all centrality classes involved
in the analysis.
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FIGURE 9.20: Comparison between AyAg correlation functions and MC

models (AMPT in red and HIJING in blue) projected onto the azimuthal

direction in Pb-Pb collision at /syn = 5.02 TeV by using the probability ra-

tio definition for unlike-sign protons and for all centrality classes involved
in the analysis.
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models (AMPT in red and HIJING in blue) projected onto the azimuthal

direction in Pb—Pb collision at \/syn = 5.02 TeV by using the rescaled two-

particle correlation function definition for unlike-sign pions and all cen-
trality classes involved in the analysis.
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models (AMPT in red and HIJING in blue) projected onto the azimuthal

direction in Pb—Pb collision at \/syn = 5.02 TeV by using the rescaled two-

particle correlation function definition for unlike-sign kaons and all cen-
trality classes involved in the analysis.
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direction in Pb—Pb collision at \/syn = 5.02 TeV by using the rescaled two-

particle correlation function definition for like-sign protons and all cen-
trality classes involved in the analysis.
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VSN = 5.02 TeV by using the probability ratio definition for unlike-sign
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FIGURE 9.34: Comparison between AyA¢ correlation functions and

AMPT model projected onto the rapidity direction in Pb-Pb collision at

V3NN = 5.02 TeV by using the rescaled two-particle correlation function

definition for unlike-sign pions and all centrality classes involved in the
analysis.
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9.2 Summary of Angular Correlation Studies in HIC

The final part of this extensive study focused on angular correlations between two
particles in Pb—Pb collisions at /syn = 5.02 TeV. This analysis, aimed at better un-
derstanding the anticorrelation observed for like-sign protons, was conducted for the
first time at such high energies in HIC and across different centrality classes. Surpris-
ingly, the results revealed a much stronger anticorrelation in HIC than anticipated.
Given the higher particle densities in these collisions, one might expect an increased
probability of finding proton-proton and antiproton-antiproton pairs within a minijet,
which should, in principle, reduce the magnitude of the depletion. However, the oppo-
site trend was observed: the anticorrelation became more pronounced with increasing
centrality. This unexpected behavior introduces a new level of complexity to the inter-
pretation of baryon correlations, offering new insights while raising intriguing, as yet
unresolved questions. In addition, new questions also emerge from the study of other
particle pairs. By examining each species of particles individually and comparing them
with each other, new information is discovered.

In small collision systems, previous observations have revealed fundamental phys-
ical phenomena, such as the absence of an away-side structure for unlike-sign particle
pairs and the apparent dependence of annihilation effects on multiplicity. In addi-
tion, correlations between kaons of like signs, when analyzed using the rescaled two-
particle correlation function, show independence of multiplicity. Most of these effects,
despite being largely influenced by flow in mid- to high-centrality events, persist in
Pb-Pb collisions with significantly greater intensity due to the dense particle envi-
ronment generated in such events. Although flow contributes significantly, several
physical effects emerge with unexpected intensity beyond its influence, including the
phenomenon of annihilation. As previously discussed for small systems, annihilation
is an FSI effect that depends on the system size rather than the number of particles
in a collision. Moreover, based on 2D plots shown in Figs. 9.6, 9.12 and the study in
Ref. [91], one would expect a very narrow dip associated with annihilation. However,
the 2D correlation function reveals a wider depletion than expected. Could this indi-
cate the presence of additional effects beyond annihilation? Regarding the behavior
of like-sign kaons, it’s observed that unlike the multiplicity-independent behavior ob-
served in small collisions, this is not reflected in the projections onto A¢ in HIC. Could
this be attributed to the influence of flow? Since flow depends on centrality, it could
have an impact on the magnitude of the observed correlations. To what extent does
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the flow influence other effects, such as the strong anticorrelation observed for protons
of like and unlike-sign?

Many intriguing effects are observed in this analysis that are somewhat surprising
in HIC. However, the plots show that these effects often make only a minor contribu-
tion compared to the flow, which is a separate phenomenon that is well understood
and studied independently. It would be extremely interesting to separate out the flow
to better highlight these effects. However, this is a complex task that would require the

development of new methodologies, which is beyond the scope of this work.



Chapter 10

Comparative Insights into pp, p—Pb,
and Pb-Pb Collision Systems

This chapter presents a comparison of results obtained from three collision systems.
The comparison is conducted using similar multiplicity classes, represented by the val-
ues of dN, /dy. These values were sourced from the literature [132, 137, 138] for each
collision system and adjusted to match the multiplicity or centrality classes used in the
three analyses. The degree of similarity in these values determines how comparable
the correlation functions are.

TABLE 10.1: dNg,/dn values for pp, p-Pb, and Pb-Pb collision system

from the literature and adapted to the multiplicity and centrality classes
used in the analysis.

| collision system | dN/dy |
| | 0-20% | 20-40% | 40-70% | 70-100% |
| PP 191 | 918 | 5.1 | 2.55 |
| | 0-20% | 20-40% | 40-70% | 70-100% |
p-Pb
| | 3555 | 232 | 9.6 | 4 |
| | 0-20% | 20-40% | 40-50% | 50-60% | 60-70% | 70-80% | 80-90% |
| Pb-Tb | 1570 | 649 | 318 | 183 | 963 | 449 | 175 |

Table 10.1 provides the relevant dN,/dy values, identifying the most compara-
ble multiplicity and centrality classes: 0-20% for pp collisions (AN /dy = 19.1), 20-
40% for p-Pb collisions (dNq,/dy = 23.2), and 80-90% centrality for Pb—Pb collisions
(dNen/dy = 17.5).

In Fig. 10.1, the correlation functions for pp, p—Pb, and Pb-Pb collision systems are
compared using the probability ratio definition.
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FIGURE 10.1: Comparison of pp, p—Pb, and Pb—Pb AyA¢ correlation func-
tions at the LHC energies for all particles using probability ratio definition.
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The observed correlations result from a combination of trivial 1/N multiplicity scal-
ing, and physical phenomena, such as minijets, resonance decays, quantum effects and
final-state interactions. These combined effects lead to notable differences between
the three systems, particularly for like- and unlike-sign pions, as well as unlike-sign
kaons and protons. For like-sign kaons, no significant differences are observed across
the multiplicity classes, as their correlations are largely independent of multiplicity
scaling and primarily reflect their intrinsic physical interactions. Similarly, like-sign
protons exhibit comparable behavior across the systems. Within the uncertainties, the
data show a good agreement, indicating that the physical effects governing these cor-
relations remain consistent across the collision systems and centrality classes. Using
the rescaled two-particle correlation function, as shown in Fig. 10.2, the trivial 1/N
scaling effects are effectively removed. The comparison demonstrates good agreement
between the systems. The correlation functions for pp and p-Pb collisions are nearly
identical within the uncertainties for all particle pairs, despite the d N, /d#y values used
for the comparison not being perfectly matched. For the Pb-Pb system, a less pro-
nounced correlation is observed. This reduction is not due to a smaller d N, /dy value
compared to pp and p-Pb collisions but is likely attributable to differing underlying
physics, such as the formation of the QGP in heavy-ion collisions.

