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ABSTRACT

Quantum Chromodynamics (QCD), a subfield of Quantum Field Theory (QFT), is a funda-
mental theory in physics that describes the strong interaction between quarks and gluons.
In QCD, quarks are the elementary particles that constitute neutrons, protons, and other
hadrons, whereas gluons are the force carriers that mediate the strong nuclear force to
hold the quarks together. The strong force is one of the four fundamental forces in nature,
along with the electromagnetic, weak, and gravitational forces. The theory of QCD was
developed in the 1970s, and it is now an essential part of Standard Model (SM) of particle
physics, which describes the interactions between all known particles and the fundamen-
tal forces. One of the key features of QCD is its mathematical formulation in terms of a
non-Abelian gauge theory based on a group of symmetries that describe the transforma-
tions that the quarks and gluons undergo when they interact. The non-Abelian nature of
the theory makes the gluons interact with each other, resulting in the phenomenon of color
confinement. Color, in the context of particle physics, refers to a property of quarks that is
analogous to the electric charge in electromagnetism. However, it is important to note that
this term has nothing to do with the colors that we see with our naked eyes. While photons,
which mediate the electromagnetic force, do not carry any electric charge, gluons, which
mediate the strong force, carry a color charge. This distinction is a key difference between
the two forces and is crucial in developing a complete understanding of the behavior of
subatomic particles. Quarks have six known flavors (up (¢), down (d), charm (c), strange
(s), top (t), and bottom (b)) and exist in three types of color charges, which are labeled
red, green, and blue, whereas antiquarks have opposite color charges, which are labeled

anti-red, anti-green, and anti-blue. Due to color confinement in QCD, hadrons are color-



less because they are composed of quarks and antiquarks whose color charges cancel each
other out. Another important prediction of QCD is the phenomenon of asymptotic freedom,
which means that at very high energies or short distances, the strong force between quarks
and gluons becomes weaker, which allows for a perturbative description of the interactions.

At very high energies and temperatures, the quarks and gluons are no longer confined
to individual hadrons, but instead form a deconfined state of quarks and gluons known as
the quark-gluon plasma which is a hot, dense, and strongly interacting thermal medium, of-
ten described through the framework of relativistic hydrodynamics. Such a state of matter
is believed to have existed for a few microseconds after the Big Bang around 13.8 billion
years ago, and can be recreated in laboratory by carrying out ultra-relativistic heavy-ion
collisions with the help of collider facilities such as Relativistic Heavy Ion Collider (RHIC)
at Brookhaven National Laboratory (BNL) and Large Hadron Collider (LHC) at European
Council for Nuclear Research (CERN). This new state, formed in these collisions, exists for
a very short period of time and cannot be directly observed by detectors. However, there are
several signatures that confirm the formation of quark-gluon plasma (QGP) in high-energy
heavy-ion collisions. These include: Jet suppression, elliptic flow, enhanced production
of strange particles, direct photon production, chiral symmetry restoration, quarkonia sup-
pression, etc. Overall, the combination of these signatures provides strong evidence for the
formation of the QGP in high-energy heavy-ion collisions. The enhancement in the pro-
duction of strange quarks in heavy-ion collisions compared to nucleon-nucleon collisions
is a key observable in heavy-ion physics and is considered one of the earliest signatures of
QGP. In heavy-ion collisions, the gluon density saturates due to the formation of a thermal-
ized QGP medium, leading to an enhancement in the yield of strange hadrons compared to
pp collisions, where strange hadron production is suppressed due to canonical suppression.
The study of strange to non-strange hadron ratios in both small and large system collisions
provides valuable insights into the hot and thermalized medium formed in these collisions.

As the system expands and cools, it undergoes a phase transition from the QGP to the
hadronic phase, where quarks and gluons recombine to form hadrons. After the phase tran-

sition, inelastic collisions among hadrons take place until they cease at chemical freeze-out,
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where the yields of various hadrons are fixed. Beyond this point, hadrons continue to inter-
act elastically, altering their momenta while their yields remain unchanged. These elastic
interactions exist until kinetic freeze-out, where the system cools enough that hadrons no
longer interact, and both their momenta and yields get fixed. The timespan between the
chemical and kinetic freeze-outs is called as hadronic phase. Hadronic resonances such as
p(770)°, K*(892)°, £(1385)*, A(1520), £(1530)° and ¢ (1020) (which may be denoted
by p°, K*0, £t A* =*0 and ¢ for simplicity) are produced before chemical freeze-out
and play a key role in probing the dynamics of the hadronic phase, as their yields and
properties can be modified through hadronic interactions of their decay daughters within
the hadronic gas. The decay daughters of hadronic resonances can undergo rescattering or
regeneration during the hadronic phase, which can either suppress or enhance the observed
yields compared to those produced at chemical freeze-out. The modification in the yields
of hadronic resonances depends on their lifetimes, interaction cross section of their decay
daughters, and duration of the hadronic phase. The shorter the lifetime of hadronic reso-
nance, the more interactions its decay daughters undergo within the hadronic gas, leading
to a greater modification of their yields compared to those produced at chemical freeze-out.
Experimental observations show that the yields of short-lived resonances, such as p° and
K*0, are suppressed in both small and large system collisions compared to stable hadrons
with the same strangeness content. In contrast, resonances with relatively longer lifetimes,
such as A*, show suppression only in large system collisions, suggesting the existence of
a brief hadronic phase in small system collisions. Resonances with even longer lifetimes,
such as Z* and ¢, are not suppressed, even in large system collisions, indicating an upper
limit to the duration of the hadronic phase formed in such collisions. Thus, the lifetimes
of hadronic resonances are exploited to estimate the duration of the hadronic phase in both
small and large collision systems. The resonance A* is particularly interesting for studying
the properties of the hadronic phase in small systems, as its lifetime falls between those
of the K** and ¢ resonances. Moreover, no measurements of A* have yet been made in
collisions p—Pb at /sxy = 8.16 TeV, the highest energy available in this collision system

with A Large Ion Collider Experiment (ALICE) at LHC. Given that the p—Pb system serves
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as an intermediate between the pp and Pb—Pb systems in terms of both system size and par-
ticle production, it helps disentangle initial and final state effects in large collision systems.
Furthermore, for meaningful comparisons, measurements of A* production are also not per-
formed in pp collisions at /s = 8 TeV, the closest available energy to the p—Pb collisions
at /sy = 8.16 TeV.

In this work, the production yield of the A* resonance is analyzed in p—Pb collisions
at /snn = 8.16 TeV across four VOA multiplicity classes (excluding minimum bias non-
single diffractive (NSD) events) and in inelastic pp collisions at /s = 8 TeV, using data from
ALICE. The invariant yield of A* is calculated and the yields are compared to the results
published at lower energies. The pr-integrated yield and average pr are obtained by fitting
the pt spectra with the Levy-Tsallis function, which behaves exponentially in the low-pr
region while following a power law in the high-pt region. The nuclear modification factor
(Rppp) for A* is calculated in p—Pb collisions at /sy = 8.16 TeV and compared to Rppy, of
other hadrons at the same energy. The yield ratios of the resonances to the stable hadrons
(A*/A and K*O/Kg) are calculated and also compared with the other available results. To
interpret the results, comparisons are made with the EPOS3 hydrodynamical model, where
around 3 million events are simulated with and without the hadronic afterburner (UrQMD).

To further advance our understanding of the properties of the QGP medium and the
hadronic phase in heavy-ion collisions, we exploited the EPOS4 hydrodynamical model.
EPOS4 is an updated version of EPOS3, featuring improvements in both primary (parton-
level) and secondary (hadronic-level) scatterings. At the primary scattering level, EPOS4
introduces a saturation scale that ensures proper factorization and binary scaling, correct-
ing violations seen in EPOS3. At the secondary scattering level, the model enhances the
core-corona procedure by dividing string segments based on energy loss and incorporating
improved methods for managing energy-momentum flow during freeze-out. Using EPOS4,
the particle yields and yield ratios are calculated for the pp system at /s = 13.6 TeV and
the PbPb system at /sy = 5.36 TeV in the mid-rapidity region (|y | <0.5), with and with-
out the hadronic afterburner (UrQMD). For the pp system, 5 million events are generated

for each UrQMD setting, while for the PbPb system, 1.5 million events are generated for
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each setting. These energies align with current LHC collision energies, providing a basis
for future comparisons with experimental data.

The entire thesis, compiled into six chapters, is organized as follows:

Chapter 1: This chapter introduces high-energy physics, or particle physics, a field dedi-
cated to understanding the fundamental building blocks of matter and the forces that govern
their interactions. It traces key breakthroughs in particle physics, from the discovery of pro-
tons, neutrons, and electrons to quarks at the most fundamental level and the discovery of
the Higgs boson at the LHC in 2012, which confirmed a crucial aspect of the Standard
Model. The Standard Model remains the most successful theory describing the interactions
of elementary particles via the electromagnetic, weak, and strong forces. The chapter then
focuses on QCD, the theory of strong interactions, which explains how quarks and glu-
ons interact via the "color" charge, a quantum property analogous to the electric charge in
Quantum Electrodynamics (QED). Unlike QED, QCD allows for gluon self-interactions,
where gluons act as massless mediators of the strong force. Quarks and gluons are always
confined within color-neutral hadrons, which are categorized into mesons (quark-antiquark
pairs) and baryons (three-quark systems). The discussion moves to the QCD phase tran-
sition, where matter transforms from a state of confined hadrons to a deconfined phase
of quarks and gluons. This transition is characterized by temperature and energy density,
similar to phase transitions in QED, such as the change from solid to liquid or gas. At ex-
tremely high temperatures or energy densities, quarks and gluons exhibit asymptotic free-
dom, where the interaction between them weakens, leading to the formation of QGP. The
chapter then explores the formation of QGP in heavy-ion collisions at the LHC and RHIC
and highlights the various signatures indicating the formation of QGP. Next, the chapter
discusses the production of hadronic resonances in collisions at LHC and RHIC at various
center-of-mass energies. The yields of these resonances are sensitive to the interactions
of their decay daughters in the hadronic phase, the period between chemical and kinetic
freeze-outs. Resonances with short lifetimes, such as po (1.335 fm/c) and K*0 (4.15 fm/c),

are suppressed in high-multiplicity pp, p—Pb, and central Pb—Pb or Au—Au collisions com-



pared to peripheral collisions. In contrast, resonances with longer lifetimes, like ¢ (46.26
fm/c), show no significant evolution in yield with multiplicity. The A* resonance, with a
lifetime around 12.54 fm/c, lies between the resonances K*” and ¢ and provides insight into
the properties of the hadronic phase. In Pb—Pb and Au—Au collisions, the yield of A* is sup-
pressed in the most central collisions compared to peripheral collisions, but no multiplicity
dependence has been observed in small systems. The chapter concludes by presenting the
motivation for this analysis, which is to study the production yield of the A* resonance in
p—Pb collisions at \/snyn = 8.16 TeV and in pp collisions at /s = 8 TeV using data from the
ALICE detector at the LHC.

Chapter 2: This chapter focuses on relativistic kinematics, which is crucial for under-
standing particle collisions at high energies, a key aspect of modern particle physics. High
energies are required in this field because they allow us to probe the fundamental struc-
ture of matter at increasingly smaller scales. According to the principles of quantum me-
chanics and the uncertainty principle, higher-energy collisions enable the study of shorter
wavelengths, allowing particles to be investigated at subatomic levels. These energies also
facilitate the production of new particles, such as those predicted by the Standard Model
and beyond, which are often too massive to exist under ordinary conditions. Relativistic
kinematics becomes necessary because particles in high-energy physics experiments, such
as those conducted at LHC, often travel at velocities close to the speed of light. In these
conditions, classical mechanics no longer provides accurate predictions and special rela-
tivity must be employed. The chapter begins by introducing the concept of four-vectors,
mathematical objects that combine space and time components into a unified framework,
allowing for the consistent description of particle behavior in different reference frames.
Lorentz transformations are then introduced, which describe how physical quantities, such
as position and momentum, change between observers moving at constant velocities rela-
tive to each other. The energy-momentum four-vector and its conservation during particle
collisions are also covered. The conservation laws of energy and momentum in relativis-

tic frameworks are fundamental to predicting the outcomes of high-energy particle interac-

vi



tions, such as the creation of new particles or the decay of existing ones. The chapter further
delves into key kinematic variables used to describe collision processes, such as rapidity,
pseudorapidity, and transverse momentum. These variables allow physicists to analyze par-
ticle trajectories and energies in a way that accounts for relativistic effects. For instance,
rapidity is preferred over velocity at relativistic speeds because it transforms linearly under
Lorentz transformations, making it a more practical quantity for comparing particle motion

across different reference frames.

Chapter 3: The chapter begins with an overview of LHC at CERN, Geneva, Switzer-
land, and introduces its key experimental setups. The four major experiments at the LHC
where the data from the collisions is recorded are ALICE, Compact Muon Solenoid (CMS),
Large Hadron Colider beauty (LHCDb), and A Toroidal LHC ApparatuS (ATLAS). The AL-
ICE experiment, designed to explore the properties of QGP formed in heavy-ion collisions,
is discussed in detail. The ALICE detector consists of the central barrel, the forward de-
tectors and a muon spectrometer. For this analysis, central barrel detectors, including In-
ner Tracking System (ITS), Time Projection Chamber (TPC), Time-of-Flight (TOF), and
VZERO (VO0) detectors, play a significant role. The ITS is crucial for reconstructing pri-
mary and secondary vertices with high precision near the interaction point, whereas the
TPC and TOF are essential for charged-particle tracking and particle identification, respec-
tively. The VZERO detectors are key for triggering minimum-bias events and determining
collision centrality in heavy-ion collisions. The chapter also discusses other subsystems
in ALICE such as the Transition Radiation Detector (TRD), which is used for electron
and jet identification, the Electromagnetic Calorimeter (EMCal) for measuring high-energy
particles like photons and jets, and the Photon Spectrometer (PHOS), which is focused on
detecting electromagnetic radiation from the QGP. Additionally, the chapter covers the AL-
ICE experiment’s data acquisition and computing infrastructure for both online and offline

data processing and analysis.

Chapter 4: This chapter provides a comprehensive outline of the techniques used for re-
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constructing the A* resonance, with methods that can be generalized to other resonances as
well. The reconstruction process begins by identifying the decay products, a proton and a
kaon, which are detected using the ITS, TPC, and TOF subsystems in ALICE. The chap-
ter offers a detailed description of the steps involved, including the particle identification
algorithms based on energy loss dE /dx and time-of-flight measurements, track reconstruc-
tion using the Kalman filter, and the criteria for event selection to optimize the signal-to-
background ratio. The invariant mass distribution of unlike-charged proton-kaon pairs from
the same events is obtained by adding their four-momenta. This distribution contains both
the signal peak of the A* resonance and the combinatorial background, which arises from
uncorrelated proton and kaon pairs. The combinatorial background is estimated using like-
sign and event-mixing techniques, which are discussed in detail in the chapter. After esti-
mating the background, it is subtracted from the unlike-charged pair distribution, leaving
behind the signal of the A* resonance along with a residual background. A fitting proce-
dure is then applied to extract the resonance signal. This involves fitting the invariant mass
distribution with a Voigtian function, which is a convolution of Breit-Wigner and Gaussian
functions for the signal peak, and a second-order polynomial for the residual background.
To determine the raw yield of A*, the bin-counting method is employed, as described in
detail in the chapter. The chapter also includes calculations for detector efficiency and ac-
ceptance, using the Monte Carlo simulations. These simulations are used to account for
the inefficiencies in detecting all A* resonances decaying into protons and kaons. The loss
of signal due to event and track selection cuts is accounted for and thoroughly discussed.
Additionally, the method for calculating systematic uncertainties is covered in detail. The
chapter then presents the corrected transverse momentum (p7) spectra of the A* resonance,
measured in inelastic pp collisions at y/s = 8 TeV and in p—Pb collisions at /sxy = 8.16
TeV across four multiplicity classes defined by the VOA detector. These spectra are also
compared to minimum-bias event classes to investigate any multiplicity dependence. Fur-
thermore, a comparison of the pt spectra obtained in p—Pb collisions at /syy = 8.16 TeV
with previously published results at /sy = 5.02 TeV is presented, allowing for a study of

energy-dependent effects on A* production. The chapter also discusses the pr-integrated
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yield and the average transverse momentum ({pr)) of the A*, which provide insight into
the overall production rates and momentum distributions of the resonance in different col-
lision systems and multiplicity classes. The nuclear modification factor (Rppp) for A* is
calculated to disentangle the cold nuclear matter (CNM) effects from hot QCD effects, and
the results are compared to other hadrons, such as A, K(S), and K*0, to explore production
mechanisms of baryons and mesons. Finally, the resonance to non-resonance yield ratios,
specifically for A* and K*O, are discussed, providing insights into the hadronic interactions
in the late stages of p—Pb collisions which affect short-lived resonances differently accord-

ing to the lifetime of resonance particle and interaction cross-section of its decay daughters.

Chapter 5: In this chapter, we provide a comprehensive overview of the EPOS4 hydro-
dynamical model, a general-purpose framework designed to study various observables in
relativistic collisions across different systems and energies. The core concept underly-
ing EPOS4 is parallel scattering, which accounts for multiple parton-parton scatterings
occurring simultaneously during high-energy collisions. Understanding the dynamics of
heavy-ion collisions is crucial compared to smaller system collisions, due to a significant
difference in the volume of the system, making the EPOS4 model an optimal choice for
this analysis. This chapter explores the foundational framework of EPOS4 and highlights
key differences from its predecessor, EPOS3. We utilized the EPOS4 model to investigate
the dynamics of both large and small system collisions, focusing on the production yields
of strange and resonance particles. The enhancement of strange hadron yields in central
Pb—Pb collisions, compared to pp and peripheral Pb—Pb collisions, suggests the formation
of a medium in central Pb—Pb collisions. We can distinguish the hydrodynamical evolution
of the medium produced in different collision systems by measuring the average transverse
momentum of hadrons formed in these events. The influence of late-stage hadronic in-
teractions on the differential yield of resonances is analyzed using the ratio UrQMD ON
/ UrQMD OFF, where UrQMD ON represents the activation of late-stage hadronic inter-
actions, while UrQMD OFF represents their absence. The chapter also discusses the in-

tegrated yield ratios of various strange hadrons to pions, both with and without UrQMD,
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revealing that the strangeness enhancement is an early-stage effect rather than a late-stage
one. Additionally, we measure and discuss the resonance to non-resonance yield ratios for
p?, K0, ¥+ A* 20 and ¢, where the resonance yields are suppressed in central Pb—Pb
collisions compared to both pp and peripheral Pb—Pb collisions, particularly for resonances
with shorter lifetimes. Finally, the lifetime measurements of the hadronic phase have been
performed using the ratios K*/K, p°/x, and A*/A with EPOS4 when UrQMD is ON, com-

paring these results with the ALICE data, all of which are discussed in detail in this chapter.

Chapter 6: This chapter provides a summary of the main findings presented in the the-
sis, focusing on the analysis of the A* resonance in inelastic pp collisions at /s = 8 TeV
and in p—Pb collisions at /sy = 8.16 TeV across four VOA multiplicity classes and the
minimum-bias class using data from the ALICE detector. The key results are discussed in
comparison with other available measurements of the A* resonance and other hadrons with

ALICE data, as well as predictions from the EPOS3 and EPOS4 models.
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Chapter 1

Introduction

In the field of high-energy physics, scientists aim to investigate the universe at its smallest
and largest levels, delving into the fundamental workings of matter to find new discoveries
from subatomic particles all the way up to galaxies, which are light years away. This leads
to the study of elementary particle physics, which is focused on identifying the fundamental
building blocks of matter and energy. With a better understanding of these building blocks,
scientists hope to unlock a deeper understanding of the natural world around us. These
findings in elementary particle physics matter to everyone on Earth, but they are also fun-
damental to understanding the rest of the universe. By studying the fundamental principles
that underlie the cosmos, scientists are trying to uncover the mysteries of the universe’s ori-
gins and how it has evolved over billions of years while continuing to operate in the present
day. According to current scientific understanding, the QGP, a state of matter composed of
free quarks and gluons [1], existed for only a few microseconds after the Big Bang before
the universe cooled enough and eventually evolved into the diverse range of particles that
we observe in the universe today. An outline of the critical stages of the evolution of the
universe, starting from the Big Bang about 13.8 billion years ago till today, is presented vi-
sually in Figure 1.1. Scientists can recreate these conditions in the laboratory using particle
accelerators, such as the LHC at CERN, Geneva, Switzerland. Despite decades of ongoing
research, many fundamental principles of particle physics remain a mystery. For exam-

ple, scientists have yet to fully explain the nature of dark matter and dark energy, which



together make up about 95% of the universe’s total matter-energy content. Even though
particle physics encounters numerous challenges today, it has produced significant knowl-
edge and technology that have revolutionized our comprehension of the surrounding world.
For example, particle physics has led to the discovery of many new particles, including the
discovery of the Higgs boson in 2012 [2, 3], significantly contributing to the understanding
of how particles acquire mass [4]. This discovery has deepened our understanding of the
fundamental nature of matter and offers the potential for further breakthroughs in the field.