When analyzing Fig. 10.2 particle by particle, distinct trends become evident. For
like-sign pions, a stronger peak in the correlation function is observed in pp and p-Pb
collisions compared to Pb—Pb collisions. This difference can be attributed to the en-
hanced influence of certain physical phenomena in smaller systems. In pp and p—Pb
the convolution of mini-jets and quantum effects are more pronounced as they face less
suppression from the denser environment and collective effects present in larger sys-
tems like Pb—Pb. For unlike-sign pions and kaons, the Pb—Pb system shows a smaller
peak than pp and p-Pb collisions. This is likely because, in smaller systems, particles
are primarily produced from minijets, leading to stronger correlations. In contrast, in
Pb-Pb collisions, particles also originate from the bulk QGP matter, which is less local-
ized and leads to weaker correlations through minijets. For like-sign kaons, the behav-
ior remains consistent across all systems and definitions, indicating no dependence on
multiplicity or centrality. For like-sign protons, an anticorrelation is observed across
all collision systems. For unlike-sign protons, a pronounced dip at the origin (0,0) is
observed in Pb-Pb collisions due to the annihilation phenomenon. In pp and p-Pb
collisions, this feature appears only at higher multiplicity classes, which are not used

in the current comparison.
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FIGURE 10.2: Comparison of pp, p—Pb, and Pb—Pb AyA¢ correlation func-
tions at the LHC energies for all particles using rescaled two-particle cor-
relation function definition.



Chapter 11
Summary and Conclusions

This thesis presents an explorative experimental analysis concerning the study of two-
particle angular correlations for identified pions, kaons, and protons, considering both
like-charge and opposite-charge pairs, across various multiplicity classes and collision
systems. The initial motivation for this work arose from the study of two-particle an-
gular correlations in pp collisions at /s = 7 TeV, where an unexpected anticorrelation
was observed for the first time. This surprising result prompted further investigations
into the phenomenon, which was later found to be a common feature in baryon pairs.
Extensive studies have explored various physical phenomena to explain the origins of
this anticorrelation, but no models have been able to fully reproduce the observed be-
havior, leading to what can be described as an intriguing puzzle in baryon correlation
studies. The goal of this work was to contribute to solving this puzzle by providing
new insights through the analysis presented here.

The initial analysis of two-particle correlation functions in pp collisions at /s = 13
TeV used the probability ratio correlation function. However, this method did not
account for the expected 1/ N scaling effect across different multiplicity classes. To ad-
dress this limitation, a new methodology was developed by introducing a new defini-
tion of the correlation function in ALICE, the rescaled two-particle correlation function.

Using both definitions, the first analysis was performed in pp collisions at /s = 13
TeV, focusing on like-sign and unlike-sign pions, kaons, and protons across four mul-
tiplicity classes: 0-20%, 20-40%, 40-70%, and 70-100%. After completing this initial
analysis for pp collisions, the same procedure was extended to the same analysis in
pp across 13 multiplicity classes under the request of theorists. The p—Pb collision sys-
tem at \/syny = 5.02 TeV have been studied as well across the 4 multiplicity classes
corresponded to 0-20%, 20-40%, 40-70%, and 70-100%, employing the same cuts, se-
lections, and analysis procedures used in the pp case.
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For both pp and p-Pb collisions, the analysis followed a consistent methodology.
Quality assurance procedures were applied to ensure proper selection, track recon-
struction, and particle identification for pions, kaons, protons, and their antiparticles.
The analysis settings were carefully defined, finalized, and implemented, including
the application of purity, efficiency, and correction procedures. In the case of pp colli-
sions, the rescaled two-particle correlation function method was validated, and the av-
erage number of particles, N,,, was estimated for each particle species across the four
multiplicity classes and compared to public data. Monte Carlo closure tests were con-
ducted to validate the correction procedures for both correlation function definitions.
Additionally, systematic uncertainties were carefully evaluated, and the 2D AyA¢ cor-
relation function was calculated using both definitions, with projections onto the az-
imuthal direction performed. The results were compared with Monte Carlo models to
assess the agreement with experimental data.

The same methodology was applied for Pb—Pb collision analysis at /sy = 5.02
TeV. To ensure a proper comparison with small collision systems results, the analysis
was performed using the same cuts, selection, and particle identification for pions,
kaons, and protons. The study was carried out across 7 centrality classes: 0-20%,
20-40%, 40-50%, 50-60%, 60-70%, 70-80%, and 80-90%. All steps conducted for pp
and p-Pb were repeated for Pb-Pb, and the 2D results were obtained using both def-
initions, along with projections onto the azimuthal direction and comparisons with
Monte Carlo models.

For pp collisions at v/s = 13 TeV, the probability ratio definition showed signifi-
cant discrepancies between the models and the data, particularly for unlike-sign par-
ticles and the anticorrelation observed for like-sign protons. Both the PYTHIAS8 and
EPOS_LHC models qualitatively reproduced meson correlations but failed to account
for the anticorrelation in protons. The rescaled two-particle correlation function defi-
nition improved the agreement, especially for mesons, but the models still struggled
with proton correlations.

In p-Pb collisions at /sy = 5.02 TeV, neither EPOS_LHC nor DPMJET fully cap-
tured the observed correlations, with both models failing to reproduce the anticorrela-
tion for like-sign protons. However, DPMJET provided a better description of meson
correlations, particularly in the near-side and away-side regions. The rescaled two-
particle correlation function yielded more pronounced differences, with EPOS_LHC
showing qualitative agreement for mesons but failing to reproduce the away-side fea-
tures. DPMJET offered a better overall description of meson correlations and also
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showed reasonable agreement for unlike-sign protons.

In Pb-Pb collisions, the results indicated that the AMPT model, which incorporates
tflow effects, provided better agreement with the data than the HIJING model, which
primarily focused on minijet structures and neglected collective effects. While AMPT
reproduced meson correlations well along the azimuthal axis, surprisly also the like-
and unlike-sign protons show an agreement, even if some limitations in AMPT’s ability
to describe proton correlations at lower centralities. The rapidity projections revealed
that the AMPT model captured proton-antiproton correlations well but struggled with
pion correlations.

The study also compared the correlation functions for pp, p-Pb, and Pb-Pb
collision systems. The results showed significant differences in the correlation func-
tions between the systems, influenced by effects such as 1/N scaling, minijets, flow,
resonance decays, final-state interactions and other phenomena. Using the rescaled
two-particle correlation function, the 1/N scaling effects were effectively removed,
and the results showed a good agreement between pp and p-Pb collision systems,
with the correlation functions being nearly identical within uncertainties. In contrast,
the Pb—Pb system displayed a less pronounced correlation, which was attributed to
the formation of the QGP in heavy-ion collisions.

This work has led to several important conclusions while also raising new questions

that remain unanswered.

e Why is the characteristic back-to-back jet structure suppressed for unlike-sign
particle pairs in all three collision systems?

* Why do like-sign kaons show no dependence on multiplicity when using the
rescaled two-particle correlation function definition? Furthermore, in Pb-Pb col-
lisions, is this apparent independence masked by the flow? How would the cor-
relation functions appear if the flow were subtracted?

¢ The persistence of anticorrelation in heavy-ion collisions is nontrivial, but how

strong is it? What would anticorrelation look like in the absence of flow?

¢ The annihilation phenomenon between protons and antiprotons is not expected
to depend on the density of the system. Yet, why does it appear to do so? It is
observed only in the high-multiplicity class of pp collisions, persists in p—Pb, and

becomes significantly pronounced in Pb—Pb collisions.
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The puzzle initially set out is revealed to be even more complex. Previously,
mesonic correlation functions were considered a fundamental basis for comparing
baryonic correlations. However, this study revealed that many new questions also
arise from their behavior in different multiplicity classes. Addressing these ques-
tions—such as the subtraction of flow effects in Pb—Pb analyses—would require the
development of a novel methodology, necessitating a separate dedicated study. Given
the already extensive set of results in this work, such an endeavor is beyond the

current scope of this thesis.

In conclusion, this study marks the first introduction of the rescaled two-particle
correlation function within the ALICE collaboration. This approach provides new in-
sights into the angular correlations between different multiplicity classes, offering a
clearer representation of the actual number of events within a given class and facilitat-
ing the interpretation of the underlying physical phenomena. Additionally, this work
presents, for the first time, a comparative analysis of angular correlations across three
distinct collision systems: pp, p—Pb, and Pb-Pb. The results reveal strikingly simi-
lar correlation structures across all systems, suggesting that the underlying physics
governing these small systems is largely comparable. However, subtle differences ob-
served in Pb—Pb collisions point to the influence of the QGP.

Comparisons with theoretical models have provided qualitative insights into the
observed correlation structures. However, further experimental and theoretical stud-
ies are necessary, particularly to better describe proton correlations, especially in small
systems such as pp and p-Pb. The findings suggest that collective effects play a sig-
nificant role even in small collision systems like p—Pb, while flow effects are crucial for
understanding correlation structures in larger systems like Pb—Pb.

This thesis raises many open questions for which we currently lack answers. While
we are not addressing these inquiries at this time, we anticipate that our findings will
stimulate further discussions. We now look forward to insights from theorists to help
clarify these issues and improve existing models. Future studies will build on this
work by incorporating new elements into the puzzle. For example, understanding
the role of mass in anticorrelation through the study of ¢-p correlations. Additional
studies will focus on the correlation function with D mesons to explore how the charm
quark might influence the anticorrelation. Another key direction for future work is jet
composition analysis, including calculating the number of protons in jets, which could
provide deeper insights into the anticorrelation of baryons.
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Ultimately, this work represents an important step in unraveling the complexity of baryon
correlations in particle and heavy-ion collisions. Although many challenges remain, the
methodologies introduced here, together with the key observations made, lay the foundation for
future investigations. The interplay between experimental results and theoretical advances will
be essential to deepen the understanding of various phenomena, improve theoretical models,
and offer new insights related to the underlying physics.






Appendix A

Monte Carlo Simulations

A Monte Carlo (MC) closure test is performed to evaluate the accuracy of the correc-
tion procedure. This involves comparing the corrected reconstructed MC data with
the corresponding MC true data to assess how effectively the corrections account for
detector effects and biases. The closure test is conducted for pp, p—Pb, and Pb-Pb
collisions across all multiplicity classes separately. It utilizes two distinct definitions
of the correlation function: the probability ratio definition, as described in Sec.4.3.1,
and the rescaled two-particle correlation function, detailed in Sec.4.3.2. These tests
confirm that the correction procedure reliably reconstructs the underlying physical
phenomena. Any remaining discrepancies indicate areas of Monte Carlo non-closure,
which refers to the inability of simulation adjustments to fully reproduce experimental

or theoretical expectations.

Regarding the analysis of pp collisions, as previously mentioned, the study was
subsequently extended to 13 multiplicity classes. Since the efficiency and accuracy of
the cuts are independent of multiplicity, this part of the analysis was not repeated.
Instead, the results from the earlier analysis were considered sufficient for the 13-
multiplicity class study.

A.1 Estimation of N,,

Before discussing the closure test across the three collision systems, it is important to
tirst define how the N,, values for the rescaled two-particle correlation functions are
determined. A successful closure test requires that the normalization factors for the
reconstructed and true data align closely.

The N, value for the reconstructed data is calculated as the ratio of selected particle
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types to the total number of events within a given multiplicity class. The selected
particles are those that satisfy all selection criteria and are subsequently corrected using
the correction factor, f, which is applied individually for each multiplicity class. This
process is illustrated in Fig. A.1.

Figure A.1 provides an example of the number of tracks and events, focusing on a
single pion distribution in the highest multiplicity class (0-20%).

¢ Left panel: Shows the pions spectra as a function of pr after applying selec-
tion cuts but without accounting for the correction factor. The discontinuity at
pr = 0.5 GeV/cis caused by the introduction of the TOF detector, which modifies

particle identification and reconstruction.

* Middle panel: The pr spectrum of pions, after applying the correction factor,
becomes uniform. Additionally, the gap at pr = 0.5 is no longer present.

* Right panel: Displays the total number of events as a function of multiplicity.

407106 10° x10°

PIONS, 0-20% ol | L PIONS, 0-20%
Nlrm:ks L ‘ N'racks

Number of Track
Number of Track
T
’_r
Number of Events

L
0 500 1000
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FIGURE A.1: The left panel shows the particle spectra as a function of pr

after applying selection cuts, without corrections for the correction factor.

The middle panel illustrates the corrected spectra, also as a function of pr.

The right panel displays the total number of events as a function of mul-

tiplicity. These plots correspond to 71 particles in the 0-20% multiplicity

class, derived from Monte Carlo reconstructed data from pp collisions at
Vs =13 TeV.

In contrast, the N,, value for the true data is calculated as the number of particles
per type, requiring at least one particle of the specified type in each event, divided by
the total number of events in the corresponding multiplicity class.

Tables in the following sections present the N,, values for both reconstructed and
true data. These values, provided for all analyzed particles and multiplicity classes, al-
low for a detailed comparison of reconstruction performance across different collision
systems.
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TABLE A.3: N,, values for reconstructed and true data from Pb-Pb colli-
sion at /syn = 5.02 TeV for all particles and centrality classes analyzed.
0-20% | 20-40% | 40-50% | 50-60% | 60-70% | 70-80% | 80-90%
' NREC | 591 | 2805 | 145 83.5 434 20.2 8.4
PIORS | TRUE | ¢qg 290 | 1432 | 821 42.6 19.7 8
NREC 75 37 17.9 10 5 2.2 0.9
kaons | \TRUE | g3 38 18 10 5 225 0.89
NREC 42 19.5 9.1 4.9 2.4 1 0.37
protons | \TRUE | grc | 187 8.6 46 2.2 0.96 0.34

TABLE A.1: Comparison of N,, values between reconstructed and true
Monte Carlo data from pp collision at /s = 13TeV for pions, kaons, and
protons across the analyzed multiplicity classes.

[REEE=—— - TRUE —~ oo
NREC0-20% NoRUE 020% | NREC 20-40% NoRUF 20-40% | NoE© 40-70% NoRCT 40-70% | NREC 70-100% NowCT 70-100%
Pions | 14.78 15.07 9.40 9.46 5.62 539 3.32 2.8
Kaons | 1.61 1.72 0.98 1.05 051 057 032 0.28
Protons | 0.96 1.04 0.67 0.66 0.34 0.38 018 02
TABLE A.2: Comparison of N,, values between reconstructed and true
Monte Carlo data from p-Pb collision at /sy = 5.02TeV for pions, kaons,
and protons across the analyzed multiplicity classes.
NREC 0-20% NIRVE 0-20% | NRF€20-40% NIRVE 20-40% | NRE€ 40-70% NIRVE 40-70% | NRE€ 70-100% N1RVE 70-100%
Pions | 95.05 94.96 63.92 63.83 39.14 38.82 17.45 15.92
Kaons | 11.09 10.14 7.8 6.82 49 415 2.01 1.69
Protons | 5.27 5.81 353 3.88 2.16 2.36 0.97 0.98

As shown in Tables A.1, A.2, and A.3, the reconstructed and true data values for

N,y are closely aligned, exhibiting similar trends across the three collision systems.