The journey to understand the fundamental building blocks of matter and to verify theories

The Big Bang

Figure 1.1: Diagram outlining the critical stages of evolution of the Universe from the Big
Bang to the present.

in particle physics has been marked by the development and use of giant particle accelera-
tors throughout the world. Initially, atoms were believed to be the smallest indivisible par-
ticles of matter. However, this notion was challenged by experiments conducted by Ernest
Rutherford in 1909-1911, which led to the discovery of the nucleus [5]. The subsequent
discovery of protons [6] and neutrons [7] improved our understanding of the composition of
the atom. In the late 1960s and early 1970s, experiments on deep inelastic scattering con-

ducted at the Stanford Accelerator Center uncovered the presence of quarks within protons



and neutrons [8, 9]. By bombarding nucleons with high-energy electrons, these experi-
ments provided strong evidence that quarks are elementary particles. Currently, quarks are
regarded as fundamental particles that cannot be split further. Unlike free particles, quarks
are not observed independently but are instead confined within composite particles known
as hadrons, because of the strong force that holds them together. This process, called quark
confinement, is a key aspect of QCD, the theory explaining the strong interaction [10].
In 1979, at the Deutsches Elektronen-Synchrotron (DESY) laboratory in Germany, e e~
annihilation experiments led to the groundbreaking discovery of the gluon, marking a sig-
nificant achievement in particle physics [11]. Conducting high-energy collisions between
electrons and positrons, these experiments first uncovered the existence of gluons. As car-
riers of the strong force, gluons are responsible for mediating interactions among quarks.
This discovery not only provided empirical support for the theoretical construct of QCD but
also reinforced our understanding of the strong interaction and the confinement of quarks
within hadrons. Today, particle accelerators such as the LHC at CERN continue to push the
boundaries of our knowledge in particle physics. These powerful machines allow scientists
to probe the subatomic world with ever-increasing precision, seeking new particles, study-
ing their properties, and unraveling the mysteries of the universe at its most fundamental
level. The pursuit of understanding the fundamental building blocks of matter and the ex-
ploration of the strong force and quark confinement remain at the forefront of scientific
research, driving us towards deeper insights into the nature of our universe.

Through centuries of exploration and countless experiments, a remarkable theoretical frame-
work known as SM of particle physics has emerged. This model stands as the pinnacle of
scientific achievement, providing us with a deep understanding of the building blocks of
matter and the fundamental interactions that govern their behavior [12]. According to SM,
there are two main types of particles: fermions and bosons. Fermions have half-integer
spin and are the building blocks of matter. They include quarks and leptons. Quarks are
incredibly tiny particles that participate in the strong nuclear force and make protons and
neutrons, the building blocks of atomic nuclei. There are six types, or flavors, of quarks:

up (1), down (d), charm (c), strange (s), top (¢) and bottom (b). Each quark flavor possesses



a unique set of characteristics, such as mass, charge, and interaction properties. Quarks
possess fractional electric charges. The up quark has a charge of +2/3, while the down
quark has a charge of -1/3. The combination of different quark charges within a hadron
determines its overall electric charge. Leptons, on the other hand, do not experience the
strong nuclear force. There are three known types, or generations, of leptons: electron and
its associated neutrino (first generation), muon and its neutrino (second generation), and
tau and its neutrino (third generation). Each generation of leptons has a distinct mass and
behaves differently in various interactions. Bosons, on the other hand, are particles that
mediate the fundamental forces of nature and have integer spin. They carry and exchange
forces between particles. The Standard Model includes four types of bosons. The photon
is the particle of light and electromagnetism. The W and Z bosons are responsible for the
weak nuclear force, which is involved in processes such as radioactive decay. The gluon
is the mediator of the strong nuclear force, which holds quarks together inside protons and
neutrons. Lastly, the Higgs boson is associated with the Higgs field and gives mass to other
particles. Figure 1.2 provides a visual representation of the SM of particle physics, illus-
trating the fundamental particles and their interactions within the framework of this theory.

The SM describes three fundamental forces: the electromagnetic force, the weak nuclear
force, and the strong nuclear force. The electromagnetic force is responsible for the inter-
actions between charged particles. The weak nuclear force is involved in processes such
as radioactive decay and neutrino interactions. The strong nuclear force holds atomic nu-
clei together by binding quarks within protons and neutrons. Whereas, the SM has been
successful in explaining a wide range of experimental observations, it is not a complete
theory. It does not include gravity and does not account for phenomena like dark matter
and dark energy. Scientists are actively working on extending the model to address these

open questions and discover new physics beyond the SM.
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Figure 1.2: The Standard Model of elementary particles in visual form showing the 12
fundamental fermions and the 5 bosons.
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1.1 Quantum Chromodynamics (QCD)

Quantum chromodynamics (QCD) is the theoretical framework governing strong interac-
tions, illuminating the behavior of quarks and gluons. This theory introduces color quantum
numbers, analogous to the electric charge in QED, as the fundamental descriptors of these
interactions. In the context of QCD, ‘color’ represents an abstract property, serving as
a distinctive quantum attribute, rather than having any relation to the colors we perceive
in our everyday environment. Quarks and gluons, the building blocks of matter in QCD,
carry color charges, and what sets QCD apart is its unique feature: the allowance for self-
interactions among these particles. Within this intricate framework, massless gluons act as
mediators, similar to photons in the QED, facilitating the exchange of color charge infor-
mation among quarks. Notably, gluons exhibit eight distinct color charge states, a departure
from two electric charge states in QED, adding depth and complexity to QCD. In practical
terms, quarks are always bound within composite particles, called hadrons, which include

mesons and baryons. These hadrons, whether they take the form of mesons or baryons,
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emerge as color-neutral entities composed of quarks and gluons. Mesons are composed
of a quark and an antiquark, whereas baryons are formed by the binding of three quarks.
Antibaryons, on the other hand, consist of three antiquarks. This absence of free quarks
is a testament to the extraordinary strength of the strong force and highlights the unique
and enigmatic nature of the subatomic world described by QCD. According to QCD, the

potential for interaction between quarks and gluons is as follows:

-4«
Vocp(r) = — = +kr (1.1)

c r
where, ‘@’ represents running coupling constant, ‘r’ is the distance between two interacting
partons (quarks and gluons) and k is color string tension constant. The strong coupling

constant [13] which depends on momentum transfer Q% between partons is described as:

127
(1IN. —2N)In(Q?/A2cp)

as(Q%) = (1.2)

where, N, is the number of color charges, Ny is the number of quark flavors, AQCD is the
scale parameter in the QCD calculations, which is about ~ 200 MeV [14]. In Figure 1.3, we
observe the behavior of the strong coupling constant, ¢, as a function of the momentum
transfer denoted as Q. Figure 1.3 and Equation 1.1 offer insight into two distinctive char-
acteristics of QCD: color confinement and asymptotic freedom. Equation 1.2, representing
the QCD potential, reveals the phenomenon of color confinement, indicating that isolated
quarks cannot exist in nature. The first term in Equation 1.2 bears a resemblance to the
Coulomb potential seen in QED and dominates at small values of the separation distance,
‘r’. However, as the distance between quarks increases, a linear term begins to dominate.
This implies that the amount of energy needed to separate the quarks increases with the in-
crease in distance between them. Consequently, as the quarks move apart, they create flux
tubes of color field lines between them. Eventually, when a threshold energy is reached,
this energy transforms into the creation of a quark and anti-quark pair rather than allowing
for the existence of free quarks. The parameter ¢, often referred to as the running coupling

constant, is not a fixed value, but rather depends on the momentum transfer, as outlined in
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Equation 1.2. This phenomenon is key to understanding the behavior of quarks and glu-
ons within QCD. In Figure 1.3, we observe that at small momentum transfers (where 0?
<< léCD) or large distance scales, the running coupling constant of QCD becomes sig-
nificantly large. Consequently, quarks and gluons remain confined within hadrons rather
than existing as free particles. This particular aspect of QCD is known as quark or color
confinement, and it is the regime where non-perturbative QCD methods are applicable.
Conversely, at large momentum transfers (where Q2 >> léCD) or small distance scales,
the QCD coupling constant weakens. In the limit as Q” approaches infinity, quarks and glu-
ons become free within the QCD vacuum. This is referred to as asymptotic freedom, and in
this regime, perturbative QCD techniques are valid. Figure 1.3 impressively demonstrates
the agreement between predictions from QCD-based models and experimental data gath-
ered from various systems over a broad range of momentum transfers, providing strong
support for the theory’s validity. David Gross and Frank Wilczek [15, 16], in 1973, dis-
covered asymptotic freedom in the realm of QCD. At the same time, David Politzer [17]
conducted groundbreaking independent research that aligned with the findings of Gross and
Wilczek. In recognition of their profound contributions to our understanding of interactions
between the fundamental particles, Gross, Wilczek, and Politzer were jointly honored with

the Nobel Prize in Physics in the year 2004.

1.2 QCD Phase transition and QGP

A phase transition is a well-established phenomenon in which matter undergoes a transfor-
mation from one state to another, typically characterized by a specific set of order parame-
ters. These order parameters are variables used to differentiate between the different phases
or states that a substance can assume. An illustrative example of phase transition can be
found in the realm of QED, in the well-known phase diagram of water [18], where tem-
perature and pressure serve as order parameters that characterize the transitions between
solid ice, liquid water, and gaseous steam. Similarly, phase transitions are anticipated to

occur in QCD sector as well. In this context, the transition is defined as a transformation
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Figure 1.3: The QCD running coupling constant measurement from various experiments
are compared in wide range of momentum transfer [13].

from a state where hadrons are bound together to a state where quarks and gluons exist in a
deconfined, liberated form. As the QCD exhibits asymptotic freedom under conditions of
high momentum transfer or small distance scales, it implies that at large energies or temper-
atures, the interactions between quarks and gluons weaken, or in other words, the running
coupling constant becomes significantly small at large energies and high temperatures. In
1974, T. D. Lee [19], J. C. Collins , and M. J. Perry [20] postulated that by achieving a high
energy density, it might be feasible to generate a densely packed nuclear matter consisting
of quarks or gluons in a state of asymptotic freedom. Such dense nuclear matter contain-
ing asymptotically free quarks or gluons, spanning volumes larger than typical nucleonic
scales, is referred to as quark-gluon plasma (QGP). Theoretical investigations, including
lattice QCD calculations [21, 22, 23, 24], have indicated the potential existence of a QGP
medium at high temperatures. In Figure 1.4, we observe the energy density (¢/T*#), pressure
density (3p/T*), and entropy density (3s/7%) as functions of temperature, as determined

by lattice QCD calculations for a system with (2+1) quark flavors at zero baryon chemical
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Figure 1.4: Normalised energy density (¢/T*#), pressure density (3p/T*), entropy density
(3s/ T%) as a function of temperature from Lattice QCD calculation of (2+1) flavor at zero
baryon chemical potential (up = 0), as represented by different color bands. At lower
temperatures, the solid lines in distinct colors, corresponds to outcomes derived from the
Hadron Resonance Gas (HRG) model, while the dashed lines at higher temperatures corre-
sponds to a non-interacting Hadron Resonance Gas. This regime is often referred to as the
Stefan-Boltzmann ideal gas limit [21].

potential (up = 0). Here, up quantifies how the energy of a system changes in response to
variations in the number of baryons. A nonzero baryon chemical potential would indicate
an excess of baryons over anti-baryons or vice versa, implying a net baryon density in the
system. The division by T* reflects the expected scaling in the high-temperature regime,
where the thermodynamic quantities approach the Stefan-Boltzmann limit of an ideal gas
of relativistic particles. In this limit, the densities of energy, pressure and entropy scale as
T*, allowing a direct comparison of the QCD system with the behavior of the ideal gas. In
particular, the energy density shows a pronounced increase around a critical temperature,
denoted as 7, = 156.5 £ 1.5 MeV [21]. This distinct change suggests an increase in the
number of degrees of freedom within the system, hinting at a significant transition. Specif-
ically, this transition marks the shift from a state characterized by hadronic matter to a new
phase of asymptotically free quarks and gluons.

The QCD phase diagram shown in Figure 1.5 is a graphical representation that helps us

understand how different phases of strongly interacting matter behave under varying con-



10 1.2. QCD PHASE TRANSITION AND QGP

ditions of temperature (7') and baryon chemical potential (tp). This phase diagram is par-
ticularly crucial for exploring the properties of matter under extreme conditions, such as
those that existed in the early universe and inside dense objects like neutron stars. In this
diagram, there are two primary axes: temperature (7') and baryon chemical potential (ug).
The up = 0 axis represents conditions in which the baryon chemical potential is zero, which
means that there is no net excess of baryons over antibaryons in the system. This axis has
been extensively studied using lattice QCD simulations [22, 23, 24, 25]. At low temperature
and chemical potential, the phase of matter we encounter is the hadronic phase. This phase
consists of color-neutral bound states, primarily composed of protons, neutrons, and other
hadrons. In this regime, quarks and gluons are confined within these hadronic structures.
As the temperature increases and reaches a critical point, there is a transition to a phase
called quark-gluon plasma (QGP) [26]. This phase transition is characterized by the decon-
finement of quarks and gluons and is of great interest for understanding the early universe.
The transition between the hadronic matter and the QGP is not a sudden change but rather
a smooth crossover, especially at low and zero chemical potential. For finite temperatures
and higher values of baryon chemical potential (tp), QCD lattice calculations predict that
the crossover transition between hadronic matter and the QGP phase changes into a first-
order phase transition [27]. The exact location of this critical point is the subject of active
research and is being explored through heavy-ion collision experiments and theoretical cal-
culations. At very large chemical potentials, further intriguing phenomena are anticipated,
including the possibility of a color superconducting phase [28]. Advancements in the lattice
QCD phase diagram synchronize closely with the expanding realm of experimental data.
Presently, experimental results from heavy-ion collision experiments are primarily gener-
ated by two key facilities: the Large Hadron Collider (LHC) in Geneva, Switzerland, which
provides data at lower densities and high temperatures, and the Relativistic Heavy Ion Col-
lider (RHIC) at the Brookhaven National Laboratory in New York, USA, offering insights
into larger chemical potentials. Notably, upcoming facilities such as the Nuclotron based
Ion Collider fAcility (NICA), and the Facility for Anti-proton and Ion Research (FAIR),

are expected to explore even higher density regimes, expanding our understanding of the
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Figure 1.5: QCD phase diagram featuring temperature (T) against baryon chemical poten-
tial (up). The black solid line shows the first-order phase transition, separating the hadronic
and quark-gluon phases at high up. The critical point, marking the endpoint of this tran-
sition, is denoted by a solid square marker. The red-yellow dotted line corresponds to the
chemical freeze-out determined from particle yields in heavy-ion collisions using a thermal
model. At T = 0 and ug ~ 925 MeV, the diagram represents the ground state of nuclear
matter along the x-axis [29].

QCD phase diagram.

1.3 Heavy-ion collisions and their space-time evolution

The experimental exploration of QCD thermodynamics is intimately linked with heavy-ion
collision experiments, necessitating a brief examination of the evolution of these collisions
in both space and time as illustrated in Figure 1.6. Various types of nuclei can be employed
in heavy-ion collisions, with prominent examples being Gold (Au) at RHIC and Lead (Pb)
at LHC. When two beams of these nuclei, accelerated to relativistic velocities in oppo-
site directions, collide, they give rise to a nonthermalized state characterized by strongly
interacting fields, which is called a glasma and is commonly treated in the color glass con-
densate framework [30, 31] due to its nonthermal behavior. This glasma comprises partons
originating from the colliding nuclei and sea quarks, which emerge due to the extreme con-

ditions during the collision. Given the highly nonthermal nature of the glasma, traditional
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Lattice QCD calculations are inapplicable. Moreover, the diverse momenta of the particles
within the glasma present a formidable challenge for their study.

In the subsequent stage, the partons further fragment into quarks and gluons, resulting
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Figure 1.6: An overview of the various stages of a heavy-ion collision is provided. The di-
agram highlights the different effective theories employed to describe these distinct stages,
depicted in grey [32].

in the formation of the quark-gluon plasma (QGP). This is a highly interacting state fea-
turing deconfined quarks and gluons. Initially anticipated to resemble an electromagnetic
plasma, it is now firmly established that the QGP behaves more like a strongly interacting
fluid, often described through the framework of relativistic hydrodynamics. As the quark-
gluon plasma expands and simultaneously cools, it approaches temperatures near the QCD
transition temperature, at which point the deconfined quarks and gluons must recombine to
form color-neutral hadrons. This phase transition marks the determination of the chemical
composition of the hadrons, and the associated temperature is referred to as the chemical
freeze-out temperature. After the chemical freeze-out, hadrons continue to interact with
one another, exchanging energy and momentum, until they reach a specific point in space-
time where the distances between them increase significantly. At this time, they become too
far apart to engage in further interactions, marking the point known as kinetic freeze-out.

Subsequently, the particles are detected by the particle detector.
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1.4 QGP and its signatures

In the preceding few sections, we discussed QGP, the predicted state of nuclear matter at
temperatures resembling those that were prevalent in the early universe during the first few
microseconds after the Big Bang explosion. Since the QGP exists only for a very brief
moment after heavy-ion collisions, it cannot be detected directly by the detectors. There-
fore, we rely on various tell-tale signs or signatures to confirm its existence and study its
properties. The signatures of the formation of QGP during the initial stages in the evolution

of heavy-ion collisions are discussed in the following subsections.

1.4.1 Strangeness Enhancement

The saturation of strangeness in the QGP is a consequence of the abundance of thermal
gluons within this unique state of matter [33]. This saturation means that there is a sig-
nificant presence of strange quarks and antiquarks in the QGP due to the intense heat and
energy. Consequently, when the QGP undergoes the process of hadronization, where it
transforms into ordinary hadronic matter, it is anticipated that the production of hadrons
containing strange quarks will occur in a manner that reflects a state of chemical equilib-
rium [34, 35]. To understand this, there is a prevailing viewpoint, which suggests that the
equilibrium state achieved by different types of quarks within the QGP, often referred to
as flavor equilibrium, persists as the QGP evolves into ordinary particles during hadroniza-
tion. In simpler terms, this viewpoint implies that the equilibrium state of quarks within the
QGP remains unchanged as it moves into different forms of particles. It is like saying that
if things were mixed evenly at one point, they stay that way as they change into different
forms. The initial confirmation of these expectations came from the WA97 experiment [36].
They observed a remarkable 20-fold increase in the production of  and Q hyperons during
central fixed-target Pb—Pb collisions at /sy = 17.3 GeV, when compared to predictions
based on p—Pb collisions. Subsequent validation of these findings came from the NAS57
experiment [37]. Moreover, a similar observation was made at the higher energy levels of

RHIC, specifically /snn = 200 GeV, as demonstrated by the Solenoidal Tracker at RHIC
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(STAR) experiment[38]. To assess the saturation of strange flavor in emitted hadrons, ther-
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Figure 1.7: Evolution of the strangeness fugacity 7; as a function of /sny in central Au—Au
or Pb—Pb collisions based on chemical fits using the grand canonical ensemble [39, 40, 41].
The dashed curve provided in [39] shows the analytic fit to ¥;(,/SNN)-

mal fits are used with parameters such as temperature (7;), chemical potentials (tp and Lg)
for baryon number and strangeness, and strangeness fugacity (). When 7; is less than
1, indicating under-saturation as typically seen in pp collisions, strangeness is not fully
saturated. Figure 1.7 shows 7 evolving with collision energy from Alternating Gradient
Synchrotron (AGS) to LHC levels. The dashed curve in the figure represents an analytical
fit provided in [39], revealing that as the collision energy increases, ¥; approaches unity.
This confirms the complete saturation of the strange quark density during hadronization at
the highest RHIC and LHC energies, in accordance with the anticipated strangeness behav-
ior. Both strangeness saturation and the duration of QGP are intricately linked to the size of
the colliding nuclei and the energy of the collision. The size of the colliding particles, often
represented by the mass number (denoted as A), directly influences the initial conditions
and volume of the QGP fireball formed during the collision. A larger colliding nucleus
results in a larger fireball. Simultaneously, the collision energy, expressed as /snn, deter-

mines the energy density and the overall evolution of the QGP. According to data provided
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by ALICE as in Ref. [42], there is a correlation between system size and the enhancement
of strange hadrons in various collision systems, revealing a systematic rise in the production
yield of multi-strange baryons relative to charged pions, and furthermore, the yield ratio of
strange hadrons to pions increases at a higher rate as the number of strange valence quarks

within the hadron increases.

1.4.2 Quarkonium suppression

Quarkonium suppression refers to the phenomenon observed in relativistic heavy-ion col-
lisions, where the production of quarkonium states such as J/¥ (c¢¢) and Y (bb) is reduced
compared to what would be expected in the absence of a QGP medium. This suppres-
sion is primarily caused by color screening effects within the QGP [43]. It is worth noting
that the Y states (composed of bb quarks) are expected to dissociate at different QGP tem-
peratures compared to the J/V states (composed of ¢¢ quarks) due to variations in their
binding energies. Initially, it was believed that suppression would be most pronounced at
low quarkonium momenta, where the quark-antiquark pair is closely embedded in the QGP
and experiences strong color screening. In contrast, at high transverse momentum (pr), it
was anticipated that suppression would weaken as quarkonium formation occurs outside the
QGP due to relativistic time delay, resulting in minimal screening effects. However, further
investigations have revealed additional mechanisms contributing to quarkonium melting,
including non-static factors like thermal ionization and contributions from higher-energy
quarkonium states. Additionally, cold nuclear matter (CNM) effects play a role, includ-
ing nuclear shadowing, momentum broadening of initial-state partons, and absorption by
spectator nucleons, all of which impact the degree of quarkonium suppression. Together,
these mechanisms create the observed sequential suppression pattern in heavy-ion colli-
sions. In particular, the suppression of J/'¥ at the LHC energy is less pronounced compared
to RHIC, and this difference cannot be solely explained by gluon shadowing. This suggests
the presence of new production mechanisms for J/¥ at higher collision energies, such as
the possibility of regeneration through the coalescence of charm quark pairs generated dur-

ing the initial phase of the collision. Furthermore, the suppression of high pt quarkonia,
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including J/¥, is expected to be similar to that of open-charm mesons due to the substantial

energy loss experienced by the color-octet precursor state within the QGP [44].
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Figure 1.8: The nuclear modification factor Raa (J/¥) as a function of the number of par-
ticipating nucleons Ny, at mid-rapidity from NA38, NA50, NA60 and PHENIX. Collision
system, rapidity window and centrality are given for each in the legend.