However, a noticeable divergence appears in most peripheral collisions, likely due to

limited statistics in these events. For protons, the reconstructed data shows a consis-

tent overestimation of N,, compared to the generated (true) data. This discrepancy

is attributed to the higher contamination from secondary particles affecting proton re-

construction. In contrast, for pions and kaons, where secondary particle contamination

is minimal, the reconstructed and true values remain nearly identical, confirming the

reliability of the results for these particle species.
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A.2 MC Closure test in pp collision

The Monte Carlo closure test is performed by using MC reconstructed and true data
from pp collision at /s = 13 TeV. The test is done for like and unlike-sign pions,
kaons, and protons in the four multiplicity accounts for the analysis which are 0-20%,
20-40%, 40-70% and 70-100%.

Figure A.2 illustrates the closure test based on the probability ratio definition, while
Fig. A.3 the MC closure test is performed by using the rescaled two-particle correlation
functions.

For both figures, the upper panel shows the integrated Ag projection for both
reconstructed data and true data, represented by open diamonds and solid di-
amonds, respectively. The lower panel displays the relative error, calculated as
(Mcrec - MCtrue) / MCrec-

In the case of probability ratio, the results demonstrate strong agreement, with
near-perfect alignment in some cases, between the reconstructed and true data, con-
tirming the reliability of the correction procedure. In the case of rescaled two-particle
correlation function, the results indicate a non-closure of approximately 10% in certain
multiplicity classes. While this discrepancy arises in a correlation function that
saturates near zero—making it relatively minor—it has been incorporated into the

systematic uncertainties to ensure a comprehensive and reliable analysis.

A.3 MC Closure test in p—Pb collision

The Monte Carlo closure test is conducted for p—-Pb collisions at /sy = 5.02 TeV
in the same way as is done for pp analysis. The test is applied to pions, kaons, and
protons across four multiplicity classes: 0-20%, 20-40%, 40-70%, and 70-100%.

Figure A.4 presents the MC closure test conducted using the probability ratio
definition, demonstrating highly satisfactory results. For pion and kaon pairs, the rel-
ative error remains consistently low, under 1%. For protons, the closure test indicates
an error below 5% in the lower multiplicity classes, which is primarily attributed to
limited statistics in these regions. Figure A.5 illustrate the MC closure test performed
using the rescaled two-particle correlation function definition. The lower plots depict
the relative error, revealing closure deviations of approximately 10% for the highest
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multiplicity classes and up to 20% for the lowest multiplicity classes. For kaons and
protons, the systematic errors are significantly higher. Nonetheless, the closure test
results are still deemed reasonable, considering that the correlation functions saturate

at 0. This saturation inherently limits the achievable precision.

A.4 MC Closure test in Pb-PDb collision

The MC closure test is repeated also for the Pb—Pb analysis at \/syn = 5.02 TeV for like-
and unlike-sign pions, kaons, and protons and in the centrality selected which are
0-20%, 20-40%, 40-50%, 50-60%, 60-70%, 70-80%, and 80-90%.

Figure A.6 illustrate the MC closure test using the probability ratio definition, and
Fig. A.7 show the closure test by using the rescaled two-particle correlation functions.
In the case of probability ratio the closure test demonstrates good agreement between
reconstructed and generated data. However, in the lower centrality classes, statistical
fluctuations are noticeable, primarily due to the limited statistics available for the
reconstructed data. The results in the upper plot for the rescaled two-particle correla-
tion functions, where the A¢ projections are displayed for reconstructed and true data
indicate that the closure test is satisfactory across all particle types. However, larger
discrepancies are evident in the box below, where the relative error is performed. For
the lower centrality classes (70-80% and 80-90%), non-closure is observed, attributed
to limited statistics. To better verify the percentage of the non-closure, a linear fit was
applied. Based on the fit results, the relative error is small—approximately 10% for
some multiplicity classes and less than 5% for others. These errors are not substantial,
considering that the correlation functions saturate at zero, minimizing their impact on

the overall correlations.
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FIGURE A.2: MC closure test using data from pp collision at /s = 13 TeV
is performed by using the probability ratio definition for all particle pairs
and across all multiplicity classes selected.
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FIGURE A.3: MC closure test using data from pp collision at /s = 13 TeV
is performed by using the rescaled two-particle correlation function for all
particle pairs and across all multiplicity classes selected.
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FIGURE A.4: MC closure test using data from p—Pb collision at /s = 5.02
TeV is performed by using the probability ratio definition for all particle
pairs and across all multiplicity classes selected.
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FIGURE A.5: MC closure test using data from p—Pb collision at /s = 5.02
TeV is performed by using the rescaled two-particle correlation function
for all particle pairs and across all multiplicity classes selected.
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FIGURE A.6: The Monte Carlo closure test is conducted for all particles
and all centrality classes involved in the analysis using the probability ra-
tio definition from Pb-Pb collision at \/syn = 5.02 TeV. The upper plots
display the projection onto A¢ for both reconstructed and generated cor-
relation functions, while the lower plots show the relative error.
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FIGURE A.7: The Monte Carlo closure test is conducted for all particles

and all centrality classes involved in the analysis using the rescaled two-

particle correlation function definition from Pb-Pb collision at /sy = 5.02

TeV. The upper plots display the projection onto Ag for both reconstructed

and generated correlation functions, while the lower plots show the rela-
tive error.






Appendix B

Systematic Uncertainties

Uncertainty in any measured quantity can generally be divided into two categories
which are statistical and systematic. Statistical uncertainty arises from the limited
size of the data sample and decreases as the amount of data increases or the ex-
periment is repeated. Systematic uncertainty, on the other hand, is inherent to the
methodology and persists irrespective of the number of repetitions, as it stems from
the measurement approach itself. While statistical uncertainty is often calculated
using established methods, the estimation of systematic uncertainty is less simple
but equally important. Ideally, systematic uncertainty is estimated by performing the

measurement in a completely independent experiment using different techniques.

This chapter addresses the systematic uncertainties associated with the analysis.
To evaluate the reliability of the applied methods, including cuts, corrections, data
selection, and particle identification, systematic checks are performed over the three
collision system studied. These checks involved comparing different data distributions
using both the probability ratio definition and the rescaled two-particle correlation
function definition.

For the probability ratio definition, the relative error (R;) is calculated as:

_ |A-B]

R, i

(B.1)

For the rescaled two-particle correlation function, which tends to saturate at zero, sys-

tematic uncertainty is assessed as an absolute error (R,) using the formula:

R, = |A-B|. (B.2)



220 Appendix B. Systematic Uncertainties

In these definitions, R represents the partial systematic uncertainty. A is the base-
line histogram without variations, and B is the histogram with variations applied. To
determine the significance of partial uncertainties, the Barlow method is employed.

The Barlow criterion (B) is defined as:

|A - B

B= —,
|05 F o3

(B.3)

where subtraction in the denominator is applied when the predefined and systematic
samples are fully correlated, such as when one is a subset of the other. A threshold
value of 1 is used. If at least one-third of the Barlow control points exceed this thresh-
old, the systematic variation is considered statistically significant and included in the
tinal uncertainty calculation.

The total systematic uncertainty for the correlation functions is calculated as the

quadrature sum of all statistically significant partial uncertainties:

Full Uncertainty = \/ R% + R% +---+R2. (B.4)

This approach ensures that the final uncertainty reflects the contributions from all
significant systematic variations, complementing the statistical uncertainties derived
from the data. In the next sections the systematic uncertainties will be shown sepa-
rately for pp, p-Pb, and Pb-Pb collision systems and for both definition used in this
work.

B.1 Systematic Uncertainties in pp Collisions

As previously mentioned, the analysis of the correlation function in pp collisions was
initially performed using four multiplicity classes and later expanded to include thir-
teen multiplicity classes, incorporating the high-multiplicity trigger. Systematic uncer-
tainties were estimated separately for each multiplicity class included in the analysis.
Consequently, this section is divided into two parts.

The default dataset, with its specific cuts and selections, is compared against varia-
tions that employ either looser or tighter cuts. If both variations satisfy Barlow’s crite-
rion, only the one contributing the most to the final systematic uncertainty is retained
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to avoid redundancy. In the analysis of pp collisions, the sources of the study of sys-
tematic uncertainties which is included in the final evaluation after meeting Barlow’s
criterion are listed below. Notably, these sources are consistent across analyses per-
formed with four and thirteen multiplicity classes, except for the PID method. In the
four-multiplicity analysis, one identification method contributes more significantly to

the overall uncertainty than the method used in the thirteen-multiplicity analysis.

Comparison between datasets: This check ensures that the data collected across dif-
ferent periods show no significant discrepancies. If the datasets are consistent,
they can be combined to improve statistical precision. The comparison is made
between data recorded in 2016 period and 2017 period.

e Event mixing: The event mixing process was examined as a potential source of
systematic uncertainty. The impact was assessed by varying the number of z-

vertex bins, using 30 bins as the default and 10 bins as an alternative.
e PID Method:

— 4-Multiplicity Analysis: The default PID method was modified by main-
taining the acceptance criteria while altering the rejection criteria. Specif-
ically, tracks identified as belonging to multiple particle species were ex-

cluded from the analysis by removing particles within a 2¢ range.

— 13-Multiplicity Analysis: The default PID method was adjusted by keeping
the acceptance criteria unchanged but refraining from rejecting any particle

type.

e Pile-up dependence: The influence of pile-up on the analysis was evaluated by

comparing results with and without pile-up rejection.

o Track selection: Variations in the track selection criteria were considered, particu-
larly the default DCA (distance of closest approach) requirements which are de-
scribed in Sec. 7.3. The DCA criteria were modified from the default of DCA,, <
2 cmand DCA; < 2.6 cm to explore their impact.

MC closure test: The MC closure test verified the correction procedure by com-
paring reconstructed Monte Carlo data to true simulated data. As described in
Sec. A.2 of Appendix A, this test contributes to the systematic uncertainty of the
rescaled two-particle correlation function, with an estimated error of approxi-

mately 10%.
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B.1.1 Systematic Analysis Across Four Multiplicity Classes

Using the R, equation, the systematic uncertainty associated with the definition of the
likelihood ratio was calculated. In Fig. B.1, the total systematic uncertainty is repre-
sented by the solid black line, incorporating all sources that passed Barlow’s criteria.
Individual contributions to the uncertainty are color-coded in the same figure, aligned
with the uncertainties discussed in the previous section for clarity and consistency. The
maximum and minimum values of the uncertainty, calculated as the average across all
bins for the highest and lowest multiplicity classes in each variation, are summarized in
Table B.1. Comparing the trends shown in Fig. B.1 with the values in Table B.1, one can
observe that while many uncertainties passed Barlow’s test and were included in the
total uncertainty, most contributions appear to result from statistical fluctuations. Fur-
thermore, in lower multiplicity classes, a noticeable increase in uncertainty is evident,

likely due to reduced statistics and the amplified impact of statistical fluctuations.

TABLE B.1: Summary of all systematic uncertainties studies performed

for all pairs of particles involved and for all multiplicity classes using the

probability ratio definition from pp collision data at /s = 13 TeV. In the

table, for each variation listed, the range of uncertainties from the highest
to the lowest multiplicity class is shown.

atnt v ot K'K"+K K~ KK~

pPp+pp

Track selection

[0.034-0.1]%

[0.07-0.211%

[0.2-1.25]%

[0.06-0.22]%

[0.32-2.18]%

PP
[0.17-0.7]%

Event mixing

[0.04-0.01]%

[0.004-0.014]%

[0.04-0.28]%

[0.07-0.36]%

[0.064-0.43]%

[0.09-0.5]%

Pileup rejection
PID method

[0.002-0.008]%

[0.0015-0.01]%

[0.04-0.231%

[0.043-0.2]%

[0.05-0.411%

[0.05-0.26]%

[0.003-0.016]%

[0.0045-0.03]%

[0.17-0.7]%

[0.2-0.4]%

[0.06-0.31]%

[0.2-0.5]%

Data comparison | [0.06-0.16]% [0.16-0.4]% [0.37-2.35]% | [0.35-2.00]% | [0.63—4.9]% [0.6-2.6]%

Using the definition of the rescaled two-particle correlation function, where the cor-
relation functions saturate around zero, the absolute error equation (R,) was employed
to calculate the uncertainties, as they are shown in Fig.B.2. It is observed that the uncer-
tainties exhibit a more structured shape compared to those calculated using the prob-
ability ratio definition. While one might expect the uncertainties to be similar—given
that the rescaled two-particle correlation function is essentially a rescaling—the ob-
served differences arise from the fact that when comparing the correlation functions
(|default — variation|), the N,, value, which varies with the specific variation, must
also be accounted for. This additional factor contributes to the differing uncertainties
observed between the two definitions.
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Nevertheless, the estimated uncertainties using the rescaled two-particle correla-
tion function are generally lower than those calculated with the probability ratio defini-
tion. The MC closure test was included in the systematic uncertainties for the rescaled
two-particle correlation function definition. An error of approximately 10% was ob-
served in some multiplicity classes, which may appear significant given that the corre-
lation function is rescaled to zero. However, the weight of this error is minimal com-
pared to the total uncertainty. Table B.2 shows the absolute error for all particles and all
multiplicity classes involved. For each variation, the values, calculated as the average
over all the bins, were shown only for the highest and lowest multiplicity classes.