At extremely high collision energies, a substantial abundance of c¢ pairs is generated, al-
lowing for significant regeneration of charmonium states during the subsequent hadroniza-
tion process [45, 46]. The yields of charmonium at such large collision energies are ex-
pected to follow the same thermal equilibrium principles that govern other hadron yields.
However, the overall production of charmonium states is primarily affected by the pro-
duction cross section for c¢ pairs within the nuclear collision. This observation serves as
compelling evidence for the occurrence of deconfinement. Importantly, this regenerative
process is most effective at lower transverse momenta (pt), where the density of c¢ pairs
is maximum. To assess quarkonium suppression quantitatively, one common measure ex-
ploited is the nuclear modification factor Ra s, which computes the ratio of inclusive yields
per unit rapidity in A—A collisions relative to those in proton-proton collisions, normalized

by the number of binary nucleon-nucleon interactions taking place in the nuclear collision:

dNaa/dprdy
< Tpp > d?0pp/dprdy

Raa(pr) = (1.3)
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where < Ty4 > is the longitudinally integrated nuclear density averaged over the experi-
mentally selected events in a certain collision centrality window. A value Raa < 1 implies
suppression in the nuclear collision relative to the extrapolation from independent proton-
proton collisions. The Raa (J/'¥) dependence on the number of participating nucleons
(Npart) in the nuclear collision was first observed at the CERN SPS in experiments NA38
[47], NASO [48, 49] and NA60 [50]. A clear pattern of suppression in the yeild of J/\¥ is
observed above N, ~ 100, increasing steadily up to the most central collisions of Ny, >
350 as illustrated in the figure. These new findings were further verified by the Pioneering
High Energy Nuclear Interaction eXperiment (PHENIX) at RHIC [51] at higher energies
than at SPS.

1.4.3 Temperature measurements

Temperature measurements play a crucial role in providing quantitative evidence for the
formation of a quark-gluon plasma (QGP) in relativistic heavy-ion collisions. The equa-
tion of state of QCD matter can be determined by measuring the temperature as a function
of the deposited energy. The change in the number of effective degrees of freedom in
the QGP leads to a change in the entropy density at a given temperature, which is closely
related to the energy density. Thermal slopes, which can be derived from the transverse-
momentum spectra of emitted particles, offer one approach to measuring this temperature,
often referred to as the chemical freeze-out temperature. Another valuable method involves
analyzing the invariant-mass spectrum of lepton pairs, particularly in the intermediate-mass
region (IMR) between the ¢-meson and J/y, otherwise the spectrum is distorted by decay
of vector mesons which gives false measurements of the temperature. This approach pro-
vides insights into the time-averaged temperature of the emitting medium. However, these
temperature measurements come with challenges. Collective flow effects and background
contributions, such as those arising from semi-leptonic charm decays, can obscure the ac-
curate determination of temperature in such collisions. The first and still most accurate
measurement of temperature in heavy-ion collisions has been carried out by NA60 fixed

target In+In collisions at /sy = 17.3 GeV, which reported the slope of the di-muon in-
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variant mass spectrum as a measurement of temperature [52]. The STAR experiment has
recently presented their findings on electron-pair invariant mass spectra in Au+Au colli-
sions at center-of-mass energies of /sy = 27 and 54.4 GeV [53]. They used thermal
fits of the form M>/2 exp(—M/T) to analyze the intermediate-mass region (IMR). The
results indicate temperatures of Tjyr = 301 £ 60 MeV and Tjyg = 338 4+ 59 MeV for
the respective collision energies. These results are presented in Figure 1.9, where they
are compared to the values of (T¢, ug ) during chemical freeze-out (shown as blue dots)
and the initial thermalization conditions (7, U ini). Interestingly, it is observed that the
temperature measurements from the dilepton invariant-mass spectra are higher than the es-
timated initial thermalization temperatures of the QGP, implying the presence of contribu-
tions from pre-equilibrium processes in the measured mass range. However, when focusing
on the mass region around the p-meson, known as the low-mass region (LMR), the tem-
peratures extracted from thermal fits align with those obtained from chemical freeze-out
analyses [52, 53]. These results are also shown in Figure 1.9. The study of temperature
as a signature of QGP formation continues to be an active area of research in the field of

relativistic heavy-ion collisions.

1.4.4 Direct photons

Direct photons are theoretically valuable in providing insight into the temperature of QGP
during heavy-ion collisions. However, their practical analysis is complicated due to sev-
eral factors. Firstly, the temperature of the QGP evolves over time during the collision,
making it challenging to pinpoint a single temperature value. Secondly, the photon spec-
trum is altered by a blue-shift effect caused by the transverse expansion velocity of the
matter emitting the photons. Lastly, there can be contributions to the photon spectra from
photons radiated by the hadron gas in the final stages of the collision. Consequently, any
meaningful interpretation of the measured photon spectra relies on complex modeling and
is influenced by various factors. To address this, the PHENIX collaboration has collected
extensive data from collisions at RHIC and LHC, examining how the yield of direct pho-

tons depends on collision energy and system size over a wide range [54]. The Figure 1.10
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Figure 1.9: The QCD phase diagram is illustrated with several key points: the loca-
tions of chemical freeze-out (represented by blue circles), the average initial temperatures
and chemical potentials (represented by red squares), and the effective temperatures ob-
tained from thermal fits applied to the intermediate and low-mass regions within dilepton
invariant-mass spectra. Additionally, dotted lines are included to indicate constant 7/ up
lines, which correspond to regions with approximately consistent entropy per baryon in the
QGP phase [53].

shows un-subtracted direct photon spectra from ALICE for Pb—Pb collisions at a center-of-
mass energy of |/sNn = 2.76 TeV [55], in three different centrality ranges. Additionally, the
figure presents the background of direct photons in pp collisions, which has been computed
using next-to-leading-order perturbative QCD and scaled with the average N¢,;; (nuclear
collisions) for each centrality group. Exponential fittings have been applied to the low
transverse momentum ( pt < 2.1 GeV/c) segment of the spectrum after subtracting the per-
turbative QCD background. These fittings have yielded thermal slopes of T,rr = (297 &
12 + 41) MeV for the 0—20% centrality window and T,y = (410 £ 84 4+ 140) MeV for
the 20-40% window. The reason behind the significant larger slope parameter for the less
central window isn’t entirely clear, but one possibility could be that the data used in the

fitting process begin at a slightly higher pt value, influencing the result. Overall, direct

photon measurements offer a promising avenue for probing the properties of the QGP and



20 1.4. QGP AND ITS SIGNATURES

{g 1T ‘ T T T ‘ T ‘ 17T | T T ‘ 17T ‘ 1T | ?
o Pb-Pb |s,, = 2.76 TeV ]
> 10° [e] 0-20% ALICE — PDF: CTEQ6MS, FF: GRV =
o (n)PDF: CTEQ6.1M/EPS09,>

[+]20-40% ALICE
> 10° [+]40-80% ALICE  FF:BFG2
ke
Q" JETPHOX
o 10 PDF: CT10, FF: BFG2
< nPDF: EPS09, FF: BFG2
3
=

(all scaled by N_,,)

ol

107

\HIIHIl IHHU.ll I\IHLIJ.‘ IIHILI.IJ \IIILI.LLl HIIILIJ.‘ \IHIHI‘ \HIIHIl IHHU.ll IIIHLIJ.‘ |

!
ol

12 14
p. (GeV/c)

Figure 1.10: The transverse momentum (pt) spectra of direct photons in Pb—Pb collisions
at \/sNN = 2.76 TeV are presented for three centrality ranges: 0-20% (scaled by a factor
of 100), 20-40% (scaled by a factor of 10), and 40-80%. These spectra are compared to
next-to-leading order perturbative QCD predictions for direct photon yields in pp collisions
at the same energy, which are further scaled by the number of binary nucleon collisions
corresponding to each centrality window [55].

continue to be a subject of active research in the field of high-energy nuclear physics. Fur-
ther investigations and refinements in both experimental techniques and theoretical models
are expected to provide even deeper insights into the nature of the QGP and the conditions

prevailing in heavy-ion collisions.

1.4.5 Chiral symmetry restoration

In the vacuum and at low temperatures, the quark condensate (0|gg|0) exhibits a persis-
tent nonzero expectation value, resulting in the spontaneous breakdown of chiral symmetry.
This manifests itself through a substantial mass discrepancy between chiral partner mesons,
such as p(770) and a;(1260), characterized by an approximate 500 MeV gap [56]. There

are expectations for the restoration of chiral symmetry at higher temperatures and baryon
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densities. Lattice-QCD calculations indicate melting of the quark condensate with increas-
ing temperature [57], ultimately leading to its disappearance, a key indicator of chiral sym-
metry restoration. This gradual dissolution of the quark condensate is expected to coincide
with the emergence of degeneracy among chiral partner hadrons. Consequently, the masses
of p and al, or more generally, the relevant vector and axial vector spectral functions, are
expected to converge with increasing temperature and achieve degeneracy upon the full
restoration of chiral symmetry. While probing the axial vector channel seems challenging,
the vector channel can be explored through the measurement of emitted lepton pairs, ei-
ther ete™ or ut ™. In the QGP phase, the p-meson peak in the spectral function, already
collision-broadened in hot or dense hadronic matter, undergoes complete disappearance.
This signifies quark deconfinement and the consequent deconfinement of associated hadron
states above T; [58, 59]. Precise measurements of the lepton pair spectrum, particularly in
the ™ channel for Indium-Indium (In+In) collisions at /snn = 17.3 GeV at CERN-SPS
by the NA60 experiment [52, 60, 61, 62, 63], revealed a significantly diminished peak at
the p-meson mass corresponding to final-state decays of p-mesons within a dilute hadronic
medium, superimposed on a broad background which is consistent with expectations from
models of in-medium resonance broadening [64]. The production of low-mass electron
pairs has been experimentally investigated in collisions /syn = 200 GeV Au + Au at RHIC
energies through measurements carried out by PHENIX [65] and STAR [66]. The observed
features in the data share similarities with those obtained from SPS energies in the In+In
system, with a reduced level of statistical significance. In particular, dielectron data from
Pb+Pb collisions at the LHC are currently limited to peripheral and semi-peripheral colli-

sion scenarios [67].

1.5 Hadronic resonances in high energy collisions

The hadronic resonances are formed during hadronization in the evolution of high-energy
particle collisions. These resonances have very short lifetimes, a few fm/c, and they decay

as soon as they are produced. The lifetime of these resonances is comparable to the duration
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Figure 1.11: Excess i 11~ mass spectrum for the semi-central bin in 158 GeV/c In+In col-
lisions in comparison with model predictions. The curves show: “Cocktail” p (thin solid),
unmodified (“vacuum”) p (dashed), in-medium broadening p (thick solid), in-medium
shifted p (dashed-dotted). The errors are purely statistical [60].

of the hadronic phase [68, 69, 70, 71, 72, 73, 74] that is the timespan between the chemical
and kinetic freeze-outs that occur during the evolution of high-energy collisions. At chem-
ical freeze-out, the inelastic interactions among the partons cease, and the yield of hadrons
becomes fixed i.e. there is no new particle production after chemical freeze-out. However,
these particles continue to undergo elastic interactions until the hadronic gas expands to
a volume where the average distance between the hadrons becomes large enough so that
they do not interact elastically with one another, and their momenta become fixed. This
specific moment in spacetime is referred to as kinetic freeze-out. Due to their very short
lifetimes, few of these resonances decay within the hadronic phase. The decay daughters
of these resonances interact with the surrounding hadronic gas, thus their momenta un-
dergo changes. Consequently, the reconstruction of the original resonance particle is not
possible through its decay daughters due to their altered momenta, a phenomenon known
as the re-scattering effect. Thus, the measured yield of resonance particles is suppressed

compared to original yield produced before chemical freeze-out. Another phenomenon,
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referred to as regeneration, comes into play within the hadronic gas, leading to an enhance-
ment in the yield of the resonances. This enhancement occurs because hadrons inside the
hadronic gas can sometimes re-generate a resonance because of pseudo-elastic interactions.
These effects of rescattering or regeneration are dominant at low pt. The extent to which
these effects influence the resonance yield depends on factors such as the lifetime of reso-
nance particle, the duration of the hadronic phase following the collision, and the interaction
cross-section of the decay daughters of resonances. Table 1.1 lists some of the measured
hadronic resonances and their properties, including decay channels, branching ratios, and
lifetimes. The table includes shorthand notations that will be used to represent these res-
onances throughout this thesis. The schematic view of the rescattering and regeneration

processes for the resonances K** and ¢ in the hadronic gas is shown in Figure 1.12. The

Table 1.1: Properties of hadronic resonances, including their decay channels, branching
ratios, and lifetimes in their rest frames [75].

Decay Branching Lifetime

Resonance Shorthand Channel Ratio (fm/c)
p(770)° p? t+n 1.0 1.335
K*(892)°  K*0 T +Kt 0.67 4.16
¢(1020) o Kt +K— 0492 46.26
ATT(1232) ATT tt+p 1.0 1.69
¥(1385)t  x*F t4+A 0870 5.48
Y(1385)" I* n~+A  0.870 5.01
A(1520) A* K~ +p 0225 12.54
E(1530)° =0 Tt+Z7 0.67 22

production yields of the hadronic resonances along with their stable particles are an impor-
tant tool for understanding the evolution of the relativistic high-energy particle collisions. It
is worth mentioning here that the stable particles selected for the yield ratios should have the
same strangeness quantum number as the resonance particle, ensuring that any strangeness
effects in the ratio are canceled out. The measurements of the pr-integrated yield ratios
of resonances to ground-state particles by ALICE [76, 77, 78, 79, 80, 81, 82, 83, 84, 85]

and STAR [86] are presented in Figure 1.13. It can be observed from Figure 1.13 that
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Figure 1.12: Schematic view of rescattering and regeneration processes in the hadronic gas.

in Pb—Pb collisions, the yields of p?, K**, ** and A* exhibit suppression with collision
centrality. However, this suppression is not observed in the case of the ¢ and =* reso-
nances due to their longer lifetimes compared to the duration of the hadronic phase formed
in such collisions. This varying degree of suppression among these resonances, influenced
by their lifetimes, is often exploited to estimate the lifetime of hadronic phase formed in
such collisions. In small system collisions such as pp and p—Pb, the suppression in the
yield with multiplicity is evident only for p® and K** resonances. This observation sug-
gests that the duration of the hadronic phase is dependent on the colliding systems, with
longer lifetimes associated with larger colliding systems. Another intriguing parameter in
the study of resonances is the nuclear modification factor, denoted as Raa and Rpa. The
nuclear modification factor compares the pt spectra in A—A or p—A collisions to those
in pp collisions, with the A—A or p—A spectra scaled by the number of binary nucleon-
nucleon collisions. These factors allow us to measure the extent of energy loss experienced
by the particles as they traverse the medium formed during A—A and p—A collisions com-
pared to pp collisions and also to disentangle cold nuclear matter (CNM) effects from hot
initial-state effects. Consequently, the yield measurements of various hadronic resonances,
characterized by different lifetimes, masses, quark content, and quantum numbers, provide
important information for understanding several aspects, including the pr-spectra shapes,
the duration of the hadronic phase, strangeness production, parton energy loss, rapidity
yield asymmetry, and radial flow effects. Moreover, recent studies by ALICE [87] have

revealed intriguing phenomena related to vector mesons (spin = 1). In peripheral heavy-
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ion collisions, the system possesses significant angular momentum, which can be observed
through vector mesons due to net polarization of their spins, aligning with the direction
of L or B. Thus, studying hadronic resonances not only shed light on the properties of

the hadronic phase but also provides insights into the initial conditions of nucleus-nucleus

collisions.
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Figure 1.13: The pr-integrated yield ratios of different resonances compared to their stable
counterparts across various systems and collision energies with STAR [86] and ALICE [76,
77,78,79, 80, 81, 82, 83, 84, 85]. The uncertainty is expressed as bars for statistical errors
and boxes for systematic errors.
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1.6 Motivation

The distinct lifetimes of hadronic resonances serve as a valuable tool for investigating the

characteristics of the hadronic phase, as previously discussed. ALICE has conducted stud-
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ies on the K*? and ¢ resonances, revealing significant suppression in the final yield of K**
in the most central Pb—Pb collisions and high multiplicity pp and p—Pb collisions. In con-
trast, no such suppression is observed for the ¢ yield. This difference in the yield alteration
of these two resonances arises primarily from the fact that the lifetime of K* is either
comparable to or shorter than the duration of the hadronic phase in such collisions, caus-
ing its decay products to undergo rescattering and regeneration within the hadronic phase.
Undoubtedly, the rescattering effect prevails in the case of K*°, resulting in its overall sup-
pression with centrality or multiplicity. However, the ¢ resonance has a lifetime longer than
the duration of the hadronic phase in such collisions, resulting it to decay after the hadronic
phase ends and its decay daughters do not interact with the hadronic gas. Consequently,
this leads to the flat behavior of the yield ratio of ¢ resonance to kaon. These observations
provide hints for the finite lifetime of the hadronic phase in large collision systems. To
further refine our understanding of the properties of hadronic phase, ALICE has extended
its measurements to A* resonance, which possesses a lifetime that lies between that of the
K*¥ and ¢ resonances, in small and large collision systems. It is worth mentioning here
that the A* resonance is the excited state of the A baryon, featuring identical strangeness
quantum number but differing in mass, spin and parity. The J of A* is %7, while that of
Ais %Jr. The measurements on the ratio of A* to ground-state A show some suppression in
its yield in Pb—Pb collisions but no such suppression is observed in small system collisions.
This indicates that either there is no hadronic phase formed in the small system collisions,
or the duration of the hadronic phase is extremely brief, causing the A* to decay shortly
after it ends. However, the former scenario appears less likely, as the significant suppres-
sion of K* and p° in high-multiplicity pp and p—Pb collisions confirms the existence of
hadronic phase in these smaller collison systems. This makes A* an interesting candidate
to get insights into the properties of hadronic phase. The measurements with ALICE on the
A* in small systems are in pp collisions at /s = 7 TeV and in p—Pb collisions at /sNN =
5.02 TeV. There are no measurements of A* available at higher energies in the p—Pb sys-
tem at LHC with ALICE. With the increase in the energy of collisions, the initial energy

density available for particle production increases, leading to the creation of a hotter and
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denser medium, enhancing the likelihood of forming a QGP medium and enabling the pro-
duction of heavier particles and resonances, as well as modifying the relative particle yields
and their kinematic properties. Thus, studying A* in p—Pb system at the highest collision
energy of \/sny = 8.16 TeV available with ALICE becomes intriguing.

Furthermore, understanding of the results in heavy-ion (AA) experiments is signifi-
cantly dependent on comparing them with the results from smaller collision systems such
as proton-proton (pp) or proton-nucleus (p—A). In terms of system size and the quantity of
the produced particles, proton-nucleus (p—A) collisions serve as an intermediate scenario
between proton-proton (pp) and nucleus-nucleus (A—A) collisions. At the LHC, the mul-
tiplicity of charged particles produced in p—A collisions reaches a level comparable to that
in semi-peripheral Au—Au and Cu—Cu collisions at the RHIC such that the presence of
final state dense matter effects cannot be ignored anymore in p—A collisions. Moreover,
p—A collisions offer insights into the fundamental properties of QCD under conditions of
exceptionally low fractional parton momentum (x) and high gluon densities [88]. In this
regime, phenomena such as parton shadowing and saturation, explained in the framework

of Color Glass Condensate (CGC), may also become apparent.

1.7 Organisation of thesis

This thesis investigates the production yield of A* resonance in pp and p—Pb collisions at
Vs =8 TeV and /snn = 8.16 TeV, respectively with the ALICE detector. It also includes
an analysis of various hadronic resonances and strange hadrons using the EPOS4 hydro-
dynamical model with and without hadronic afterburner. The work in this thesis has been
structured into six chapters as follows:

Chapter 1 provides an overview of the SM of particle physics, emphasizing the discov-
ery of the Higgs boson at the LHC in 2012 and introducing the QCD phase diagram. It
discusses LHC, formation of hot and dense QGP medium, resonances in high-energy par-
ticle collisions, and outlines the motivation for the thesis which is to study the production

yield of A* resonance in pp and p-Pb collisions at /s = 8 TeV and /sy = 8.16 TeV,



28 1.7. ORGANISATION OF THESIS

respectively.

Chapter 2 delves into relativistic kinematics, which is required to understand the dy-
namics of high-energy particle collisions. It begins with four vectors and their properties,
followed by a discussion about Lorentz transformation, which relates different reference
frames in uniform motion relative to each other. The chapter further discusses key kine-
matic variables like rapidity, pseudorapidity and the invariant yield of the particles produced
in high-energy nuclear collisions.

Chapter 3 begins with an overview of LHC in CERN and its four major experiments:
ALICE, CMS, LHCb, and ATLAS. It focuses on the ALICE experiment, designed to study
the QGP medium formed in heavy-ion collisions. The key subdetectors of the ALICE
used in this analysis include the Inner Tracking System (ITS), Time Projection Chamber
(TPC), Time-Of-Flight (TOF) and VZERO (VO0OA), which are used for tracking, particle
identification and calculation of the multiplicity of collisions. Other detectors such as the
Transition Radiation Detector (TRD) and Electromagnetic Calorimeter (EMCal) are also
discussed, along with the data acquisition and processing infrastructure used in ALICE.

Chapter 4 delves into the techniques used to reconstruct the resonance A*. The chapter
provides details on how the invariant mass distribution of proton-kaon pairs is used to mea-
sure the A* signal, while the combinatorial background is estimated by using similar signal
and event mixing techniques. Subsequently, the chapter addresses the subtraction of this
background, fitting the signal with a Voigtian function, and extracting the raw yield using
the bin-counting method. Detector efficiency and acceptance are calculated using Monte
Carlo simulations. In addition, the chapter explores methods to determine the systematic
uncertainties associated with these measurements. It provides the corrected pt spectra of
A* for inelastic pp collisions at 1/s = 8 TeV and p—Pb collisions at \/syn = 8.16 TeV, across
various VOA multiplicity classes. Then it compares these spectra with the spectra at lower
energy in the p—Pb system to analyze the energy dependence of the A* pr spectra. The dis-
cussion includes the pr-integrated yield and the average pt of A*. Moreover, the nuclear
modification factor (Rppy) of A* is calculated and compared with Rppy, of other hadrons

such as A, K**, and ¢. Finally, the chapter measures resonance to non-resonance particle
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yield ratios, suggesting the formation of a short-lived hadronic phase in p—Pb collisions at
V/SNN = 8.16 TeV.