TABLE B.2: Summary of all systematic uncertainties studies performed
for all pairs of particles involved and for all multiplicity classes using the
rescaled two-particle correlation function definition from pp collision data
at v/s = 13 TeV. In the table, for each variation listed, the range of uncer-

tainties from the highest to the lowest multiplicity class is shown.
it ntn K'K'+K K~ KK~ pp+pp PP
Track selection [0.2-0.12] [0.18-0.012] | [0.02-0.02]  [0.023-0.008] | [0.05-0.027] | [0.07-0.025]

Event mixing [0.006-0.0027] | [0.008-0.003] | [0.005-0.0048] | [0.0076-0.0058] [ [0.004-0.0039] | [0.0045-0.005]
Pileup rejection | [0.005-0.003] | [0.007-0.004] | [0.004-0.0068] [0.0048-0.0055] | [0.0037—0.0064] | [0.003—-0.004]

PID method [0.75-0.41] [0.92-0.12] | [0.087-0.05] | [0.38-0.16] [0.12-0.04] [0.15-0.05]
Data comparison | [0.18-0.09] [0.43-02] | [0.083-0.12] [0.2-0.13] [0.097-0.125] | [0.08-0.08]
MC closure [0.13-0.068] [0.18-0.2] [0.06-0.11] | [0.43-02] [0.086-0.07] | [0.42-0.048]

Additional insights are obtained by examining the influence on the maximum of the
correlation function, as reported in Tab. B.3. For certain variations, a significant sys-
tematic influence on the peak maximum is observed, particularly for like-sign kaons
and protons. However, as illustrated in Fig. B.2, most of these variations are domi-
nated by statistical fluctuations, which obscure the true impact of systematics on the

correlation functions.

TABLE B.3: Summary of all systematic uncertainties studies performed

for all pairs of particles involved and for all multiplicity classes using the

rescaled two-particle correlation function definition from pp collision data

at /s = 13 TeV. The table estimates the range of absolute error influence on
the peak from the highest to the lowest multiplicity class.

Tt ik K'K'+K K~ KK~ pp+pp pPp
Track selection [1.7-2.5]% [1.9-1.1]% [2.8-6.3]% | [0.3-0.3]% | [5.9-6.9]% | [3.9-3.5]%
Event mixing [0.05-0.05]% | [0.09-0.25]% | [0.6-1.4]% | [0.1-0.2]% [0.5-1]% | [0.25-0.7]%
Pile up rejection | [0.05-0.07]% | [0.09-0.3]% | [0.55-2.0]% | [0.06-0.2]% | [0.4-1.6]% | [0.16-0.6]%
PID method [6.5-8.5]% [9.6-11]% | [11.5-15.4]% | [5.1-6.3]% | [14.1-10.4]% | [8.7-7.9]%
Data comparison | [1.6-1.9]% [4.5-17]% [10-35]% [2.6-5.1]% | [11.5-32]% | [4.5-12.1]%
MC closure test [1.1-1.4]% [1.3-5.9]% [7.7-35]% [0.8-4.5]% | [10.2-18]% | [4.9-10]%
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four multiplicity classes in pp collisions at /s = 13 TeV using the proba-

bility ratio definition. Each variation is color-coded, with the black solid
line representing the final combined uncertainties.
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B.1.2 Systematic Analysis Across Thirteen Multiplicity Classes

Using the same method applied in the analysis of four multiplicity classes, the system-
atic uncertainties for the thirteen multiplicity classes were estimated. The estimation
utilized the relative error for the probability ratio definition and the absolute error for
the rescaled two-particle correlation function definition.

Figure B.3 presents the total uncertainties calculated using the probability ratio def-
inition for all particle pairs for the highest (0-0.17%), the middle (20-30%, 60-70%)
and lowest (90-100%) multiplicity classes. The uncertainties are predominantly in-
fluenced by statistical fluctuations, particularly for kaons and protons in both like-sign
and unlike-sign pairs. For pions with like-sign pairs, the uncertainties exhibit a distinct
shape. However, none of the variations across particle types and multiplicity classes
passed the Barlow test. Consequently, all variations were included in the total sys-
tematic uncertainty. These results are presented in Tab. B.4, which reports the values
for the highest multiplicity class (HM-[0-0.17%]) and the lowest multiplicity class (90—
100%) for each variation included in the final uncertainty. This table corroborates the
observations from the figure. Specifically, the largest contributions to the uncertainties
arise from track selection and dataset comparison, especially for kaons and protons.
Despite this, the plots clearly show that these systematic contributions are combined

with statistical uncertainties, ensuring no additional concerns.

TABLE B.4: Summary of all systematic uncertainties studies performed

for all pairs of particles involved and for the thirteen multiplicity classes

selected using the probability ratio definition from pp collision data at /s

= 13 TeV. In the table, for each variation listed, the range of uncertainties
from the highest to the lowest multiplicity class is shown.

A A 2 aka K'K"'+K'K~ K"K~ PP+PP PP
Track selection [0.02-0.55]% [0.05-0.9]1% [0.02-3.25]% [0.02-2.1]% [0.05-5.11% | [0.1-1.45]%
Event mixing ‘ [0.0007-0.025]% | [0.0008-0.02]% | [0.01-0.6]% [0.01-1.05]% | [0.02-0.73]% | [0.02-1.65]%
Pileup rejection  [0.0006-0.02]% | [0.0006-0.03]% | [0.009-0.65]% | [0.009-0.67]% | [0.02-1.1]% | [0.02-1.1]%
PID method ‘ [0.007-0.01]% [0.017-0.02]% [0.02-0.4]% [0.02-0.5]% [0.04-0.9]1% [0.1-0.6]%
Data comparison  [0.014-0.17]% [0.03-0.3]1% [0.09-6.9]% [0.15-5.6]% | [0.2-14.8]% | [0.2-7.4]%

Figure B.4 shows the systematic uncertainties for all particle species for the high-
est (0-0.17%), the middle (20-30%, 60-70%) and lowest (90-100%) multiplicity classes,
obtained using the rescaled two-particle correlation function. Unlike the previous def-
inition, the systematic uncertainties here exhibit well-defined shapes, except like-sign
kaons. Table B.5 summarizes the absolute error values for each variation, focusing on
the High Multiplicity (0-0.17%) and 90-100% classes. The PID method emerges as the
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dominant contributor to the uncertainties, while all other sources contribute compar-
atively smaller errors. Additional insights are provided in Table B.6, which compares

TABLE B.5: Summary of all systematic uncertainties studies performed for
all pairs of particles involved and for the thirteen multiplicity classes se-
lected using the rescaled two-particle correlation function definition from
pp collision data at v/s = 13 TeV. In the table, for each variation listed, the
range of uncertainties from the highest to the lowest multiplicity class is

shown.
T i K 'K +K K~ KK~ pP+pPp PP
Track selection [0.1-0.26] [0.12-0.3] | [0.01-0.05] | [0.06-0.05] | [0.02-0.05] | [0.03-0.024]
Event mixing [0.003-0.016] | [0.003—0.015] | [0.006-0.04] | [0.006-0.03] | [0.005-0.04] | [0.0026-0.025]
Pileup rejection | [0.003-0.016] | [0.003-0.015] | [0.006-0.04] | [0.006-0.03] | [0.005-0.04] | [0.002-0.022]
PID method [1-0.65] [13-0.12] | [0.09-0.07] | [0.5-0.22] | [0.2-0.07] [0.2-0.06]
Data comparison | [0.015-0.056] | [0.03-0.08] | [0.02-0.12] | [0.04-0.13] | [0.02-0.15] | [0.015-0.07]

the systematic uncertainties to the maximum value of the correlation function. It is
observed that, for like-sign kaons, fluctuations contribute more significantly, resulting
in higher values. However, these values are not a concern, as they are convoluted with
statistical errors. For other particles, a clear trend is evident: as the analysis moves to
lower multiplicity classes, the percentage error increases. The PID method remains the
primary contributor to these uncertainties, as previously confirmed by Table B.5 and
illustrated in the corresponding Fig. B.4.