Chapter 5 explores the production of resonances and strange hadrons in pp collisions at
/s =13.6 TeV and Pb-Pb collisions at /sy = 5.36 TeV using the EPOS4 hydrodynamic
model, both with and without the UrQMD hadronic afterburner. The chapter provides an
overview of the key concepts underlying EPOS4 and highlights its improvements over its
predecessor, EPOS3. The chapter discusses various particle yield ratios to analyze the pro-
duction of resonances and strange hadrons. The predictions for the hadronic phase lifetime
in the EPOS4 model have been discussed and compared with existing ALICE data. Addi-
tionally, the simultaneous occurrence of strangeness enhancement and baryon-antibaryon
annihilation processes is addressed.

Chapter 6 summarizes the key findings from the analysis of the A* resonance using data
from the ALICE detector in inelastic pp collisions at /s = 8 TeV and p-Pb collisions at
V/SNN = 8.16 TeV across various VOA multiplicity classes, and also provides a summary of
the analysis of hadronic resonances and strange hadrons using EPOS4 with and without the

UrQMD hadronic afterburner.






Chapter 2

Relativistic kinematics in high energy

particle physics

2.1 Why high energies?

We present two justifications for the necessity of high energies for understanding matter at
its fundamental level. The initial rationale stems from our desire to investigate elementary
particles that behave as point-like entities. In order to achieve this, an extremely small de
Broglie wavelength (A = h/p) is required for the probing beam, where p denotes the mo-
mentum and /4 stands for Planck’s constant. This concept can be interpreted by considering
the resolution (Ar) of the probing beam, which is the distance between two elementary
objects separated by a distance Ar [89]. The large momentum in the probing beam corre-
sponds to enhanced resolution, enabling the exploration of finer structures and even probing
quarks within the protons and neutrons.This is in analogy with the resolution offered by an
optical microscope, as expressed by Ar ~ A/sin 6, where 6 denotes the angular aperture
of the light beam used to view the structure of an object. The larger the angle 6 and the
smaller the wavelength A of the incident beam, the finer the resolution achieved.

The second rationale that requires high energies in experimental particle physics is
straightforward: There are many elementary particles that exhibit substantial mass, and

the energy mc? required for their creation is correspondingly high. The heaviest elemen-
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tary particle identified to date, the ’top’ quark (which must be produced as a pair with its

antiparticle), possesses mc” ~ 175,GeV, nearly 200 times the mass of a proton.

2.2 Units used in high energy physics

The fundamental units in physics (length, mass, and time) are conventionally expressed in
the SI system as meters, kilograms, and seconds. However, these units are often impractical
in the realm of high-energy physics, where typical lengths and masses are on the order of
10~ m and 1072 kg, respectively. In high-energy physics, the unit of length commonly
used is femtometer or fermi, denoted as 1fm = 10~ m. For example, the root mean
square radius of the charge distribution of a proton is 0.8 fm. Similarly, the unit of energy
in high-energy physics is the gigaelectronvolt (GeV), which is convenient because of its
alignment with the typical mass-energy mc?> of strongly interacting particles. For example,
the rest-mass energy of a proton is Mpc2 =0.938GéV.

In high-energy physics calculations, the quantities 7 (reduced Planck constant) and ¢
(speed of light) frequently appear, sometimes at high powers. To simplify these expressions,
natural units are often employed. In natural units, Planck’s constant (2), the speed of light
(c), and the Boltzmann constant (kp) are set to unity. The length and time scales are then
expressed in units of GeV~!, while the mass or energy are measured in GeV. To convert

observables from SI units to natural units, a conversion factor is used: ic = 0.1975 GeV fm.

2.3 Special Theory of Relativity and invariants

In the domain of high-energy physics, particles collide at relativistic speeds, resulting in
the production of particles that are boosted along the beam direction. As a result, Special
Theory of Relativity (STR) is necessary for explaining high-energy physics phenomena,
which differ from low-energy physics that follows Newton’s laws in classical mechanics.

The STR is based on two key principles:

* The velocity of light remains invariant in all inertial frames.
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» Physical laws maintain their invariant form in any inertial frame of reference, neces-

sitating expression in terms of Lorentz tensors within the mathematical domain.

In order to switch between different inertial frames, specific transformations are needed.
Examples include the Galilean and Lorentz transformations. The Lorentz transformation
is particularly important because it ensures that the speed of light remains constant in all

inertial frames, making it the preferred transformation for transitions between these frames.

2.3.1 Lorentz transformation

Consider an inertial frame of reference S where the space coordinates of an event happening
at time ¢ are x, y, and z. If an observer is situated in a different inertial frame S’, moving at a
constant velocity v with respect to S (assumed to be in the +x direction), they will observe
the same event happening at time ¢/ with coordinates x’, y/, and 7/. The transformation
between the measurements x, y, z, t and x, y, 7/, ¢’ is precisely addressed by the Lorentz

transformation. In the matrix form, the Lorentz transformation can be expressed as follows:

P Y By 0 0 x0
xl/ 0 0 x!
1= br v X .1
X2 0 0 1 0 X2
¥ 0 0 0 1 ¥

0o .1 .2

. . . . . / !
where, x°, x!, x2, ¥ represent ¢, x, y, z in frame S, while the primed quantities 2, xU,

1

X2, x3/) represent the same in frame S’. Furthermore, f = v/c and y =

The matrix of equations presented here was first derived by the Dutch physicist H.
A. Lorentz. He demonstrated that the fundamental formulae of electromagnetism exhibit
physical consistency across all inertial frames only when these specific equations are used
to make the transition. The full significance of Lorentz’s findings became apparent several
years later when Einstein made further revelations. Furthermore, it should be noted that

the Lorentz transformation converges to the Galilean transformation in scenarios where
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the relative velocity v is considerably smaller than the speed of light. More details on the

Lorentz transformations can be found in [89].

2.3.2 4-momentum vector

The relativistic equation relating the total energy E, the 3-momentum vector p (with Carte-

sian components py, py, p;), and the rest mass m for a free particle is given by:
E? = ]9202 +m?c? 2.2)

or, in terms of natural units:

E*=p*+m’ (2.3)

The components py, py, p;, E can be expressed as components of an energy—momentum
4-vector py, where 4 = 1,2,3,4. In the Minkowski convention adopted in this text, the
three momentum (or space) components are considered real, and the energy (or time) com-

ponent is treated as imaginary:

P1 = DPx» p2:py, p3:pz, p4:lE
So that:

=Y pi=pi+pi+pi+pi=p"—E =-m’ (2.4)

Thus, p2 is a relativistic invariant, with a value of —m?, where m is the rest mass that
remains constant across all reference frames. The Minkowski notation for 4-vectors defines

the metric, which is the square of the 4-vector momentum p = (p,1E):
metric = (4-momentum)? = (3-momentum)?® — (energy)2

In analogy to space-time components, the components p, . of the 3-momentum are
referred to as spacelike, while the energy component E is timelike. For the 4-momentum
transfer ¢ in a reaction (¢ = p — p’, where p and p’ are the initial and final 4-momenta), the

following cases arise:

q2 > 0 is spacelike, for instance, in a scattering process,
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g* < 0 is timelike, such as the squared mass of a free particle.

At times, to avoid dealing with negative quantities, redefinitions may be necessary.
In deep inelastic electron scattering, ¢> is spacelike and negative, leading to the common
practice of defining the positive quantity Q> = —g?. This underscores the notion that the

sign of the metric is a matter of convention and does not impact the physical results.

2.3.3 Comparative analysis of fixed target and colliding beam acceler-

ators

Demonstrating the application of 4-vector notation, we explore the energy available for
particle production in both fixed-target and colliding-beam accelerators. Let us consider an
incident particle with mass my, total energy E4, and momentum p,, colliding with a target
particle of mass mp, energy Ep, and momentum pg. The squared total 4-momentum of the

system is expressed as:

p* = (py+Pp)* — (Ea+Ep)* = —mji —mj+2p, -pg — 2EAEp (2.5)

The center-of-mass system (CMS) is defined as the reference frame where the total 3-
momentum is zero. If E* denotes the total energy in the CMS, then p> = —E*2. Assume
that the target particle (mp) is at rest in the laboratory system (LS), where pp = 0 and

Ep = mp, while E4 represents the energy of the incident particle in the LS. In this scenario:

E?=_p>= mfl +mé +2mpE, (2.6)

Consider the case where the incident and target particles move in opposite directions,

+

as seen in an e"e~ or pp collider. With p4 and pp denoting the absolute values of the

3-momenta, the equation 2.5 becomes:

E*? = —p2 =2(EAsEg+ papB) + (mi +m129) ~ 4EsER (2.7)

This approximation holds for m4,mp < E4,Ep, and it applies to a head-on collision
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scenario. Considering beams crossing at an angle 6, the equation 2.7 would become
E*? = 2E,Ep(1+cos 0). Remarkably, the center-of-mass energy available for new particle
production in a collider with equal beam energies E increases linearly with E, approxi-
mated by E* ~ 2F. In contrast, for a fixed-target experiment, the center-of-mass energy
increases as the square root of the incident energy (E* ~ \/2mpE,). Consequently, the
highest achievable energies for creating new particles are attained at colliding-beam accel-
erators. For example, the center-of-mass energy of the Tevatron pp collider at Fermilab
is E* =2 TeV = 2000 GeV. To achieve the same center-of-mass energy with a fixed tar-
get accelerator, the energy of the proton beam that collides with a target nucleon would
need to be E4 = E*?/(2mp) ~ 2 x 10% GeV = 2000 TeV. Thus, the Colliders, with their
unique ability to bring particles into head-on collisions at lower energy thresholds, show-
case remarkable efficiency in exploring new realms of particle interactions compared to
the fixed-target experiments which necessitate significantly higher energy levels to attain

comparable outcomes.

2.3.4 Rapidity variable

The rapidity variable, represented by the symbol y, is a dimensionless quantity that plays
a crucial role in particle physics in the study of high-energy particle collisions where rel-
ativistic effects become significant. Unlike velocity or momentum, rapidity has a unique
advantage: it adds up easily under Lorentz transformations when objects move at relativistic
speeds. This property makes it particularly useful for studying different particles in various

frames of reference. The formula for rapidity is,

1 E+p.c
=_1 2.8
Y 2 n(E_pzc) 8

where, E is the particle energy, p, is the momentum component along the beam direction,
and c is the speed of light.
When making a transition from CMS to LS, the rapidity distribution remains unchanged,

except for a shift in the y-scale by an amount equal to y.,. This property, expressed as



2.3. SPECIAL THEORY OF RELATIVITY AND INVARIANTS 37

y = y* + yem, emphasizes the consistency of the rapidity distribution between different ref-

erence frames. The rapidity of the center-of-mass in the LS, y,,, is given by

1 1+ Bem
Yem = Eln <1 _ﬁcm> 9 (29)

where, B, is the velocity of the center-of-mass in the LS.
The additivity of rapidity simplifies the description of particle dynamics in different
reference frames. In non-relativistic scenarios, rapidity reduces to longitudinal velocity

(B), highlighting its role as a relativistic measure of velocity. For rapidity distributions
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Figure 2.1: Estimate of dN.,/dy in the most central (0-5%) Pb-Pb collisions at |/sNN
= 5.02 TeV. Also shown are the Landau—Wong, Landau—Carruthers, Gaussian, and dou-
ble—Gaussian distributions [90].

in symmetric and non-symmetric systems, let us take the example of two identical parti-
cles colliding in a symmetric system. Figure 2.1 shows the rapidity distribution of charged
particles in central Pb—Pb collisions, recorded by ALICE at /sy = 5.02 TeV [90]. In
symmetric collisions like this, the rapidity distribution is typically balanced around the
center-of-mass rapidity. However, in non-symmetric systems, where the colliding particles
differ significantly in mass, the rapidity distribution becomes asymmetric [79]. Experimen-
tal analyses of rapidity distributions in various collision systems provide valuable insights

into the dynamics of particle production and interactions at high energies.
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2.3.5 Pseudorapidity variable

Pseudorapidity is a concept used in particle physics to describe the angular distribution of

particles in a high-energy collision system. Pseudorapidity, denoted by 7, is defined in

n=—In {tan (g)] (2.10)

Pseudorapidity is also a dimensionless quantity like rapidity, making it a convenient pa-

terms of the polar angle 0 as:

rameter for describing particle trajectories in various collision experiments. The tangent
function in the formula can take values between —o and 4o, and the natural logarithm (In)
of these values results in a pseudorapidity that spans the entire real number line. Particles
close to the beam pipe, with 8 near 0 or 7, have pseudorapidities close to —oo and +oo
respectively. This is a consequence of the mathematical properties of the pseudorapidity
formula. The choice of pseudorapidity is motivated by its approximately invariant behavior
under Lorentz boosts along the beam axis in the high-energy particle collisions which is
advantageous particularly where relativistic effects become significant. Pseudorapidity is
often used instead of rapidity because of its simpler geometric interpretation and ease of
experimental measurement. Figure 2.2 presents the pseudorapidity distribution of charged
particles in Pb—Pb collisions recorded with ALICE at /sy = 5.02 TeV [90]. In the region
where y > 0, the rapidity distribution (dN ) and the pseudorapidity distribution ( ) repre-
senting the pr-integrated values (see Figures 2.1 and 2.2), are nearly identical. However, a
small depression in the d%’ distribution compared to emerges around y ~ 0 and this dip
is absent for massless particles such as photons.

In the CMS, where the distribution peaks at y ~ 1 ~ 0, the n-distribution is suppressed
P

>—. In the LS, where the maximum occurs around half of the beam

(m3)
rapidity (1 & y,/2), the suppression factor is \/ 1— <m— cosh?(yy/2), approximately equal

by a factor /1 —

to unity. Despite the frame of reference, the peak value of the pseudorapidity distribution
is lower than the peak of rapidity distribution due to this suppression factor. In particular,
at SPS energies, this suppression factor is approximately ~ 0.8 —0.9. The dip in d%’ is

attributed to the transformation from rapidity to pseudorapidity, introducing these effects
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Figure 2.2: The charged particle pseudorapidity density distribution in Pb—Pb collisions at
V/SNN = 5.02 TeV for ten centrality classes. Data points, representing total uncertainties, are
enclosed in boxes, while filled squares indicate correlated uncertainties (evaluated at 1 = 0).
Statistical errors, smaller than markers, are deemed insignificant. Values in 3.5 <1 < 5 are
reflected around 1 = 0 (open circles). The line corresponds to fits of the difference between
two Gaussians centered at 1 = 0 [90].

in the distribution. Moreover, it is observed from Figure 2.2 that the production of charged

particles increases with the centrality of the collisions.

2.3.6 Invariant mass

The invariant mass of a system of particles is an important concept in particle physics,
providing a measure of the total mass of a system that remains unchanged, regardless of the
reference frame in which it is measured. It is calculated from the energy and momentum of

the particles involved using the relation:

I
M*" = E; —p;

where, E; and p; are the energy and momentum of the individual particles, respectively, and
the sums are taken over all particles in the system.
Invariant mass is particularly useful in high-energy physics experiments, such as those

conducted at particle colliders, because it allows for the identification of resonances and
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other short-lived particles that do not reach the detector’s active material. When particles
decay, their invariant mass can be reconstructed by adding the four-momentum vector of
decay products, providing insights into the properties of the parent particles. For example,
in the study of the K* (892)0 resonance, the invariant mass of the decay products (typically a
kaon and a pion) is analyzed to identify the presence of K* (892)O and to study its properties,
such as its mass and width. By studying the invariant mass distributions of various particles,
physicists can gain valuable information about the underlying processes and interactions

occurring within the system.

2.3.7 Invariant yield

In high-energy particle collisions, measurement of particle yield is a fundamental aspect
of understanding the underlying physics. The quantity used to serve this purpose is the
invariant yield, an important concept in relativistic physics that remains invariant under
Lorentz transformations. It provides a robust measure of particle production, accounting
for relativistic effects.

The invariant yield (E ‘57@') is obtained by integrating over the azimuthal angle (¢),
where ¢ is defined as tan~!(p,/py). This expression is further simplified using relation-
ships such as dp.dp, = dpr and dy = dp,/E. The mathematical formulation is versatile,

allowing the invariant yield to be expressed in terms of transverse momentum (pr) or trans-

verse mass (mr = p% +m?) experimentally.
d°N d°N d°N d°N 1 d°N
E—=E =E = = — (2.11)
dp dpxdpydp;  prdprd¢dp,  prdprdedy 27 prdprdy
In experimental settings, this translates into expressions like:
d°N 1 d°N 1 d’N
E (2.12)

dp®  27Ney prdprdy  2TNey mrdmrdy

where, Ney represents the number of events, and N is the total number of particles produced.
These formulations help us to describe the invariant yield in terms of experimentally

measurable quantities. The concept of invariant yield provides a common framework for
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comparing results across different collision experiments. Understanding the invariant yield
is key to reveal the properties of matter under extreme conditions. It provides insights
into the temperature, density, and thermodynamic properties of the created medium, while
also helping probe particle production mechanisms and explore the nuclear matter phase

diagram.

2.4 Particle decay

Consider the simple case of a particle that decays into two particles and calculate the various

quantities involved. For a reaction of the type:

M—A+B

i.e., a particle of mass M disintegrates into particles A and B with masses my4 and mgp,
respectively. In the zero-momentum frame (where the initial and final momentum of the
system is zero), ps = —pp, and thus p/% = p%. If E4 and Ep are the energies of the emergent

particles in the considered frame, then for the decay process:
M =E,+Ep (2.13)

Clearly, if M > ma + mp, the particle fragments spontaneously; otherwise, for the case
M < my + mp, an amount of energy equal to or greater than the mass difference of the
products and the particle is required to cause the fragmentation. This energy is called the
binding energy. To calculate the energies of the product particles E4 and Ep, use pﬁ = p%;

and substitute for each momentum E2 — m?:

E3—m} =E} —m3 (2.14)

Solving equations 2.13 and 2.14 for E4 and Ep, we get the following:

2 2 2 2 2 2
:M +my —m M +myg —my

E B Ep—
A M =B M

(2.15)
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These equations ensure that both energy and momentum are conserved in the decay pro-
cess and are particularly useful because they provide a straightforward method to calculate
the individual energies of the decay products directly from their masses and the mass of
the parent particle. This is very useful in high-energy physics experiments for identifying

particles and understanding the dynamics of decay processes.

2.4.1 Decay rate

To calculate the decay rate or lifetime of a particle that decays into two daughter particles,
the process is statistically modeled so that at any instant, the number of particles decaying
is proportional to the number of particles remaining. Based on this assumption, we have

dN(t)
dt

o< N(t) (2.16)
and upon integration, the expression becomes:

N(t) = Noe™ = (2.17)

1
T

where 7 is the lifetime of the particle, and its inverse I' = - is called the decay rate. The
lifetime of a particle is defined in its proper reference frame, which is the frame attached to
the particle itself, measuring the proper time. In a boosted frame of reference, the lifetime
of a particle appears to be longer because of time dilation.

A classic example of this phenomenon is the observation of cosmic-ray muons in the
upper atmosphere. Muons have a proper lifetime of approximately 2.2 us [91]. However,
because of their high velocities, time dilation allows them to travel considerable distances
before decaying, enabling them to reach the Earth’s surface. Another example is the neutral
kaon (K), which exhibits different lifetimes for its short-lived (K3) and long-lived (K?)
states. The Kg has a proper lifetime of about 51 ns [91], but in high-energy collisions, the

time dilation effect can significantly extend its observed lifetime.
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2.4.2 Breit-Wigner’s non-relativistic formula

The wave function of a particle that decays according to the exponential law described in

equations 2.16 and 2.17 is expressed as:

y(r) = y(0)e /2 (2.18)
The square modulus of this wave function, which represents the probability density, is:
W) = [w(0)]>e " (2.19)

To determine the energy dependence of these states, we perform a Fourier transform with

respect to the angular frequency @, converting it to energy space:

y(E) = / v(t)e't dr = (2.20)

(E—M)—il/2

In this context, K is a constant and M represents the mass or the central value of the energy
(due to Einstein’s mass-energy equivalence). The energy dependence of the decay rate is

thus given by:
1

(E—M)2+(T/2)? (2.21)

(W (E)] o

More generally, the Breit-Wigner formula is derived from the analysis of three-dimensional

scattering theory using partial-wave analysis. The [-th partial wave amplitude is given by:

1

Wl—i (2.22)

a; = ¢ sin o =
This expression is known as the optical theorem. In this case, the phase shift § = 7/2 when
the energy E equals the central energy value M. Expanding cot §; in a Taylor series results
in the same form as in equation 2.20. The contribution of each component of the angular
momentum (partial wave) to the scattering amplitude is described by equation 2.21. This is
essential for analyzing and predicting the results of scattering experiments. The phase shift

0; = m/2 at energy E = M indicates a resonance, a peak in the scattering cross-section at a
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particular energy. Understanding phase shifts helps to identify resonances and study their
properties. The Breit-Wigner’s formula (equation 2.21) describes the shape of resonances,
providing information about their width (related to I') and central energy M. These formulas
are used to fit experimental data, allowing physicists to extract parameters such as masses,

lifetimes, and decay rates of short living particles or resonances.



Chapter 3

The ALICE experiment at the LHC

The Large Hadron Collider (LHC) exemplifies human creativity and collaborative effort,
standing as a peak in particle physics research. Constructed from 1998 to 2008 by CERN
in collaboration with global institutions, the LHC is more than just a machine; it symbol-
izes global collaboration in the quest for scientific understanding. Since its 2009 launch,
this engineering marvel has accelerated proton and lead (Pb) ion beams to center-of-mass
collision energies up to 13.6 TeV for proton-proton and 5.36 TeV for Pb-Pb collisions, en-
abling pioneering experiments that explore the universe’s earliest stages. Among the four
main experiments at the LHC, the A Large Ion Collider Experiment (ALICE) is dedicated
to study the physics of strongly interacting matter under extreme temperature and energy
density conditions that result from heavy-ion collisions. This chapter presents an overview
of the LHC and its key experiments, alongside a concise description of the experimental
setup within the ALICE detector and its sub-detectors. Additionally, a brief examination of

the online and offline computing systems used for data analysis is included.

3.1 The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) is an extraordinary engineering achievement, situated
underground on the France-Switzerland border near Geneva. It forms a massive ring over
27 kilometers in circumference and descends to depths between 50 and 175 meters below

the ground. The LHC’s core components include a series of powerful superconducting

45
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magnets and accelerating structures that elevate particle energies. The CERN accelerator
complex, illustrated in Figure 3.1, stands as the epicenter of this groundbreaking technology
and research. This complex comprises various accelerator systems such as the Super Proton
Synchrotron (SPS), Proton Synchrotron (PS), Antiproton Decelerator (AD), CERN Linear
Electron Accelerator for Research (CLEAR), Advanced WAKefield Experiment (AWAKE),
Isotope mass Separator On-Line DEvice (ISOLDE), Low Energy Ion Ring (LEIR), and
LINer ACcelerator (LINAC). These systems synergize to elevate particle energy before
feeding them into the colossal LHC ring, reaching unprecedented energy levels. Protons
for the proton-proton (pp) collisions derive from hydrogen gas, which, when subjected to an
electric field, loses electrons, leaving only protons. Starting at LINAC2, the protons achieve
an energy of 50 MeV, then proceed through the PS Booster (PSB), Proton Synchrotron (PS),
and Super Proton Synchrotron (SPS), incrementally increasing their energy to 450 GeV.
Eventually, they enter the LHC rings, circulating in both directions, where their energy
is augmented for collisions. Likewise, the lead (Pb) ion beam originates from heated lead
vapor at 500°C, derived from a pure 2 cm, 500 mg lead sample. Electric fields remove some
electrons, forming Pb ions. These ions are initially accelerated by LINAC 3 to 4.2 MeV per
nucleon and further stripped of electrons within the same accelerator. The ions then move
to the Low Energy Ion Ring (LEIR), reaching 72 MeV per nucleon. These initial stages
are specific to heavy-ion collisions. The Pb ions continue their acceleration in the PS and
SPS, where, in the PS, their energy increases to 5.9 GeV per nucleon, with any remaining
electrons removed. In the SPS, the Pb beam is further upgraded to 177 GeV per nucleon
before being injected into the LHC ring to travel in both directions. In Figure 3.2, Points 2
and 8 are marked as injection points where particles are introduced into the LHC ring, each
allowing movement in a different direction. The acceleration of the particle beam occurs at
Point 4 using the Radio Frequency (RF) system. The main experiments—ATLAS, ALICE,
CMS, and LHCb—are positioned at locations 1, 2, 5, and 8, the intersections of the two
beams. At Points 3 and 7, the collimation system acts to purify the beam by removing beam
bunches that are significantly offset from the center. The beam dumping is executed at Point

6. Figure 3.2 shows a schematic view of the operational points within the LHC. Currently,
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Figure 3.1: The CERN accelerator complex, alongside the locations of the PS and SPS,
features four significant LHC experiments—ALICE, CMS, LHCb, and ATLAS—situated
around the LHC ring [92].

the LHC’s accelerator infrastructure can achieve a maximum center-of-mass energy of 14

TeV for pp collisions and 5.5 TeV per nucleon for heavy-ion collisions.

3.2 The ALICE experiment

The ALICE experiment is primarily dedicated to exploring heavy-ion physics within the
LHC environment. It is specifically engineered to examine the properties of strongly in-
teracting matter under extreme temperature and energy density conditions, leading to the
formation of quark-gluon plasma (QGP). Although ALICE serves as a general purpose
detector, its core objective is to analyze the QGP characteristics. The ALICE apparatus,
which measures 26 meters in length, 16 meters in height, and 16 meters in width, has an
approximate weight of 10,000 tons. It is situated within a spacious cavern approximately
56 meters below the surface close to the St Genis-Pouilly village in France and features
19 sub-detectors, as depicted in Figure 3.3. With remarkable tracking and particle identi-

fication (PID) capabilities over a broad momentum range (10~2 — 10% GeV/c), the ALICE
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Figure 3.2: Schematic view of LHC accelerator complex [93].

detector enables the study of phenomena ranging from soft physics to the generation of jets
and high-pr particles. Furthermore, it is expertly built to accommodate high densities of
charged particle multiplicity, notably observed at mid-pseudorapidity in central Pb—Pb col-
lisions, which can surpass conventional proton-proton (pp) interactions by as much as three
orders of magnitude at identical energy levels. In addition, this particle multiplicity can be
between two and five times greater than the highest multiplicities recorded at the RHIC.
The ALICE detector employs a specific coordinate system that is important for pre-
cisely mapping particle paths and interactions within the device. It adopts a right-handed
system, with its origin at the nominal interaction point (0,0,0). The z-axis, serving as its
primary axis, runs parallel to the beam direction, extending through the beam pipe, with its
positive direction facing away from the muon spectrometer. The x-y plane, positioned per-
pendicularly to the z-axis, defines the transverse plane, where the x-axis is directed towards
the center of the LHC ring, and the y-axis points vertically upwards. The azimuthal angle
(¢) is measured relative to the x-axis, while the polar angle (0) is determined from the z-
axis towards the x-y plane. The ALICE detector encompasses three major parts: the central
barrel detectors, forward detectors, and the muon spectrometer. Key components such as

the ITS, TPC, TOF, and VO within the central barrel detectors are pivotal in the analysis
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discussed in this thesis. The following sections provide succinct overviews of these along
with other sub-detectors. Furthermore, Table 3.1 presents comprehensive details regarding

the position, 17, and ¢ acceptance, and the functions of the ALICE detector subsystems.
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Figure 3.3: Schematic diagram illustrating the ALICE detector systems [94].

3.2.1 Central barrel detectors
3.2.1.1 Inner Tracking System (ITS)

The Inner Tracking System (ITS) serves as the innermost segment of the ALICE experi-
ment, consisting of six layers of cylindrical silicon detectors that surround the beam pipe
within the central barrel, as depicted in Figure 3.4. The very first layer is set 3.9 cm away
from the nominal beam line, while the outermost layer is positioned 43 cm from this axis.
Designed for both lightness and fragility, the ITS utilizes lightweight materials. It uses three
separate technologies, pixel, drift and strip, with two layers each: namely the Silicon Pixel
Detector (SPD), Silicon Drift Detector (SDD) and Silicon Strip Detector (SSD), covering
the pseudorapidity range |n| < 0.9. The key purpose of the ITS is to accurately recon-
struct primary and secondary vertices with resolutions better than 100 um, thus boosting

the tracking capabilities of ALICE around the interaction point. Furthermore, ITS helps
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Table 3.1: Summary of the positions, 1] and ¢ acceptances and purposes of ALICE detector
subsystems [95]

Detector Position (in cm) N acceptance ¢ acceptance (in © ) Purpose H
Central barrel detector
SPD r=3.9 In| <2.0 0° < ¢ < 360° tracking, vertex
r=7.6 nj<14 0° < ¢ <360° tracking, vertex
SDD r=15.0 In] < 0.9 0° < ¢ < 360° tracking, particle identification
r=239 n] <09 0° < ¢ <360° tracking, particle identification
SSD r=38.0 In| < 1.0 0° < ¢ < 360° tracking, particle identification
r=43.0 n] < 1.0 0° < ¢ <360° tracking, particle identification
TPC 85 <r<247 In] < 0.9 0° < ¢ < 360° tracking, particle identification
TRD 290 < r < 368 In] <0.8 0° < ¢ < 360° tracking, e* identification
TOF 370 < r <399 In] <09 0° < ¢ <360° particle identification
PHOS 460 < r < 478 [n] <0.12 220° < ¢ < 320° photons
EMCAL 430 < r < 455 [n] <0.7 80° < ¢ < 187° photons
HMPID r =490 In] < 0.6 1°< ¢ <59° particle identification
ACORDE r =850 nl <13 30° < ¢ < 150° cosmics
Forward detector
PMD =367 23<n<39 0° < ¢ <360° photons
FMD z=320 36<n <50 0° < ¢ <360° charged particles
=280 1.7<n <37 0° < ¢ <360° charged particles
z=-70 —34<n<-17 0° < ¢ <360° charged particles
Vo =329 28<n <51 0° < ¢ <360° charged particles
7=—88 -37<n<-117 0° < ¢ <360° charged particles
TO z=1370 46<n<49 0° < ¢ < 360° time, vertex
z=-70 -33<n<-30 0° < ¢ < 360° time, vertex
ZDC z==£11300 [n]>8.8 0° < ¢ <360° forward neutrons
ZDC z==+11300 65<In| <75 l¢| < 10° forward protons
ZDC z=+£730 48<n <57 [2¢| < 32° photons
Muon spectrometer
MCH —1420<z< —540 —4.0<n<-25 0° < ¢ <360° muon tracking
MTR —-1710<z< —1610 —4.0<n<-25 0° < ¢ <360° muon trigger
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to track and classify charged particles with a low threshold pt (pt = 80 MeV/c), while
improving momentum resolution at high pt, and allowing more precise determinations of

momentum and angle in the time projection chamber detector (TPC).

Figure 3.4: Systematic representation of the Inner Tracking System (ITS) detector within
the ALICE experiment [96].

The primary component of the ALICE SPD is a ladder, which includes a matrix of pixel
detectors that is flip-chip bonded to 8 front-end chips. Each pixel detector matrix contains
256 x 256 individual cells, each cell measuring 50 um in the r¢ direction and 300 pm in
the z direction. The dimensions of this detector ladder are 13.8 mm (r¢) by 82 mm (z). The
use of high granularity allows for accurately determining the positions of charged tracks
passing through the detector. The SPD’s inner and outer layers are situated 3.9 cm and
7.6 cm from the beam axis, respectively, and extend 282 mm along the beam’s length. To
protect the heat-sensitive SDD layers, an Al-coated carbon fiber external shield encases the
SPD barrel. The SDDs themselves are installed on linear supports known as ladders, with
radial placements ranging from 14.9 cm to 23.8 cm from the beam axis, and extending 443
mm to 593 mm in the z direction, respectively. The inner layer comprises 14 ladders while
the outer layer has 22. Each ladder supports six detectors for the inner layer and eight for
the outer layer, ensuring complete coverage for particles produced from the vertices within
the interaction region +10. Much like in gaseous drift detectors, the ionization-induced
charged cloud drifts at a constant speed within an electric field, facilitating the measurement

of impact-point coordinates. Low-capacitance readout anodes are used to ensure excellent
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energy resolution. The SSD detectors consist of double layers of silicon strips, with layer
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Figure 3.5: The energy loss (dE/dx) of particles traversing the Inner Tracking System
(ITS) detector is depicted as a function of momentum in p—Pb collisions at \/syn = 8.16
TeV. Theoretical predictions are represented by solid lines [97].

5 containing 782 strips and layer 6 containing 988 strips, aligned at a stereo angle of 35
mrad. As a result, a particle passing through any SSD layer triggers signals in both strip
layers, allowing for detection at the intersection point. The information about energy loss
(dE /dx) is obtained from the charge carriers gathered in the SSD. Each strip is 40 mm long
and tilted at an angle of 17.5 mrad relative to the detector’s short edge, which supports the
formation of a stereo pair for reconstructing 2D track positions. The SSD layers are situated
38 cm (inner) and 43 cm (outer) away from the beam axis, with longitudinal extents of 86
cm and 98 cm, respectively. Figure 3.5 illustrates the energy loss by various particles as

they move through the active material of the ITS.

3.2.1.2 Time Projection Chamber (TPC)

The Time Projection Chamber (TPC), a primary detector in the ALICE central barrel, is im-
portant for identifying and tracking charged particles. Figure 3.6 shows a 3D representation

of the TPC’s field cage. By integrating charged particle track data from the TPC, ALICE
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Figure 3.6: The three-dimensional representation of the TPC field cage depicts the high
voltage electrode situated centrally within the drift region. Illustrated are the endplates,
each comprising 18 sectors and featuring 36 readout chambers at both ends [98].

Transition Radiation Detector (TRD), and the ITS, studies on vector meson resonances and
‘charm’ and ‘beauty’ particles through their leptonic decay channels are feasible. The TPC
features a cylindrical shape and is filled with a conductive gas mix of Ne — CO, — Nj. Its in-
ner and outer radii measure 85 and 250 cm, respectively. The TPC is situated withina 0.5 T
solenoidal magnetic field aligned with the beam axis, facilitated by the L3 solenoidal mag-
net. The TPC consists of two drift regions divided by a central high-voltage (HV) electrode
situated axially. This electrode is charged to 100 kV and, together with voltage-dividing
networks on both the inner and outer surfaces of the cylinder, creates an axial electric field
of 400 V/cm. The TPC covers the pseudo-rapidity range |n| < 0.9 and the full azimuthal
(2m) angle, allowing gas ionization along the paths of charged particles in its active volume.
The ionized electrons produced drift towards the endplate of the cylinder due to the electric
field. By measuring precise cylindrical plane coordinates at the endplates, the trajectory
of charged particles is accurately reconstructed. This trajectory is inferred from detailed
measurements of the arrival time in relation to the LHC beam collision and the cylindrical
coordinates. The TPC distinguishes charged particles by assessing their specific ionization

loss (dE /dx) and momentum in the gas, using dE /dx to differentiate between particle types.
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For reliable dE /dx measurements, it counts the number of clusters (n.;) associated with the
track, requiring n,; > 50 from a maximum of 159 rows of TPC pads. The mean energy loss
of charged particles is described by the Bethe-Bloch equation. For heavy charged particles,

the Bethe-Bloch equation is given by

_dE/dx:4Zi4i—zsz{M—ﬁts’l_@} G.1)
where,

z = Charge of the primary particle

mo = Rest mass of the electron

v = Velocity of charged particle

N = Number density of absorber material

Z = Atomic number of the absorber material

I = Mean excitation potential

B =v/c, c = Velocity of light

y=
i F

0 = Density correction factor

C = Shell correction factor

Electrons and positrons, due to their relatively low masses, follow a unique pattern de-
scribed by a modified Bethe-Bloch equation, in which bremsstrahlung predominates as the
primary mechanism of energy loss. The energy loss (dE/dx) is expressed as a function of
momentum for certain charged particles, as shown in Figure 3.7. Within the TPC, charged
particles are distinctly identifiable at low momenta, yet differentiation becomes difficult
at intermediate and high momentum levels. To aid in particle identification at moderate

momentum, data from the Time-Of-Flight (TOF) detector is used.
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Figure 3.7: The energy loss (dE/dx) of particles in the TPC, plotted against momentum in
p—Pb collisions at /sy = 8.16 TeV [99].

3.2.2 Transition Radiation Detector (TRD)

The Transition Radiation Detector (TRD) is an essential element of ALICE, tasked with
identifying and triggering on electrons and jets, delivering a rapid trigger decision in about
7 microseconds. Designed to identify electrons with momenta above 1 GeV/c, it excels at
differentiating electrons from pions, achieving a 90% electron efficiency [100, 101]. The
TRD structure is made up of 522 detectors spread over 18 azimuthal sectors, each sec-
tor containing 5 stacks of 6 layers, forming a cylindrical shape approximately 7 meters in
both diameter and length. Using a gas mixture of xenon and CO,, the TRD improves the
identification of electrons within the central barrel of the ALICE, especially for particles
with transverse momentum (pt) above 1 GeV/c, where the electron-pion separation abil-
ity diminishes. By detecting transition radiation from charged particles passing through,
the TRD significantly improves the reconstruction of both light and heavy vector mesons.
Its provision of spatially resolved space points (~ 600 ttm resolution) enables track exten-

sion beyond the TPC, enhancing momentum resolution. The TRD’s configuration inside
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the ALICE central barrel, shown in Figure 3.8, outlines its inner and outer radii from the
beam axis at 290 cm and 368 cm, respectively, encompassing the TPC. It consists of 540
modules over 18 sectors (super-modules), each featuring a 4.8 cm thick radiator and a
multi-wire proportional chamber. Covering the complete azimuth within the mid-rapidity
region (—0.84 < n < 0.84), and offering a quick response, the TRD effectively triggers on
charged particles. It is particularly useful for particles with Lorentz factors () greater than
1000, allowing effective separation of electrons from pions for momenta between 1 and 100

GeV/e.

Figure 3.8: Illustrative cross-sectional view of the ALICE central barrel detector, oriented
perpendicular to the LHC beam path [102].

3.2.2.1 Time-Of-Flight (TOF)

The Time-Of-Flight (TOF) detector is pivotal for identifying particles within the low to in-
termediate transverse momentum range. This cylindrical gas detector consists of Multigap
Resistive Plate Chambers (MRPCs) [103]. The detector spans an area of 150 m? and is
filled with a gas mixture made up of 90% C,H,F4, 5% C4H19, and 5% SF¢s. Each MRPC
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is constructed with a ten-layer double-stack configuration and achieves a time resolution of
roughly 40 ps. Arranged into 18 sectors within a cylindrical layout, these MRPCs surround
the transition radiation detector (TRD). The TOF has an inner radius of 3.7 m, an outer
radius of 3.99 m, and provides coverage for || < 0.9 with a ¢ acceptance of 2. Upon a
charged particle’s passage through the TOF detector, it ionizes the gas, instigating avalanche
electrons to move towards the electrode, where they are impeded by the resistive plate gaps,
ultimately forming a collective signal. The TOF detector utilizes time-of-flight analysis for
particle identification. The time-of-flight (¢) represents the duration for a particle to travel
from the interaction point to the TOF detector over a known distance (L). Positioned on
both sides of the interaction point, the TO detector provides the initial time reference ()
[95]. With a time resolution of around 80 ps, the ALICE TOF allows for precise exper-
imental determination of particle mass. This is achieved by integrating the time-of-flight
data from the TOF with particle momentum (p) measured by the TPC, according to the
following equation:

m=p X %22 —1 3.2)
The TOF B, representing the ratio of a particle’s velocity to that of light, is depicted in
Figure 3.9. Under typical operating conditions, an average total TOF time resolution of 80

ps is achievable, allowing for clear separation of K/z and p/K up to 3¢ at pt up to 2.5 and

4.0 GeV /c respectively, where o denotes the time resolution of the TOF detector.

3.2.2.2 ElectroMagnetic CALorimeter (EMCal)

The ALICE experiment is now equipped with an advanced ability to detect high-energy
particles, including photons, electrons, neutral pions, and jets, along with their correlations,
facilitated by the ElectroMagnetic Calorimeter (EMCal) [105]. The EMCal, a shashlik-type
lead-scintillator sampling calorimeter, is composed of 4416 modules organized into twenty
Super Modules (SM), totaling 17664 towers. Each tower utilizes wavelength-shifting fibers
connected to Avalanche PhotoDiodes (APDs) for optical readouts. The triggering system
in both the EMCal and the Di-Jet Calorimeter (DCal) supports effective signal detection by

grouping nearby towers into 44 sets, which are then analyzed using a peak finding tech-
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Figure 3.9: The TOF f distribution as a function of momentum in p—Pb collisions at |/sNN
=8.16 TeV [104]

nique. This process generates LO- and L1-level triggers for the ALICE Central Trigger
Processor, allowing for the real-time selection of energetic particles such as photons and
electrons. Covering an azimuthal angle of 107 degrees, the EMCal is situated approxi-
mately 4.5 meters from the vacuum tube with a longitudinal extension of 700 cm. It is
engineered to study jet quenching and can evaluate the energy of charged particles, pho-
tons, and neutral mesons’ photonic decays. The DCal, a supplementary component to the
EMCal, spans a 70-degree azimuthal angle and is positioned to facilitate back-to-back jet

measurements, thereby augmenting ALICE’s precision in particle physics investigations.

3.2.2.3 PHOton Spectrometer (PHOS)

The PHOton Spectrometer (PHOS) [106] is an essential element of the ALICE experiment,
tasked with detecting electromagnetic radiation from hot, strongly interacting matter in
high-energy nucleus-nucleus collisions. It also enables the study of hadron spectra through
radiative decays. With its 17280 detector channels, PHOS is placed 460 cm from the inter-

action point to ensure precise particle detection. It covers a pseudorapidity range from -0.12
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to 0.12 and an azimuthal angle span from 220° to 320°. As a high-resolution electromag-
netic calorimeter, PHOS excels in identifying photons and neutral mesons. Lead-tungstate
crystals are used to reconstruct neutral mesons by observing their decay into two photons,
while direct photons from the medium created in heavy ion collisions offer crucial insights
into the medium’s properties. Spanning 60° in azimuth and maintaining a pseudorapid-
ity range of || < 0.12, PHOS significantly enhances our understanding of the complex

dynamics in high-energy particle interactions.

3.2.2.4 High Momentum Particle Identification Detector (HMPID)

The ALICE High Momentum Particle Identification Detector (HMPID) [107] plays a crit-
ical role in differentiating between charged particles such as pions, kaons, and protons,
especially at high momenta. Utilizing Ring Imaging Cherenkov (RICH) technology, the
HMPID significantly enhances the particle identification (PID) capabilities of ALICE, al-
lowing for /K and K/p separation up to momenta of 3 and 5 GeV/c, respectively. Situated
5 meters from the beamline within the ALICE solenoid, the HMPID consists of seven RICH
counters, extending over a pseudorapidity range of |1| < 0.6 and an angular span from 1.2°
to 58.8°. Key components include a radiator medium and a photon detector, which de-
tect Cherenkov radiation caused by charged particles exceeding the speed of light in the
medium. By analyzing the angles of Cherenkov rings along with momenta gathered by
other ALICE detectors such as the ITS and TPC, the HMPID enables accurate identifica-

tion of charged particles at high momenta.