TABLE B.6: Influence of the systematic uncertainties on the maximum of

the correlation functions performed for all pairs of particles involved and

for the thirteen multiplicity classes selected using the rescaled two-particle

correlation function definition from pp collision data at /s = 13 TeV. In the

table, for each variation listed, the range of uncertainties from the highest
to the lowest multiplicity class is shown.

Tt e K'K'+K'K~  K'K® pPp+PpP )
Track selection | [0.76-3.6]% | [0.8-28.7]% | [1.2-9.7]%  [05-12]% | [1.7-7.8]% | [1.3-2.6]%
Event mixing | [0.017-02]% | [0.018-1.4]% | [0.6-6.71% | [0.06-0.8]% | [0.45-5.7]% | [0.12-2.7]%
Pileup rejection | [0.02-02]% | [0.019-14]% | [0.6-6.6]%  [0.055-0.7]% | [0.45-6.11% | [0.11-2.4]%
PID method [6-8.8]% [8.75-11.31% | [9.15-12.3]% | [47-571% | [16.2-1091% | [9.1-7]%
Data comparison | [0.09-0.77]% | [0.19-7.9]% | [1.8-22.7]%  [0.38-3.5]% | [1.6-22.7]% [0.7-8]%
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FIGURE B.3: Systematic uncertainties estimated for like-sign and unlike-

sign particle pairs for the (0-0.17%),(20-30%), (60-70%), and (90-100%)

multiplicity classes, using the probability ratio definition from pp colli-

sion at /s =13 TeV. Each variation is color-coded, with the black solid line
indicating the final combined uncertainties.
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FIGURE B.4: Systematic uncertainties estimated for like-sign and unlike-
sign particle pairs for the (0-0.17%),(20-30%), (60-70%), and (90-100%)
multiplicity classes, using the rescaled two-particle correlation function
definition from pp collision at /s =13 TeV. Each variation is color-coded,
with the black solid line indicating the final combined uncertainties.
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B.2 Systematic uncertainties in p—Pb collision

Following the same approach applied in the pp analysis, systematic variations were
calculated for the p—Pb analysis. Based on the results obtained from the Barlow method
to evaluate all possible variations, only four were considered significant for the final

uncertainty estimation, as detailed below:

e Event Mixing: The number of bins was varied from the default 30 bins to 10 bins

as a systematic check.

e Pileup Dependence: The impact of pileup was assessed by comparing results with

and without pileup event rejection.

e Track Selection: Criteria for selecting particle pairs were varied by tightening the
default cuts on DCA, which are described in Sec. 7.3, specifically to DCA,, <
2cmand DCA, < 2.6 cm.

e PID Method: The default particle identification method was compared with an al-
ternative approach where tracks identified as belonging to more than one particle

species were excluded, removing particles within a 20 range.

By using the probability ratio definition, as illustrated in Fig. B.5, all particle pairs,
except for the like-sign kaons, exhibit a distinct shape. For like-sign kaons, however,
the systematic uncertainties are minimal and largely masked by statistical fluctuations.

This is reflected also in the numerical values summarized in Tab. B.7.

TABLE B.7: Summary of all systematic uncertainties studies performed

for all pairs of particles involved and for all multiplicity classes using the

probability ratio definition from p-Pb collision data at \/syn = 5.02 TeV.

In the table, for each variation listed, the range of uncertainties from the
highest to the lowest multiplicity class is shown.

AR A b K'K"'+K'K~ K"K~ pPpP+PpP PP

Track selection | [0.05-0.2]% [0.1-0.5]% [02-1.1]% | [0.15-0.8]% | [1.0-2.7]% | [1.4-3.3]%
Event mixing | [0.009-0.03]% | [0.009-0.03]% | [0.2-1.0]% | [0.04-0.6]% | [0.2-1.5]% | [0.1-0.7]%

Pileup rejection | [0.008-0.03]% | [0.008-0.02]% | [0.2-1.1]% | [0.045-0.3]% | [0.2-1.5]% | [0.09-0.8]%
PID method | [0.03-0.09]% | [0.1-0.2]% [02-1.1]% | [0.15-0.5]% | [0.3-2.2]% | [0.2-1.2]%

Figure B.6 illustrates the systematic uncertainties associated with the rescaled two-
particle correlation function. For each source of variation, the uncertainties are ex-

pressed as absolute errors, given that the correlation functions approach saturation
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near zero. The uncertainties exhibit a clear and consistent pattern, similar to

served in the probability ratio definition. For like-sign kaons, a significant

those ob-

influence

of statistical fluctuations is observed, which corresponds to the large systematic un-

certainty values listed in Tables B.8 and B.9. Table B.8 provides the absolute errors,

while Table B.9 summarizes the total error’s impact on the maximum of the correlation

functions. Notably, for like-sign kaons, the dominant contributions to the uncertainty

arise from the PID method and track selection. However, as shown in the figure, these

effects are largely overshadowed by statistical fluctuations.

TABLE B.8: Summary of all systematic uncertainties studies performed

for all pairs of particles involved and for all multiplicity classes using the

rescaled two-particle correlation function definition from p-Pb collision

data at \/syn = 5.02 TeV. In the table, for each variation listed, the range of

uncertainties from the highest to the lowest multiplicity class is calculated
as the average over all the bins.

ntnt+ T ntn” KK '+K K~ KK~ pp+pp

PP

Track selection [0.1-0.09] [0.2-0.15] [0.2-0.07] [0.9-0.4] | [0.1-0.03] | [0.04-0.04

Pileup variation [0.02-0.01] [0.006-0.007] | [0.05-0.03] | [0.2-0.07] | [0.02-0.02] | [0.01-0.02

|
Event mixing [0.02-0.01] [0.01-0.01] [0.06-0.04] [0.3-0.1] | [0.02-0.02] | [0.01-0.01]
]
]

PID method [0.4-0.2] [0.45-0.1] [0.1-0.05] [0.4-0.2] | [0.07-0.04] | [0.07-0.03

TABLE B.9: Summary of all systematic uncertainties studies performed
for all pairs of particles involved and for all multiplicity classes using the
rescaled two-particle correlation function definition from p-Pb collision
data at \/snn = 5.02 TeV. In the table, the range of absolute error influence
on the peak is estimated from the highest to the lowest multiplicity class.

AR yak a K"K '+K'K~ KK~ pPpP+PP PP
Track selection [0.7-1.5]% [1.9-4.5]% [21-27]1% | [9.9-10.2]% | [7.6-6.25]% | [2.2-3.9]%
Eventmixing | [0.1-02]% | [0.09-0.3]% | [7.6-14]% | [3.3-3.61% | [1.8-5.1]% | [0.7-1.4]%
Pileup variation  [0.1-02]% | [0.05-02]% | [5.6-125]% | [1.92]% | [1.6-5.1]% | [0.7-1.6]%
PID method | [26-351% | [3.5-32]% | [129-201% | [49-591% | [59-791% | [4.1-3.2]%
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B.3 Systematic uncertainties in Pb—Pb collision

From Pb-Pb collision data at \/syny = 5.02 TeV, the following systematic variations,

which satisfied the Barlow criteria, were considered for the final uncertainties:

e Pileup dependence: The influence of pileup was evaluated by comparing results

with and without pileup rejection;

e PID method: The default PID method was compared with an alternative approach
that excluded tracks identified as belonging to multiple particle species, specifi-
cally removing particles within a 20 overlap range;

Two-track cuts variation: To evaluate the impact of two-track selection criteria, the
analysis was repeated using looser parameters: Ay = 0.02 cm and Ag™ = 0.1 rad;

e Track selection: The default track selection (see Sec 7.3), using ITS and TPC data
with strict DCA cuts, was compared to a "hybrid" method designed to correct
non-uniform ¢ acceptance caused by the ITS. To address acceptance gaps (see
Fig. 7.1), TPC-only tracks were added to the ITS+TPC tracks, creating a hybrid
sample. This approach applied looser DCA cuts (DCAy, < 2.4 cm, DCA; < 3.2

cm), increasing contamination from secondary particles.