3.2.3 Forward detectors
3.2.3.1 Photon Multiplicity Detector (PMD)

The PMD detector [108, 109] serves to measure the multiplicity distribution of inclusive
photons, primarily originating from the decay of 7%, within the forward pseudorapidity re-
gion (2.3 <n < 3.7, covering full azimuth). Constructed with two gas chambers or planes,
the Preshower plane and the Charged Particle Veto (CPV) plane, with a lead converter

sandwiched between them, this detector comprises numerous cells, each functioning as a
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gaseous proportional counter. Positioned at the rear of the lead plates, the Preshower plane
is complemented by the CPV located closer to the interaction point. The CPV technique
is employed to refine the analysis of photon characteristics in the detector’s operational

domain.

3.2.3.2 Forward Multiplicity Detector (FMD), T0 Detector

The FMD system is predominantly used to gather accurate offline information on the mul-
tiplicity of charged particles within the pseudorapidity range of —3.4 < n < —1.7 and
1.7 <n <5.0[110]. Consisting of 51,200 silicon strip channels distributed across five ring
counters, each featuring 20 and 40 sectors in azimuthal angle, the FMD, in conjunction
with the ITS pixel system, offers comprehensive particle multiplicity distributions across
all collision types within the range of —3.4 < 1 < 5.0. Moreover, the FMD facilitates
the examination of multiplicity fluctuations on an event-by-event basis and enables flow
analysis through azimuthal segmentation.

On the other hand, the TO detector comprises two arrays of PMTs equipped with Cherenkov
radiators, positioned on opposite sides of the Interaction Point (IP). Primarily, TO provides
crucial rapid timing signals for the LO trigger in ALICE, initiates a wake-up signal for TRD,
and furnishes collision-time references for the TOF detector. Covering the pseudo-rapidity
range of —3.3 <M < —2.9and 4.5 < n <5, the TO detector boasts a trigger time resolution
that exceeds 50 ps and can precisely determine IP location with an accuracy better than 1.5
cm. Comprising two arrays, TO-A and TO-C, located, respectively, at 3.6 m and 70 cm from
the IP, each with specific pseudorapidity ranges, the TO detector offers precise collision
start-up times, online vertex position measurement, and multiplicity assessment of charged
particles produced in hadron collisions. Additionally, it serves as an alternative Minimum

Bias trigger detector.

3.2.3.3 VZERO (V0) detector

The VZERO (VO0) detectors are plastic scintillator detectors strategically placed on either

side of the interaction point [111]. Referred to as VZERO-A (V0-A) in the forward direc-
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tion and VZERO-C (V0-C) in the backward direction, they cover the pseudorapidity range
of 2.8 < n < 5.1 (VO-A) and —3.7 < n < —1.7 (VO-C) with full azimuthal coverage, as
depicted in Figure 3.10. Each detector comprises two arrays of 32 scintillator counters
distributed across 4 rings, with each ring subdivided into 8 sectors. Primarily employed
for triggering and filtering out beam-gas events based on their timing information, the VO
detectors exhibit a time resolution of approximately 1 ns. Within ALICE, these detectors
play a crucial role as dedicated triggers for minimum bias events during data acquisition
in pp, p—Pb, and heavy-ion collisions. They provide trigger information based on parti-
cles originating from the primary vertex of collisions and secondary interactions within the
vacuum chamber elements, particularly for central barrel detectors. Furthermore, they con-
tribute to determining the centrality of the collision in heavy-ion collisions and estimating

the multiplicity in pp and p—Pb collisions.
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Figure 3.10: Position of the two VZERO arrays, and of the few detectors quoted in the text,
within the general layout of the ALICE experiment [111].

3.3 The ALICE Framework

The ALICE detector comprises 18 distinct sub-detectors, each capable of operating inde-
pendently in a standalone mode or as part of global partitions, which combine multiple

sub-detectors for coordinated operation. The ALICE experiment employs an integrated
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framework of online and offline services to seamlessly manage its operations, spanning

from particle collisions to the analysis of the resulting data.

3.3.1 ALICE online operations

The ALICE experiment relies on five central systems to manage its data collection activ-
ities. The Data Acquisition System (DAQ) configures and operates detectors during data
taking by interfacing with the Central Trigger Processor (CTP) and the High-Level Trigger
(HLT), which filters and compresses data in real time. The Detector Control System (DCS)
oversees the experimental equipment, ensuring safe and stable operations, particularly dur-
ing beam conditions. The Experiment Control System (ECS) coordinates these processes,
managing communications between the DAQ, HLT, and DCS while overseeing detector
partitions. The CTP distributes trigger signals for physics events, enabling efficient and
organized data collection. Together, these systems ensure seamless data acquisition and

processing for physics analysis.

3.3.1.1 The Data Acquistion System

The Data Acquisition (DAQ) system in ALICE is responsible for collecting, processing,
and storing the large volumes of data generated during high-energy collisions at the LHC.
It operates in conjunction with the Central Trigger Processor (CTP) and the High-Level
Trigger (HLT), which select events based on predefined physics observables. The system
efficiently handles both common and rare triggers: common triggers, such as central and
semi-central collisions, are allocated significant bandwidth for precise capture, while rare
triggers, like dielectron or dimuon events, use less bandwidth but are constrained by lumi-
nosity and detector live time. Data from the detectors is transmitted to the DAQ Readout
Receiver Cards (D-RORC) via Detector Data Links (DDL). After passing through stages
of local data concentration, sub-event assembly, and full event construction by Global Data
Collector (GDC) computers, the data is stored in Transient Data Storage (TDS) before be-
ing transferred to Permanent Data Storage (PDS) for offline analysis. The system must

operate efficiently under the high collision rates of proton-proton (pp) and the lower, but
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more complex, rates in lead-lead (Pb-Pb) collisions. Its architecture ensures a fair distri-
bution of resources among various detector partitions, enabling the simultaneous study of
multiple physics observables.

The flow chart in Figure 3.11 illustrates the sequence of operations, beginning with the
decision of the CTP to trigger, which determines within 1 us whether to record a collision
event. This decision is passed through the Trigger and Timing Control (TTC) system to
the Local Trigger Unit (LTU), which transmits it to the front-end electronics (FEE) of each
detector. The data from the detectors is then routed through the DDL to the D-RORC for
processing. Sub-events are sent to GDC computers, where they are assembled into complete
events in ROOT format. These events are stored in TDS before being moved to PDS for
archiving and later analysis.
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Figure 3.11: The ALICE DAQ architecture, depicting the sequence from trigger decision
to data storage.

3.3.1.2 The Central Trigger Processor

The main features of the ALICE Central Trigger Processor (CTP) are detailed in the tech-
nical design report [112]. The CTP is designed to manage trigger decisions for up to 24
detectors which are organized into six programmable trigger clusters, with each cluster
capable of receiving independent trigger signals. This flexibility allows the CTP to dynam-

ically group detectors based on specific physics requirements. The trigger system operates
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at three hierarchical levels to ensure a precise and timely data acquisition. The fastest level,
Level 0 (LO), has a latency of 1.2 us and provides an initial strobe signal to detectors with
fast electronics while initiating BUSY signals for affected clusters. However, due to incom-
plete trigger inputs at this stage, the LO trigger achieves only limited rate reduction. Level
1 (L1), arriving at 6.5 us, incorporates most of the trigger inputs, enabling significant rate
reductions and the storage of event data in multi-event buffers. The final trigger level, Level
2 (L2), arrives after 88 us to account for the longest sensitive periods in detectors, such as
the Time Projection Chamber (TPC), and finalizes the decision-making process.

The CTP uses 60 trigger inputs distributed across the three levels: 24 for L0, 24 for L1,
and 12 for L2. Logical combinations of inputs, such as AND, are supported, while selected
classes can use complementary signals. For a subset of inputs (4 LO inputs), a lookup table
enables the application of arbitrary logic functions, improving trigger efficiency, particu-
larly for low-multiplicity interactions. The system also incorporates past-future protection
to reduce pileup effects by analyzing interactions within two time windows: +88 us for
the TPC and +10 us for the ITS. These programmable circuits generate output based on
thresholds applied to interaction signals within defined time windows.

To handle rare triggers, the CTP employs a dynamic system that reserves bandwidth for
low-frequency events. When data acquisition buffers reach a high occupancy level (high
water mark), the CTP restricts non-rare trigger classes, prioritizing rare triggers. Once
the buffer occupancy decreases below a low water mark, non-rare triggers are reactivated.
This mechanism ensures that rare events are not overshadowed by high-frequency triggers,
maintaining efficient bandwidth utilization. Trigger classes define the input requirements,
output clusters, and veto conditions for events. Events are processed only if their trigger
class requirements are satisfied, and no veto conditions—such as BUSY signals or past-
future protection—are active. Multiple trigger classes can be activated simultaneously, but
if all classes are vetoed, the event is dropped. Additionally, the CTP monitors hardware
statuses, such as power supply voltages and fuse conditions, transmitting this information
to the ALICE Detector Control System (DCS) via an independent I>C link. This robust

architecture allows the CTP to efficiently handle high-multiplicity events, rare phenomena,
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and varying collision conditions, ensuring optimized data acquisition for ALICE.

3.3.1.3 The High Level Trigger

In a single central nucleus-nucleus collision, the Time Projection Chamber (TPC) alone

dNgp _

generates approximately 75 MB of data, assuming an

8000 at mid-rapidity, as indicated
by simulation studies. While many events may have low physical relevance, the total data
rate across all detectors following trigger selection can easily reach 25 GB/s. However, the
DAQ system can only archive data at a rate of about 1 GB/s. To address this discrepancy,
the High-Level Trigger (HLT) system plays a crucial role by performing online processing
to select relevant events or sub-events and compress data without compromising its physical
content.

The HLT is designed to accept or reject events based on real-time online analysis. For
accepted events, the HLT uses advanced compression algorithms to reduce the data size
to levels manageable by the DAQ and storage systems. This ensures that critical physics
information is retained while lowering the data transfer and storage requirements. The HLT
collects raw data from the Local Data Concentrators (LDCs), performs fast local tracking
and pattern recognition, identifies the primary vertex, and constructs a global event view.
Following a trigger decision, the event’s summary and compressed data are sent back to the
DAQ through the HLT DDL output.

To achieve these tasks efficiently, the HLT utilizes a cluster of approximately 1000
multi-processor computers, enabling rapid processing of high-volume collision data. This
architecture ensures real-time performance for online tracking, pattern recognition, and data
compression, which are essential for handling the high data rates produced by the detectors
during heavy-ion collisions.

The primary functionalities of the HLT can be categorized as follows:

* Trigger: Accept or reject events by performing extensive online analysis as a trigger

decision mechanism.

* Select: Identify and focus on specific physics regions of interest within an event by

conducting partial readouts.
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* Compress: Apply sophisticated compression algorithms to approved and selected

data to significantly reduce event size without any loss of critical physics information.

1 o

1 TRD TPC DiMuon ITS
RAW data RAW data RAW data RAW data
2 t——| Cluster l
;':Eds Primary Vertex
’ locator
. oo tal =D

y

global event construction

|

( )
5 [ Trigger - Event / Data selection J
( )

!

Data compression, reduction

!

Figure 3.12: The six architectural layers of the HLT.

The HLT is not just a filtering system; it is a powerful tool for enhancing the efficiency of
the data acquisition process. By performing real-time data analysis and reduction, the HLT
bridges the gap between the high data rates generated by the detectors and the DAQ system’s
archiving capacity, enabling ALICE to capture and analyze the most relevant physics events
while optimizing resource usage. The High-Level Trigger, as depicted in Figure 3.12, is a
critical component for ensuring that ALICE meets its physics goals under the challenging
conditions of heavy-ion and proton-proton collisions. Its capabilities in real-time process-
ing and compression make it indispensable for addressing the high data rate demands of the

experiment.

3.3.1.4 The Detector Control System

The primary responsibility of the ALICE Detector Control System (DCS) is to ensure the
proper and safe operation of the ALICE experiment. The DCS facilitates remote control
and monitoring of all experimental equipment through a dedicated set of operator panels,

allowing the experiment to be efficiently managed and operated from the ALICE Control
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Room (ACR) at LHC Point 2. The system is designed to provide optimal operating condi-
tions, ensuring that data collection yields the best possible results. One of the key goals of
the ALICE DCS is to minimize downtime and maximize the operational efficiency of the
experiment.

To ensure efficient data analysis, the DCS continuously monitors and controls all rele-
vant parameters, maximizing the operational availability of channels while data recording.
The system is designed to integrate new components seamlessly, maintaining a coherent
and unified monitoring and control framework across the entire experiment. This adapt-
ability allows the DCS to evolve alongside the experiment, supporting scalability and long-
term expansion as new detectors or modifications are introduced. The DCS also accom-
modates various operating modes, enabling independent operation of multiple detectors or
sub-detectors while ensuring they function concurrently. This flexibility is crucial during
different operational phases, such as data collection, maintenance, or shutdown periods.
The system remains fully operational at all times, facilitating smooth transitions between
stages and ensuring the readiness of all components for data acquisition and analysis.

In addition to managing the experiment’s equipment, the ALICE control system is es-
sential for fault detection and recovery. By continuously monitoring the status of detectors
and associated subsystems, the DCS can quickly identify issues and initiate corrective ac-
tions to minimize disruptions. The system is designed for high availability, ensuring that it

can handle unexpected events without significant loss of data or functionality.

3.3.1.5 The Experimental Control System

The Experiment Control System (ECS) plays a central role in coordinating the operations
of the "online systems" within the ALICE experiment. These "online systems" enable the
partitioning of the experiment, allowing groups of detectors to operate independently while
still interacting with each other. In its final configuration, the detectors primarily work to-
gether to collect physics data, and the ECS ensures that all operations are synchronized
across different partitions. The ECS allows multiple operators to work simultaneously on

different sections of the experiment by coordinating the functions of the "online systems"
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for all detectors within each partition. It receives status updates from these systems and
issues commands through Finite-State Machine (FSM) interfaces, ensuring smooth com-
munication between components. The ECS also employs access control mechanisms to
regulate permissions between the system and the "online systems," defining which actions
can be performed.

While the ECS typically manages the "online systems," certain systems may operate
independently, sending status information to the ECS without receiving direct commands.
The ECS is made up of four main components: the Detector Control Agent (DCA), Partition
Control Agent (PCA), Detector Control Agent Human Interface (DCAHI), and Partition
Control Agent Human Interface (PCAHI), each playing a vital role in maintaining system

functionality and communication.

3.3.2 ALICE offline operations
3.3.2.1 ALICE Grid

Due to the immense and unprecedented volume of data generated at the LHC, processing
and storage resources must be distributed across multiple computing facilities. This dis-
tributed approach is both natural and effective, given the collaboration among institutes and
universities participating in the experiment. To facilitate this, a global distributed comput-
ing project known as the Grid was initiated in 2000.

To enable seamless access to the Grid’s worldwide distributed computing resources,
the ALICE Experiment developed the ALICE Environment (AliEn) architecture. The Grid
allows participating institutions and universities to share and optimize their computing re-
sources. It is organized into hierarchical levels called Tiers, based on the MONARC (Mod-

els of Network Analysis at Regional Centers for the LHC Experiment) model:

* Tier 0 (CERN): Stores the raw data directly produced by the experiments.

* Tier 1: Comprises the largest external centers, responsible for maintaining a second

copy of the data and performing event reconstruction.
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* Tier 2: Includes regional centers that contribute to Monte Carlo simulations and

prepare data in formats suitable for individual user analysis.

AliEn serves as the interface for ALICE users to interact with the Grid middleware.
Through the AliEn User Interface, users can access data, submit analytical and simula-
tion jobs, and monitor their progress. The architecture ensures transparent access to dis-
tributed resources, enabling efficient analysis and collaboration across the global ALICE
community. This robust infrastructure underscores the importance of advanced computing

frameworks in managing the complexity and scale of LHC experiments.

3.3.2.2 AliRoot framework

Figure 3.13 provides a schematic overview of the ALICE offline framework, AliRoot [113].
AliRoot serves as the primary software framework for simulation, reconstruction, and anal-
ysis in the ALICE experiment. The framework leverages the AliEn system for access to
the computational Grid and is built using Object-Oriented programming techniques with
the ROOT system [114] as its supporting foundation. This approach enables the creation
of a unified software environment written entirely in C++, with minimal reliance on exter-
nal (user-hidden) FORTRAN applications. AliRoot is specifically designed to handle the
enormous volume of data generated in high-energy physics experiments. It provides tools
to analyze both simulated and experimental data, encompassing features such as detector
geometries and their responses to particle interactions. The framework integrates various
Monte Carlo transport programs, including GEANT3 [115], GEANT4 [116], and FLUKA
[117], for modeling particle interactions with detectors. Additionally, Monte Carlo event
generators, such as PYTHIA [118] and HERWING [119] for pp collisions, and HIJING
[120] and DPMIJET [121] for proton-nucleus and nucleus-nucleus collisions, are employed
to simulate events. These simulations are essential for evaluating detector efficiency and
optimizing reconstruction algorithms.

The left side of the schematic representation in Figure 3.14 illustrates the process of
event simulation, starting from Monte Carlo event generation to the production of raw data.

Event generators produce a kinematic tree that includes information about particle-level
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Figure 3.13: The AlIROOT framework.

physics processes and fragmentation products (primary particles). This data contains de-
tailed information about generated particles, such as their momentum, charge, type, and
mother-daughter relationships. Simulated interactions between particles and detectors are
also modeled, with "hits" (energy depositions at specific points and times) recorded for each
detector. Trail references, or locations where particles cross predefined reference planes,
are appended as supplementary data. The detector and electronics response functions are
applied to convert hits into digitized signals, which are then saved as raw data in hardware-
specific formats. The right side of the schematic outlines the reconstruction process, which
is common for both real and simulated data. The reconstruction chain begins with local
reconstruction at the detector level, including clustering of hits, followed by track recon-
struction using Kalman filter-based algorithms [122]. This process starts with a seeding
procedure and proceeds to global tracking. AliRoot also supports vertex reconstruction,
tracking, and comprehensive analysis for the entire detector apparatus.

To ensure the accuracy and reliability of the framework, simulated events undergo the
full simulation-reconstruction cycle. Reconstructed particles are systematically compared
with the Monte Carlo truth data, allowing performance validation for both the software and

the detectors. The iterative refinement of these tools is critical to achieving the precision
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required in high-energy physics experiments.






Chapter 4

A" production at mid-rapidity in pp and

p—Pb collisions

The hadronic resonances have very short lifetimes, a few fm/c, which are comparable to the
lifetime of the hadronic phase formed in the heavy-ion collisions. Some of these resonances
decay while travelling through the medium and their decay daughters undergo rescattering
or regeneration in the hadronic gas. Consequently, their yields change from the original
ones produced before the chemical freeze-out, a phase where inelastic interactions stop,
and hadron yields become fixed, with only elastic interactions occurring afterwards. There-
fore, studying the production yields of hadronic resonances offers insight into the properties
of the hadronic phase in the evolution of various collision systems. More specifically, the
lifetimes of hadronic resonances are exploited to gain an understanding of the characteris-
tics of the hadronic phase. Additionally, the particle production in p—Pb system is sensitive
to the early-stage nuclear effects, unlike pp system. Given the intermediate volume of the
system generated in p—Pb collisions compared to pp and Pb—Pb collisions, it is anticipated
that the final stage effects on particle production in p—Pb will be similar to those observed
in peripheral Pb—Pb collisions. Thus, the role of the initial and final state effects in parti-
cle production can be understood from the measurement of particle p spectra in different
collision systems together. The A* resonance is characterized by a mass of 1519.5+ 1.0

MeV/c?, a width of 15.6 + 1.0 MéV/c?, and a lifetime of 12.6 4 0.8 fm/c. It decays into

73
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a proton-kaon pair with a branching ratio of 22.5% [56]. As a strange baryon with a net
strangeness of — 1, the A* resonance has a lifetime roughly three times longer than the K*°
and about one-fourth that of the ¢ resonance. Studying its production yield is therefore
important for estimating the duration of the hadronic phase and examining medium effects
on resonance production. In this chapter, we present the measurements performed for A*
resonance in the inelastic pp collisions at /s = 8 TeV and in p-Pb collisions at \/sNN =
8.16 TeV in non-single diffractive (NSD) class and different VOA multiplicity classes with
the ALICE detector. The A* resonance yield is extracted from the invariant mass distribu-
tions of proton-kaon pairs as a function of transverse momentum. Moreover, the invariant
mass spectra of pK~ and pK* were merged to minimize the statistical uncertainties. Conse-
quently, throughout this chapter, unless specified, A* refers to A* + A*. The results obtained
are compared with the published data and various theoretical models to understand the un-

derlying physics in particle production.

4.1 Analysis details

The production of A* is measured in pp collisions using data from LHC Run 2 in 2012 at
a center-of-mass energy of /s = 8 TeV, and in minimum-bias and across four VOA mul-
tiplicity classes for p—Pb collisions recorded in 2016 at |/syn = 8.16 TeV. The details of
the datasets and run numbers are provided in the Appendix A. The A* resonance is recon-
structed via its decay daughters using the invariant mass technique. The decay channel pK™
(pK™) with a branching ratio of 22.5% is explored for these analyses. In the p—Pb configu-
ration, collisions occur between a 2%*Pb beam with an energy of 2.56 TeV per nucleon and
a proton beam with an energy of 6.5 TeV, resulting in a nucleon-nucleon center-of-mass
energy of /sy = 8.16 TeV. Due to the significant mass difference between the proton
and lead beams, an asymmetry exists in the p—Pb system, causing the center of mass to
shift towards the heavier particle. Consequently, the rapidity of produced particles in the
center-of-mass frame is shifted in the direction of proton beam by -0.465, relative to the lab

system [123]. In contrast, the pp system is symmetric, resulting in the coincidence of the
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center-of-mass and lab systems. Therefore, there is no rapidity shift in the center-of-mass
system relative to the lab system. Each proton beam has an energy of 4 TeV, resulting in a
total energy of 8 TeV per pp collision. Measurements in the pp system are performed within
the rapidity range -0.5 < ycm < 0.5, while in the p—Pb system, measurements cover the ra-
pidity range 0 < y.m < 0.5, corresponding to the mid-rapidity regions for both systems. In
the pp system, measurements are performed in the inelastic collisions, whereas in the p—Pb
system, measurements are performed in the NSD events and across four VOA multiplicity

classes (0-20%, 20-40%, 40—-60%, and 60-100%).