Event mixing: To study the influence of event mixing criteria, comparisons were
made between z-vertex binning intervals of 2 cm and intervals of double this
width;

e DCA variation: Correlation functions with the default DCA values were com-
pared to those calculated with stricter, pr-independent DCA cuts of 0.1 cm in the

xy-plane and 1 cm along the z-axis;

e Z-vertex position: The event selection criterion requiring the z-vertex to be within

10 cm of the TPC center was varied to 7 cm to assess its impact;

Figure B.7 shows the systematic uncertainties estimated using the probability ra-
tio definition, in which all variations exhibit minimal differences without significant
systematic shifts, with the uncertainties primarily masked by statistical fluctuations.
Table B.10 presents the systematic uncertainties for all particle species across centrality
classes. For like- and unlike-sign pions, uncertainties remain small across all centrali-

ties. In contrast, kaons and protons show systematic uncertainties approaching 2% in
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FIGURE B.7: Systematic uncertainties estimated for like-sign and unlike-

sign particle pairs across the selected centrality classes, based on the prob-

ability ratio definition from Pb—Pb collision at /syn = 5.02 TeV. Each vari-

ation is calculated using the relative error R, and is represented by a dif-

ferent color, with the black solid line indicating the final combined uncer-
tainties.

the lowest centrality classes. However, as shown in Fig.B.7, most of these uncertainties
are largely obscured by statistical fluctuations.

Using the rescaled two-particle cumulant, in Fig. B.8, a distinctive shape becomes
more apparent, particularly for like- and unlike-sign pion pairs, following the same
behavior as observed by using probability ratio definition. For other particle species,
systematic uncertainties are minimal and primarily overshadowed by statistical fluc-

tuations. Table B.11 presents the absolute errors for each variation in the highest and
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TABLE B.10: Summary of all systematic uncertainties studies performed
for all particle pairs using the probability ratio definition from Pb-Pb col-
lision data at /syn = 5.02 TeV. In the table, the range of uncertainties for
the highest and the lowest multiplicity classes is shown.
ot T K'K"+K K~ KK~ ~ pp+Pp PP
DCA variation | [0.007-0.045]% | [0.007-0.06]% | [0.005-0.55]% | [0.005-1.1]%  [0.025-0.8]% | [0.05-1.7]%
PID method [0.001-0.02]% | [0.001-0.025]% | [0.01-0.5]% [0.01-0.9]% ‘ [0.02-0.7]% | [0.07-1.35]%

Track selection

[0.005-0.06]%

[0.003-0.03]%

[0.007-0.85]%

[0.0065-1.2]%  [0.02-1.2]%

[0.02-1.25]%

Pileup variation

[0.0003-0.05]%

[0.0003-0.02]%

[0.005-0.9]%

[0.0035-0.6]% ‘ [0.009-1.4]%

[0.01-1.1]%

Two-track cuts

[0.002-0.03]%

[0.002-0.025]%

[0.004-0.5]%

[0.004-0.9]%  [0.007-0.6]%

[0.01-1.2]%

Event mixing

[0.0006-0.03]%

[0.002-0.03]%

[0.004-0.5]%

[0.005-1]% ‘[0.006—0.7]%

[0.01-1.65]%

Z-vertex position

[0.009-0.05]%

[0.001-0.03]%

[0.01-1.4]%

[0.006-1.3]%  [0.02-1.8]%

[0.02-2.1]%

TABLE B.11: Summary of all systematic uncertainties studies performed
for all particle pairs using the rescaled two-particle correlation function
from Pb-Pb collision data at \/syn = 5.02 TeV. In the table, the range of
uncertainties for the highest and the lowest multiplicity classes is shown.

it U K 'K +K K~ K'K™ PP+PP PP
DCA variation [0.6-0.05] [0.6-0.06] [0.1-0.06] [0.15-0.1] [0.2-0.05] [0.15-0.1]
PID method [0.2-0.03] [0.2-0.035] [0.2-0.06] [0.26-0.1] [0.1-0.05] [0.12-0.1]
Track selection [1.5-0.09] [1.5-0.1] [0.2-0.1] [0.2-0.1] [0.1-0.08] [0.1-0.08]
Pileup variation [0.025-0.07] | [0.03-0.065] [0.2-0.1] [0.04-0.08] | [0.04-0.1] | [0.02-0.07]
Two-track cuts variation [0.15-0.03] [0.2-0.03] [0.04-0.05] [0.045-0.1] | [0.03-0.04] | [0.03-0.07]
Event Mixing [0.05-0.03] [0.2-0.03] [0.045-0.05] [0.06-0.1] | [0.02-0.05] | [0.03-0.1]
Z-vertex [0.07-0.05] [0.07-0.04] [0.1-0.15] [0.006-0.15] | [0.07-0.1] | [0.04-0.1]

lowest centrality classes. While the values are very small, their influence on the cor-
relation functions provides more meaningful insights. These impacts are detailed in
Table B.12, which reports the effect of each systematic variation on the maximum of
the correlation function, focusing on absolute errors in the highest and lowest central-
ity classes. In general, it can be seen that moving to lower centralities the absolute error

TABLE B.12: Summary of all uncertainties for all particle pairs using the

rescaled two-particle correlation function. The table shows the range of

values indicating each uncertainty’s impact on the correlation function
maximum, for the highest and the lowest centrality classes.

b Y v i K"K +K K~ K"K~ pPP+PP PP
DCA variation [1.1-0.5]% [1-0.9]1% [1.3-7.6]% [1-24]% | [7.8-4.1]% [6-9]%

PID method [0.3-0.3]% [0.3-0.5]% [2.4-7.8]% [1.9-1.9]% | [4.6-3.6]% | [4.8-6.5]%
Track selection [27-091% | [2.3-1.7]% | [2-11.6]% | [1.6=2.1]% | [4.9-6.1]% | [3.5-5.9]%

Pileup variation [0.04-0.7]1% | [0.05-0.9]% | [0.6-11.9]% | [0.3-1.4]% | [1.7-7.2]% | [0.7-5]%

Two-track cuts variation | [0.3-0.35]% | [0.3-04]% | [0.5-6.8]% | [0.3-1.7]% | [1.3-3.1]% | [1-5.6]%
Event Mixing [0.09-0.3]% | [0.2-0.4]% | [0.5-6.5]% | [0.4-1.9]% | [1.15-3.7]% | [1.3-7.5]%
Z-vertex [0.1-0.6]% [0.1-0.5]% | [1.1-19.4]% | [0.45-2.6]% | [3.4-9.2]% | [1.5-9.9]%

for the z-vertex makes a large contribution, but as can be seen from the plots in Fig. B.8
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the error is covered by the statistical fluctuation, particularly for kaons and protons.
For the general uncertainties estimated for protons, a large contribution is seen due to
the lack of statistics.
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