4.2 Event selection

Approximately 35 million events comprise the p—Pb sample, while the pp sample consists
of around 58 million events after implementing all the event selection cuts. Selection of
minimum-bias events is done by using the kKINT7 trigger (inelastic trigger), which is con-
figured to capture only those events which have a coincidence signal in both the VOA and
VOC. The V0 detector system consists of two arrays of 32 scintillator detectors, each placed
on opposing sides of the interaction point, covering the entire azimuthal angle within the
pseudorapidity ranges 2.8 < n < 5.1 (VOA) and -3.7 < n < -1.7 (VOC). By implying the
timing information from V0 and ZDC detectors, background events originating from beam-
gas interactions and other machinery-induced background collisions are effectively filtered
out. The determination of the primary vertex of a collision involves reconstructing charged
tracks in the ITS and TPC. Events are selected based on the primary vertex position (V,),
which represents the point where the collision occurs, ensuring it falls within £10 cm of the
nominal interaction point along the beam axis. The normalized V, distributions of the events
in p—Pb and pp systems are shown in the Figure 4.1. In the p—Pb system, the multiplicity
estimation is based on the VOA amplitude, while for the pp system, the sum of the ampli-
tudes of VOA and VOC is used. This sum is proportional to the ionization energy deposited
in the detector within the pseudorapidity ranges of VOA and VOC. The selection of charged

particles in these 1M regions avoids the self-correlation effects with the central 1 regions
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Figure 4.1: The normalized z-vertex distribution of events in the p—Pb collisions (left) at
/SNN = 8.16 TeV and in the pp collisions (right) at /snn = 8 TeV with the ALICE detector.

where the actual measurements of the resonances are made. Since this analysis focuses on
minimume-bias pp collisions, only the p—Pb collisions are divided into various VOA multi-
plicity classes. For this, the VOA amplitude obtained from the p—Pb collisions is subjected
to a fitting procedure using a Glauber model convoluted with a Negative Binomial Distri-
bution (NBD) [124, 125]. The distribution of VOA amplitude fitted with NBD-Glauber is
depicted in Figure 4.2. Following the implementation of multiplicity selection, the number
of events as a function of multiplicity is illustrated in Figure 4.3.

The yield of A* is measured in inelastic pp collisions with minimum-bias at /sy = 8
TeV. In the case of p—Pb collisions at \/syn = 8.16 TeV, the yield is calculated across four
VOA defined multiplicity classes (0-20%, 20-40%, 40—60%, and 60—100%), and also in the
multiplicity integrated class (0—-100%). The mean charged-particle pseudorapidity density
((dN¢h/dn)) corresponding to each multiplicity class, measured within the pseudorapidity
region 1| < 0.5 in the lab frame, is provided in Table 4.1. Several additional event selec-
tion criteria are applied in this analysis. Pileup events, identified as those with multiple ver-
tices during reconstruction, are excluded using AliAnalysisUtils: :IsPileUpEvent ().
A correlation check between the number of SPD clusters and tracklets is performed using
AliAnalysisUtils::IsSPDClusterVsTrackletBG() with default parameters. Events

with a primary vertex reconstructed using the SPD detector are retained, while those with
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Figure 4.2: The VOA amplitude distribution measured in p—Pb collisions at \/snn = 8.16
TeV, divided in various multiplicity classes. The distribution is fitted with a Gluaber model
function [126].
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an SPD vertex-z resolution exceeding 0.25 cm, crucial for successful track matching be-
tween the ITS and TPC, are discarded. Additionally, events with an SPD vertex dispersion
greater than 0.04 or a z-position difference between the track and SPD vertex exceeding 0.5
cm are rejected.

Table 4.1: The average charged particle multiplicity densities ( (dN.,/dn)) measured in
pseudorapidity range || < 0.5 in the lab frame, corresponding to the various multiplicity
classes defined using the VO detector in p—Pb system at /syn = 8.16 TeV [126].

VOA percentile (%)  (dNen/dn) 5, <0.5

0-20 41.65 £ 0.80
20-40 26.89 £ 0.70
40 - 60 18.39 +0.48
60 — 100 7.63 £0.24

4.3 Track selection

Charged tracks originating from the primary vertex are selected within the pseudorapidity
interval |n| < 0.8, ensuring a uniform acceptance for the central barrel detectors, with a
transverse momentum (pr) greater than 0.15 GeV/c. A Kalman filter algorithm is employed
for reconstructing primary tracks using data from the ITS and TPC detectors [122]. These
tracks are refitted from the outermost layer of the TPC to the innermost layer of the ITS
and extended up to the primary vertex, and vice versa. Additionally, tracks are required
to have a signal in at least one of the SPD layers, where the track is reconstructed from
hits in the detector. To ensure accuracy and reliability, the reconstructed primary tracks are
fitted with a set of measurements, and the resulting y 2 per cluster is required to be less than
36. These selection criteria are similar to those employed in previous measurements (Ref.
[84]) to ensure the selection of high-quality tracks. The A* resonance is then reconstructed
from charged tracks that traverse at least 70 out of a maximum of 159 horizontal segments
along the transverse readout plane of the TPC. To reduce contamination from secondary
tracks arising from weak decays and beam background events, a selection based on the

distance of closest approach to the primary vertex in the transverse plane (DCAyy) and
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along the longitudinal direction (DCA,) is applied. Furthermore, a transverse momentum
(pr)-dependent cut of DCAyy(pr) < (0.0105+0.035 x p; ') cm is utilized, ensuring that
it remains within 7 times its resolution. Additionally, the track’s DCA, is required to be
less than 2 cm. These track selection criteria effectively reduce contamination, thereby

enhancing the purity of the reconstructed A* signal.

4.4 Particle identification

Particle identification of the daughter particles of A*, namely protons and kaons, is done by
using the TPC and TOF detectors. In TPC, identification of the daughter particles of A* is
based on measuring their specific energy loss (dE /dx) as they traverse the active medium
of the detector, while identification in TOF is done by time of flight information. To reduce
particle contamination and minimize combinatorial background for A*, the momentum of
the decay daughters is predominantly restricted within the TPC. Consequently, for protons,
the maximum momentum allowed in the TPC is 1.1 GeV/c, and for kaons, it is limited to
0.6 GeV/c. In the case of pp collisions, these maximum momentum thresholds are slightly
different, with the maximum momentum for protons in the TPC set to 1.0 GeV/c and for
kaons it is up to 0.5 GeV/c. Additionally, a particle identification (PID) cut of 20 (where
o represents the resolution) is applied for particle identification in the TPC (36 in the case
of pp collisions). If the momenta of the decay daughters exceed the respective momentum
thresholds, they are then selected from the TOF detector, subject to a resolution cut of 30
and a 50 veto from the TPC. The term orpc represents the resolution of the energy loss in
the TPC and is defined as:
dE /dxmeasured — AE / dxXexpected

noTpc = orre (4 1 )

where, dE /dxmeasured denotes the average energy loss of the daughter tracks in the TPC,
and dE/ dXexpected TEPresents the expected energy loss of the daughter tracks, determined
using the modified Bethe-Bloch function [127].

In the Time-Of-Flight (TOF) detector, the combined information of time measurement
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from TOF, momentum, and track length from the tracking detectors (TPC and ITS) is used
to determine the particle mass or identify the particle. The TO detector is employed to

measure the start time (collision time) for each event. The quantity notoF is expressed as:

Imeasured — texpected
NnOTOF = 610 “4.2)
TOF

where, fneasured Tepresents the flight time of the particles measured in the TOF detector,
while Zexpeceq denotes the expected time measured from the momentum and track length of
the daughter particles of the A*. Figures 4.4(a) and 4.4(b) show the o distribution of the
proton and kaon tracks in the data and Monte Carlo. The black lines show the area from
which PID selection is done. The o distribution of tracks in different momentum bins,
fitted with a Gaussian function, along with the obtained mean and standard deviation, are

provided in Appendix D.

4.5 Raw yield extraction

This section outlines the procedure for extracting A* yield from the invariant mass distribu-

tion of the daughter particles in various pr bins.

4.5.1 Invariant mass distribution: Signal extraction

The invariant mass distribution (Mj,, ) is obtained by combining primary protons and kaons
with different charges originating from the same event, adding the four-momenta of daugh-
ter particles. The invariant mass distribution, expressed in terms of energy and momentum,

is given by:

My =\ (Ep+ Ex)> — (P + P)? 4.3)

where, E represents the energy and P denotes the momentum of the daughter particles.
Separate distributions for pK~ and pK™ are obtained for A* and A*, respectively. These
distributions are then merged bin by bin to obtain the total signal for A* + A*. It is im-

portant to note that not all protons and kaons originate from A*, leading to the presence of
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Figure 4.4: a) ng distributions of the daughter tracks identified using the TPC detector.
The upper panels correspond to experimental data, while the lower panels represent Monte
Carlo simulations. The left panels show distributions for protons, and the right panels for
kaons. b) ng distributions of the daughter tracks identified using the TOF detector. The
solid black lines indicate the regions used for PID selection, while the dotted black lines
mark the regions where the TPC is utilized as a veto.
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a significant combinatorial background. This background is estimated using event-mixing
and like-sign techniques, as detailed in the following subsection. The A* signal is extracted
from eight pr bins (0.6-1.0, 1.0-1.4, 1.4-1.8, 1.8-2.2, 2.2-2.6, 2.6-3.0, 3.0-4.0, and 4.0-
6.0 GeV/c) for non-single diffractive events and four multiplicity classes (0-20%, 20-40%,
40-60%, and 60—100%) in p—Pb collisions at \/syn = 8.16 TeV. Similarly, for minimum-
bias pp collisions at /s = 8 TeV, the signal is extracted from nine pt bins (0.5-0.8, 0.8-1.0,
1.0-1.2, 1.2-1.5, 1.5-1.8, 1.8-2.1, 2.1-2.7, 2.7-3.5, and 3.5-4.5 GeV/c).

4.5.2 Combinatorial background

The event-mixing and like-sign techniques used for estimating the combinatorial back-

ground are explained below:

1. Event-mixing: In the event-mixing technique, unlike-sign charged kaons and protons
from 10 different events are combined to construct the combinatorial background. Specifi-
cally, protons are selected from one event, while kaons are chosen from nine other events.
To reduce the potential mismatches arising from differences in acceptance and to ensure
a consistent event structure, particles from events with similar vertex positions z (with a
difference Az < 1.0 cm) and track multiplicities n (with a difference An < 5) are selected
for mixing. Since the statistical significance of the mixed event distribution is ten times
higher than that of the unlike-charge distribution, it is necessary to normalize the mixed
event distribution to match the integral of the unlike-charge distribution. The normalization
region is specifically chosen as 1.75 < MPK(GCV/(,‘2 ) < 1.85, which is away from the signal
peak. This normalization process ensures a consistent comparison between the background

and signal distributions.

2. Like-sign: In the like-sign technique, invariant-mass distributions are computed us-
ing protons and kaons with the same charge originating from the same event. For each
invariant-mass bin, the value of the like-charge combinatorial background is determined as
Vv/N__ Xn;, where n__ (n ) represents the number of pK~ (pK™) pairs in the bin. The

invariant mass distribution of unlike-charged proton-kaon pairs, along with the estimated
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Figure 4.5: The unlike-sign charged particle pair invariant mass distribution of proton and
kaon (black solid circles) extracted from the 1.4 < pt < 1.8 bin, in non-single diffractive
p—Pb collisions at /sy = 8.16 TeV at midrapidity, with normalized mixed-event back-
ground (open red circles) and like-sign background (open green circles).

combinatorial background obtained using the mixed-event and like-sign methods, at midra-
pidity for the 1.4 < pt < 1.8 GeV/c bin in non-single diffractive p—Pb collisions at ,/snn
= 8.16 TeV, is shown in Figure 4.5. Only the background estimated using the mixed-event
technique is used to calculate the A* signal (shown in the Figure 4.6), as the mixed-event
combinatorial background—obtained by mixing particles from different events—is more
uncorrelated compared to the like-sign background, which is obtained from particles within

the same event.

4.5.3 A" peak fits

After subtraction of the combinatorial background, a residual background is still present in
the vicinity of the A* peak. This residual background arises primarily from the misidentifi-
cation of the kaons and protons within TPC. This misidentification becomes apparent when
examining the dE /dx bands for charged particles in TPC. At lower momentum values, the
dE /dx bands for charged particles are clearly distinct, allowing easy identification of pro-

tons and kaons without contamination. Nevertheless, as momentum increases, these bands
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start to converge, leading to some other charged particles being mistakenly recognized as
protons and kaons. Consequently, this contributes to the residual background that persists

even after subtracting the combinatorial background. The invariant-mass distributions are
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Figure 4.6: The A* signal after subtracting the combinatorial background (estimated us-
ing the mixed-event technique) from the unlike-sign charged particle pair invariant mass
distribution for the 1.4 < pt < 1.8 GeV/c bin, in non-single diffractive p—Pb collisions at
V/SNN = 8.16 TeV at midrapidity. The signal peak is fitted by a Voigtian function (solid red
line), and the residual background is fitted by a second-order polynomial (dashed magenta
line).

subsequently fitted with a Voigtian function combined with a second-order polynomial.
The Voigtian, formed by convolving Breit-Wigner and Gaussian functions, characterizes
the signal peak, whereas the polynomial denotes the residual background. The Gaussian
part of the Voigtian function accounts for the mass resolution due to the detector’s limita-
tions, which is calculated from Monte-Carlo simulations and is discussed in the following
sections. The range selected to fit the signal peak and the residual background in each
pr bin spans 1.45 < My, < 1.65 GéV/c?. This interval effectively encompasses the signal
region, facilitating accurate peak shape fitting and consistent subtraction of residual back-

ground. The fitting function with the residual background is given by

1-*/271: ef(mfmo)/ZO'2

Am?* +Bm+C
(mo—m)2_|_r2/4 o/V2n HAmT A Bm

4.4)
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Figure 4.7: The mass, width, significance, and lendf, as obtained from the Voigtian fit of
A signal, are shown for p—Pb collisions at /sy = 8.16 TeV across various VOA multiplic-
ity classes. In the top panel, the solid black lines indicate the PDG values for the mass and
width of A*.

where, my, I', and o are the parameters used in the fitting process, representing the po-
sition of the mass peak, the full width at half maximum of the signal peak, and the detector-
induced mass resolution, respectively. Figure 4.6 presents the invariant mass distribution af-
ter the removal of the combinatorial background. The distribution is fitted using a Voigtian
along with a second-order polynomial. The mass, width, significance (\/si;ir;g++lbkg)’ and
x*/ndf values of the A* signal, derived from the fit, are shown in Figure 4.7. The detector’s
mass resolution, obtained through Monte Carlo simulations, is used as a fixed parameter
in the Voigtian fitting of the invariant mass spectra for A* within different pr intervals. To

measure the detector’s mass resolution, the differences between the generated mass (Mgen )

and the reconstructed mass (MReco) are computed by Monte-Carlo simulations and stored



86 4.5. RAW YIELD EXTRACTION

in a one-dimensional histogram. Gaussian functions are fitted to these distributions for each
pr bin, covering a range of (—0.0045, 4-0.0045) GeV/c? (equivalent to approximately three
times the RMS of the distributions). The standard deviations derived from these Gaussian
fits serve as the default resolution values for A* within their respective pt bins. Moreover,
the resolution values are directly determined from the histogram using TH1: :GetRMS ().

Another approach involves fitting the Monte-Carlo generated A* signal with a Breit-Wigner

01& 0.009E
> 0.008F
S-g’ E 'M=MRQCD'MGen
g 0007 +TH1:GetRMS()
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Figure 4.8: The detector’s mass resolution, as determined through Monte-Carlo simula-
tions, in minimum-bias p—Pb collisions at /sy = 8.16 TeV.

function in each pr bin, assuming no detector resolution. The width obtained from this fit
is subsequently used as a fixed parameter to fit the reconstructed signal with a Voigtian
function, where the resolution is treated as a variable parameter. The resolution parame-
ters derived from these methods are illustrated in Figure 4.8. The peak of the A* signal is
observed within the pt range from 0.6 GeV/c to 6 GeV/c in the case of the p—Pb system,
while for the pp system, the peak of the signal is observed within the pt range from 0.5
GeV/c to 4.5 GeV/c. The determination of these lower and upper limits is attributed to the
lower significance of the signal observed below or above these respective values of pt. This

observation is evident in the significance plot in Figure 4.7.
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4.54 A* raw yield

The A* raw yield is evaluated using two separate techniques: Bin Counting and Function
Integration. Bin Counting serves as the default method, whereas Function Integration is
employed for systematic studies. In the case of the p—Pb system, the width of the signal
peak was left free while the invariant mass spectra were fitted in each pt bin. Consequently,
a systematic uncertainty is added to the final spectra while keeping the width fixed. Con-
versely, for the pp system, the width was fixed during fitting, and the systematic uncertainty

is added while keeping the width free.

Bin Counting (Yzc): The yield is obtained by integrating the invariant-mass histogram
over the range Iy, < miny < Imax and subtracting the integral of the residual background
portion of the fit function (normalized by the bin width) over the same interval. The yields
for the regions (Mg + Mp) < Miny < Imin and miny > Inmax are extracted from the peak fit
and added to the yield calculated from the histogram. The statistical uncertainties of the
yields in the tail regions are assumed to be fully correlated with each other and with the
statistical uncertainty of the yield calculated from the histogram. Here, Ij, = mp+ — 21
and Inax = mps + 2T, where mp+ = 1519.54£0.17 MeV/c? and T’ = 15.73 £0.29 MeV/c?
are the PDG values for the mass and width of A* baryon, respectively. The raw yields, Nyaw,

are calculated as:

Nraw = Neounts — Npoly2 4.5)
where:

* Ncounts represents the total number of counts in the histogram within the range /i, =

* Npoly2 1s the integral of the second-degree polynomial (background fit) over the same

range as Neounts-

The uncertainty in N,y is determined through the use of the error propagation formula:

_ 2 2
GNraW - \/GNcounts + GNpolyZ (46)
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where:
* ON.un 1S the statistical error associated with Neounts.
* ON,,y, 18 the statistical error associated with Npoly2.

The error ON,ory2 is calculated as:

ON,y» = TF1: : IntegralError (Xmin, Xmax,
bg — GetParameters(),

covGerr — GetMatrixArray())

Here, the last argument is the Covariance Matrix, and ‘bg’ is the residual background func-
tion. The tail contribution from the peak fit function in the mass regions (Mg + Mp) <

Miny < Imin and myny > Inax 1S estimated as:

M A% =2
Niow = / ﬁt(minv)dm
MK+Mp

(o)

Nhigh = / fit(miny ) dm
mA* —O—ZF

Thus, the final yield is expressed as:
Ypc = Niow + Nraw +Nhigh 4.7)

Function Integration (Yr;): The yield is obtained by integrating the peak fitting function

(Voigtian only) over the range (Mg + Mp) < miyy < oo

Yry :/ fit(miny) dm 4.8)
MK+Mp

The upper panel of Figure 4.9 illustrates the A* raw yield as a function of pt for minimum-
bias and across four VOA multiplicity classes in p—Pb collisions at /sxn = 8.16 TeV, while

the below panel of Figure 4.9 displays raw yield for minimum pp collisions at /s = 8 TeV.
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Figure 4.9: The A* raw yield as a function of pt for minimum-bias and across different
VOA multiplicity classes in p—Pb collisions at \/snn = 8.16 TeV (upper panel) and in pp

collisions at y/s = 8 TeV (lower panel).
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4.6 Raw yield correction

The raw spectra undergo normalization by dividing by the number of events in each mul-
tiplicity class (Neyt), the efficiency of detector reconstruction and its acceptance (A X Egc),
the branching ratio, and the factor for the rapidity window (dy). In the p-Pb collision sys-
tem, with a rapidity window of (0,0.5), dy is assigned a value of 0.5, whereas for the pp
collision system, with a rapidity window of (-0.5,0.5), dy is set to 1. The formula used for

calculating the normalized corrected spectra is:

dzN(A* ) NrawCounts

- X X fsL % 4.9
dprdy  Newx BR x dpy x dy x e/ nom % JL X fuux (4.9)

The factor fhorm acts as the correction factor to normalize non-single diffractive (NSD)
events in minimum-bias p—Pb collisions and serves as the normalization factor for inelastic
interactions in pp collisions. In the p—Pb system, the assigned value for from 1s 0.992
[123], while in pp collisions it is fixed at 0.77 £ 0.02 [128]. The factor fs is a pt-
dependent parameter that compensates for the loss of signal due to the kINT7 trigger and
event selection cuts, and is significant in low pt regions. The factor fyx compensates for
vertex loss by indicating the ratio of events with a successfully reconstructed vertex to the
total of triggered events. For p—Pb collisions, fyix has a value of 1, and for pp collisions, it

is set to 0.972 [123, 128].

4.6.1 Efficiency x Acceptance

Due to the detector’s inability to fully reconstruct all generated A* particles produced dur-
ing collisions, correction factors such as efficiency and acceptance are calculated to ad-
just the measured A* yield accordingly. Since these factors cannot be directly obtained
from real data, a simulated dataset is used to measure the A* reconstruction efficiency
multiplied by the acceptance. This study employs the DPMJET-based event generator of
periods LHC1717a2_cent and LHC1717a2_fast1 for p—Pb collisions, and PHOJET-based
event generators, namely the periods LHC15h2a, LHC15h2b, LHC15h2c, LHC15h2d,

LHCI15h2f, LHC15h2h, and LHC152i for pp collisions. These generators simulate parti-



4.6. RAW YIELD CORRECTION 91

cle production and decay. Subsequently, GEANT3 is used to simulate particle interactions
with the ALICE detector. Both real and simulated data undergo the same event selection
and track quality cuts. In this context, particles generated by the event generator, without
any detector effects, are termed as “generated particles". These particles serve as input
for the GEANT3 detector simulation and subsequent track and signal reconstruction al-
gorithms. The tracks identified by the reconstruction algorithms and that meet the track
selection and PID criteria are referred to as “reconstructed tracks". A reconstructed A*

baryon is identified when both daughter tracks have been successfully reconstructed. The
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Figure 4.10: The A* baryon reconstruction efficiency x acceptance as a function of pt for
different VOA multiplicity classes in p—Pb collisions at /syn = 8.16 TeV (left pannel) and
for inelastic pp collisions at /s = 8 TeV (right panel).

A* reconstruction efficiency (&) is defined as the ratio of the number of reconstructed
A* baryons, identified via their decay daughters after passing the same track and PID cuts
applied to real data, to the number of generated A* particles in the mid-rapidity region for

both collision systems:

N, reconstructed
Eoc=—— (4.10)
N, generated

Here, Ngenerated represents the number of A* baryons in the mid-rapidity region that de-
cayed to pK™ pairs, and Nyeconstructed denotes the number of A* baryons in the mid-rapidity
region for which decay daughters are successfully reconstructed.

The left and right panels of Figure 4.10 respectively show the product of detector effi-
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ciency and acceptance as a function of pr for different multiplicity classes in p—Pb colli-
sions at y/snN = 8.16 TeV and in inelastic pp collisions. The uncertainty in &g is calculated
using a Bayesian method, where the standard deviation of an efficiency € = k/n, with k as

a subset of the total n, is determined as:

k+1 (k+2 k+1
= - 4.11
Ce \/n—|—2<n+3 n+2) 11

The efficiency for the combined period is computed by taking the weighted average of

efficiencies from individual data periods:

EfﬁCienCYall_data_periods (8) = Z Wi (p T) (4.12)

oe =, |Y_wicZ(pr) (4.13)

Here, w; represents the ratio of accepted events in the data period i to the total ac-
cepted events. The generated A* spectra may exhibit a different shape compared to the
measured (corrected) spectra. To address this, we implement a reweighting procedure for
both the generated and reconstructed spectra obtained from simulations. The net effect of
reweighting is more pronounced at low pt compared to high pt and procedure applied for

reweighting is explained in Appendix E.

4.6.2 Signal and event loss correction

To account for the loss of A* baryons due to event selection via the KINT7 trigger - which
requires at least one hit in both the VOA and VOC detectors - instead of considering every
inelastic event, the signal loss correction factor is determined. This is done through the
following procedure:

Two sets of event selection criteria are established, labeled A and B:

Criterion A: Implement a cut solely on the generated |v,, Gen| < 10 cm (without additional
cuts).

Criterion B: Apply standard regular event-selection cuts.
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The correction factor for signal loss, which indicates the fraction of signal lost due to event
and trigger selection cuts, is computed as the ratio of two generated spectra, where:
Numerator: Particle pt spectrum obtained with event selection A.
Denominator: Particle pt spectrum obtained with event selection B.
Similarly, the event loss correction is calculated as the ratio:
Numerator: Number of events obtained with event selection B.
Denominator: Number of events obtained with event selection A.

In the p—Pb collision system, signal loss correction involves normalizing both the numer-
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Figure 4.11: Left panel: Correction factors for signal loss in minimum-bias (0—100%)
p—Pb collisions at \/snn = 8.16 TeV. The dashed black line denotes a constant fit function.
Right panel: Correction factor for signal loss in pp collisions at /sy = 8 TeV.

ator and the denominator by their respective number of events, thus accounting for event
loss. After correction, minimum-bias p—Pb collisions are termed as non-single diffractive
(NSD) events. A constant function is fitted, and its value is used as the signal loss cor-
rection factor. In contrast, in pp collisions, this correction factor varies with pt and peaks
at low pr, suggesting that events that do not meet the KINT7 selection criteria have softer
pt spectra compared to those with average and high pt spectra. The error associated with

this factor is computed as _|1—2f s

. The left panel of Figure 4.11 illustrates the signal loss
correction for minimum-bias p—Pb collisions at /syn = 8.16 TeV. Corrections for other
VOA multiplicity classes are detailed in the Appendix F. Table 4.2 lists the constant values

from fits for minimum-bias events and various multiplicity classes in the p—Pb system. The
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Table 4.2: The signal loss correction factor obtained from a constant fit to minimum-bias
events (0-100%) and various VOA multiplicity classes in p—Pb collisions at /syn = 8.16
TeV.

VOA multiplicity classes (%) fsr.

0-20 0.99985
2040 0.99990
40-60 1.00051
60-100 0.99983
0-100 0.99916

signal loss correction for pp collisions at /s = 8 TeV is shown in the right panel of Fig-
ure 4.11. After accounting for signal and event loss corrections, pp collisions are termed

inelastic collisions.

4.7 Systematic uncertainties

The process for calculating systematic uncertainties is described as follows: Let yqer be the
yield calculated using the set of default parameters, with associated statistical uncertainty
Ogef- The yield of a systematic variation is represented by ysys, with its statistical uncertainty
Osys- The difference in yield is expressed as A = yqer — ysys, and the combined statistical

uncertainty is calculated as ¢ = Ggef — 02

vs- Barlow consistency checks are performed

for each systematic variation [129]. These checks determine whether a variation is a true
source of systematic uncertainty or merely a result of statistical fluctuations. This involves
computing the ratio n = A/ o for every pt bin, and generating a distribution of n. Typically,
two consistent measurements should have a mean near 0 and a standard deviation close to
1, with 68% (95%) of the data falling within |A/c| < 1 (|A/c| < 2). In this analysis, a
variation is labeled as a source of systematic uncertainty if the standard deviation of the
n = A/ o distribution exceeds 1.

The default parameters chosen for A* measurements in these analyses include the fol-

lowing: Combinatorial background estimation is performed through the mixed event tech-
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nique. The normalization region is selected outside the A* baryon invariant mass peak,
specifically in the range 1.75 < mjy, < 1.85 GeV/c?. A default fit region is defined as 1.45
< Mipy < 1.65 GéV/c?. The residual background is modeled using a polynomial of 2™ order
(pol2). Signal peak fitting is done with Voigtian + pol2, where the width parameter is kept
free, except for pp collisions where it is fixed in the default configuration. The resolution is
fixed based on simulations. The A* yield extraction relies on the bin counting method. Par-
ticle identification in the TPC and TOF detectors is done as follows: For daughter particles
not detected in the TOF system, with momenta below 1.1 GeV/c for protons and 0.7 GeV/c
for kaons, particle identification ensures [Norpc| < 2.0. In the case of proton and kaon
identification in pp collisions, the momentum thresholds are adjusted to below 1.0 GeV/c
for protons and 0.6 GeV/c for kaons, with a [Notpc| < 3.0 requirement. For daughter parti-
cles detected in the TOF system with momenta exceeding these limits, identification criteria
are: [Notor| < 3.0 alongside |[Norpc| < 5.0 as a veto. The track selection cuts employed

are StandardITSTPCTrackCuts2011.

4.7.1 Systematics due to signal extraction

In the systematic study pertaining to signal extraction, various parameters involved in the
A* measurement are systematically varied to assess their impact on the results. Firstly, the
fitting range is explored through three distinct intervals: 1.44—1.71 GeV/c?, 1.46—1.62
GeV/c?, and 1.45—1.75 GeV/c?. Secondly, the normalization range is varied with two
ranges: 1.85—2.0 GéV/c? and 1.65—1.75 GeV/c?. The residual background variation is
then explored, considering polynomial of orders 3 and 4. The yield extraction method un-
dergoes adjustment, transitioning from the default bin counting to the function integration
method. Peak width parameters are varied, with the width set free in the default scenario
and fixed to the PDG value (0.01573 GéV/c?) for the systematic study, except in pp system
where it’s fixed in the default case and set free as the systematic variation. The width range
is examined within £20 for the default case and =10 for the systematic study. Peak fitting
functions are also varied, using Voigtian function in the default case and the Breit-Wigner

function in the systematic study. In the default case, the mass resolution parameters are
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obtained using Gaussian fits, while in the systematic investigation, they are derived from
Breit-Wigner fits. Finally, the number of events mixed for obtaining the mixed-event back-
ground undergoes two variations: 15 events mixed and 5 events mixed. Each variation is
systematically analyzed to find its impact on the measured A* yield. The average value
of fractional systematic uncertainty due to signal extraction across all pt bins is 8.6% for

p—Pb system and 6.5% for pp system.

4.7.2 Systematics due to particle identification

The systematic uncertainty related to particle identification (PID) is assessed by exploring
variations in particle selection criteria, which are based on dE /dx measurements in the TPC
and time-of-flight measurements in the TOF. In both the p—Pb and pp collision systems,
three variations are considered. In the p—Pb system, the default PID cut is set at TPC 20
TOF 30, while variations include TPC 30 TOF 3o, TPC 3.50 TOF 3.50, and TPC 2.5¢
TOF 2.50. In case of the pp system, the default PID cut is set at TPC 30 TOF 30, with
variations including TPC 20 TOF 3o, TPC 2.56 TOF 30, and TPC 3.00 TOF 3.50. The
average fractional systematic uncertainty across all pr bins is found to be 5.4% for the p—Pb

system and 4.2% for the pp system.

4.7.3 Systematics due to track and event selection

Systematic uncertainties originating from track selection are calculated by varying one track
cut at a time across different parameters. A) DCA,, cut: The default setting is DCA,, < 70,
while a value of DCA,, < 40 is explored for systematic study. B) DCA; cut: The default
criterion is DCA,; < 2cm, with systematic variations including DCA; < 3cm and DCA; <
Icm. C) Crossed-rows cut: The default requirement is a minimum of 70 crossed rows in
TPC, while systematic variations entail considering 60 and 80 crossed rows for the study.
D) TPC y? cut: The default limit for 2/ TPC is < 4, with systematic exploration involving
%%/ TPC < 5and x?/ TPC < 3. E) ITS x? cut: The default threshold for 2 / ITS is < 36,
whereas systematic variations examine 2 / ITS < 49 and x? / ITS < 25. F) Crossed rows

over findable clusters TPC cut: The default condition requires a ratio of crossed rows over
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findable clusters in TPC > 0.8, while systematic variations explore ratios of 0.7 and 0.9 for

the study. G) z vertex cut: The default setting is z < |10

, with a systematic variation of z
< |8| considered for the study. In the p—Pb system, the n parameter distributions resulting
from various track cuts meet the Barlow criteria, indicating consistency, and therefore are
not factored into the total systematic uncertainty. However, the event selection criteria
do not satisfy the Barlow checks, contributing 4.5% to the overall systematic uncertainty.
Conversely, in the pp system, the average fractional systematic uncertainty attributed to
variations in track selection cuts is 5%, while event selection variations pass the Barlow

checks and are thus excluded from the total systematic uncertainty calculation.

4.7.4 Material budget and hadronic interaction

The systematic uncertainties associated with the A* yield, due to the material budget and
hadronic interaction cross section within the detector, have been observed to remain con-
stant up to pt = 3.5 GeV/c and are insignificant for higher pt. These values are taken from

Ref. [84].

4.7.5 Global tracking

The uncertainty associated with determining the global tracking efficiency (ITS-TPC match-
ing uncertainty) is consistent across various pr values, with a 2% uncertainty observed for
a single charged particle. When two tracks from the decay daughters of A* are combined
for invariant-mass analysis, this uncertainty increases to 4%. These values are taken from

Ref. [123].

4.7.6 Total systematic uncertainty

The total systematic uncertainty is determined by summing all sources in quadrature. Nev-
ertheless, the systematic uncertainty obtained from this method can show localized vari-
ations due to the independent calculation of systematic uncertainties for signal extraction

and particle identification (PID) within each pt bin, which are themselves prone to fluc-
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tuations. To address this, a smoothing technique is applied as follows: For each pr bin
J» the uncertainty o; is averaged with those of adjacent bins (j &= 1) during each iterative
step. Let G} and G]’: + denote the uncertainty at the jth, (j+ 1)th, and (j — 1)th locations
at step i, respectively. The revised uncertainty G}“ is then computed as the average of the

neighboring bins’ uncertainties, (GJ’:?1 + Gjl: + G} +1)/3. In this analysis, a single iteration
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Figure 4.12: Total fractional systematic uncertainty after smoothening process due to var-
ious sources in minimum-bias p—Pb collisions at \/syn = 8.16 TeV (left panel) and in the
inelastic pp collisions at /s = 8 TeV (right panel). The shaded gray area represents the total
statistical uncertainty.

of the smoothing process is performed, leaving the first and last pt bins. The left and right
panels of Figure 4.12 illustrate the summary of various systematic errors for minimum-bias
p—Pb collisions at /syn = 8.16 TeV and inelastic pp collisions at \/sny = 8 TeV after the
smoothing process, respectively. For p—Pb collisions at /syn = 8.16 TeV, the systematic
uncertainty pertaining to signal extraction is independently determined for the minimum-
bias as well as for four VOA multiplicity classes, while the systematic uncertainties asso-
ciated with PID cuts and track cuts are consistent across both the minimum-bias and the
multiplicity classes. Table 4.3 presents a summary of systematic uncertainties originating
from different sources in minimum-bias p—Pb collisions at 8.16 TeV and in the inelastic pp

collisions at ,/snn = 8 TeV.
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Table 4.3: Systematic uncertainties from various sources in minimum-bias p—Pb collisions
at \/snn = 8.16 TeV and inelastic pp collisions at /sy = 8 TeV.

Systematic source p—Pb, 8.16 TeV pp, 8 TeV

Signal extraction 8.6% 6.5%

Particle identification 5.4% 4.2%

Track and event cuts  4.5% 5.0%

Global tracking 4.0% 4.0%

Material budget 1.5% (pt <3.5GeV/c) 1.4% (pr <3.5 GeV/c)
Hadronic interaction  3.3% (pt < 3.5 GeV/c) 3.0% (pt < 3.5 GeV/c)
Total 12.3% 11.0%

4.7.7 Uncorrelated systematic uncertainty

This section outlines the methodology used to evaluate the uncorrelated systematic uncer-
tainty in the context of p—Pb collisions. We meticulously compared the pt spectra for
each systematic source across various multiplicity classes, noting deviations from the base-
line (minimum-bias). A consistent shift in all multiplicity classes indicates a correlation
in systematic errors. In contrast, if the data randomly varies around the baseline without
a fixed pattern, the systematic error is considered uncorrelated. We compute uncorrelated
systematic uncertainty solely for signal extraction sources, as uncertainties from PID cuts
and track selection cuts are based on minimum-bias data across all multiplicity classes.
Despite the full correlation of global tracking efficiency, systematic uncertainties related
to the material budget and hadronic interactions remain independent of multiplicity classes
but show a dependency on pr, making them partially correlated. Figure 4.13 presents the

uncorrelated systematic uncertainty for various VOA multiplicity classes in p—Pb collisions

at /snN =8.16 TeV.
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Figure 4.13: Uncorrelated systematic uncertainties for various multiplicity classes in p—Pb
collisions at /snn = 8.16 TeV. Solid black line shows total systematic uncertainty for
minimim-bias collisons.

4.8 Results and discussion

4.8.1 Transverse momentum spectra

The raw pt spectra undergo corrections using factors for efficiency x acceptance, event
loss, and signal loss. The systematic error applied to minimum-bias p—Pb collisions is spe-
cific to the minimum-bias case only. Each multiplicity class is associated with its own set of
systematic errors. Figure 4.14 presents the corrected pr spectra, complete with systematic
and statistical errors, for non-single diffractive (NSD) and four VOA multiplicity classes in
p—Pb collisions at /snn = 8.16 TeV, as well as for inelastic pp collisions at /syn = 8 TeV
within the mid-rapidity range. The A* pt spectra in the p—Pb collisions undergo hardening
with multiplicity. The corrected pt spectra are fitted with the Levy-Tsallis function [130].
This function describes the exponential shape of the spectrum at low pt and the power-

law distribution at high prt, quantified by the inverse slope parameter C and the exponent
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Figure 4.14: The corrected pt spectra of A* for NSD events and across four multiplicity
intervals (0—20%, 20—40%, 40—60%, and 60—100%) in p—Pb collisions at ,/sxn = 8.16
TeV, as well as for inelastic pp collisions at /sny = 8 TeV. The lower panel illustrates the
ratio of pt spectra in different multiplicity classes within p—Pb collisions to the minimum-
bias spectra of the same collision system. Both statistical (bars) and systematic (boxes)
errors are presented.

parameter n, respectively.

d’N dN  (n—1)(n—-2)
=pT X=X [
dydpr dy  nCnC+m(n—2)] nT

™ (4.14)

where, m and m7 are the mass and transverse mass of A*. The function gives a good
description of the data in the full measured range of pt of A*. The dependence of the A*
P spectra on energy has been observed by measuring the ratio of the pr spectra at /sNnN =
8.16 TeV to those at \/syn = 5.02 TeV [84] for NSD and different VOA multiplicity classes

in p—Pb collisions, and for inelastic pp collisions at /sy = 8 TeV relative to the pt spectra
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provides visual guidance. The errors are represented by bars for statistical errors and boxes
for systematic errors.
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at \/snn =7 TeV [84], as shown in Figure 4.15. The spectral ratios exhibit energy depen-
dence, particularly noticeable at high pt, while the ratio at low pt remains close to unity
within statistical or systematic errors for the p—Pb and pp collisions. This phenomenon is
consistent across minimum-bias events and all analyzed multiplicity classes, indicating that
particle production in the hard-scattering region depends on the energy of the colliding sys-

tem. Figure 4.16 illustrates the comparison of the A* pt spectrum in the NSD event class
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Figure 4.16: The A* pr spectra, measured in the mid-rapidity range for p—Pb collisions at
V/SNN = 8.16 TeV, is compared to the predictions from EPOS3 [131] and DPMIJET [132]
models. The statistical and systematic uncertainties are shown as bars and boxes, respec-
tively.

with predictions from the EPOS3 [131] and DPMIJET [132] models. The EPOS3 model
is based on partons and employs the Gribov-Regge multiple-scattering framework, where
scatterings are depicted as pomerons analogous to parton ladders. These ladders evolve
into strings or flux tubes that are initially split into core and corona components. The core,
with its high density, undergoes collective hadronization, whereas the low-density, high-
momentum corona does not. In contrast, DPMIJET is a dual-parton model inspired by QCD
and uses the Gribov-Glauber approach, treating soft and hard scatterings distinctly. The

DPMIJET model overestimated the data, while EPOS3 underestimated it in all pT ranges.
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However, EPOS3 accurately captures the spectral shape throughout the pt range.

4.8.2 Integrated yield and mean transverse momentum

The pr-integrated yield (dN /dy) is determined by integrating the spectrum within the mea-
sured range and extrapolating it to zero pt and higher pt by fitting the measured spectra
with the Levy-Tsallis parametrization [130]. The integrated yield (dN/dy) and mean pt
({pr)) are computed using the YieldMean .C macro in the ALICE/PWGLF/SPECTRA module
of the AliRoot software. The final values and statistical uncertainties are obtained from
Levy-Tsallis fits performed on spectra considering statistical uncertainties and data points
within the fit regions. Systematic uncertainties consist of two components: one originating
from the systematic uncertainties of the measured spectra and the other from extrapolat-
ing the spectra to unmeasured regions. The first component of systematic uncertainties is
evaluated by re-fitting the data while adjusting the points within the errors, assuming that
they are fully uncorrelated in all pt bins. The maximum deviation from the default value is
designated as uncertainty. The second component of systematic uncertainties is determined
by fitting the measured spectra with various functions such as the mp-exponential, the pt-
exponential, Boltzmann-Gibbs blast wave and taking the standard deviation from all fits

as the systematic uncertainty due to extrapolation. The systematic uncertainty originating

Table 4.4: The dN/dy and (pr) values for A* in NSD and four multiplicity classes in p—Pb
collisions at /syN = 8.16 TeV, and for inelastic pp collisions at /s = 8 TeV. The percentage
contribution due to extrapolation is provided in brackets.

Multiplicity(%) dN/dy =+ stat + sys (extr.) < pt > =& stat £ sys (extr.)
0-20 0.13 £ 0.006 £ 0.018(14.7%) 1.8 +0.043 £ 0.08(7.4%)
20-40 0.083 £ 0.004 = 0.010(13.1%) 1.7 £ 0.047 £ 0.076(8.0%)
40-60 0.056 + 0.003 £ 0.0075(13.3%) 1.6 £ 0.045 £ 0.067(9.1%)
60-100 0.022 £ 0.001 + 0.0036(18.7%)  1.42 £ 0.03 £+ 0.068(11.7%)
NSD 0.059 £ 0.001 £ 0.0075(13.6%)  1.66 £ 0.02 £ 0.067(9.6%)

pp, INEL 0.014 £ 0.0003 £ 0.0017(10.0%) 1.31 £ 0.015 £ 0.046(6.0%)
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from extrapolation is combined in quadrature with the uncertainty from the measured region
to determine the final systematic uncertainty of the yield. The computed values of dN /dy
and (pr), along with their statistical and systematic uncertainties, are given in Table 4.4.

The A* pr-integrated yield (dN/dy) as a function of (dNch/dn) || < 0.5 is presented
in the upper panel of Figure 4.17. These results are compared with other ALICE measure-
ments in p—Pb collisions at /syn = 5.02 TeV [84]. It is interesting to note that the integrated
yield, although not explicitly shown for Pb—Pb collisions [83] in Figure 4.17, depends on
charged particle multiplicity rather than the specific collision system and the collision en-
ergy. The integrated yield exhibits a smooth evolution as a function of multiplicity from
pp to p—Pb collisions. Even for similar (dNeh/dn) |y < .5, these values remain consistent
within uncertainties for different colliding systems and at various LHC energies. This ob-
servation indicates that event multiplicity serves as a common driver for hadron production,
demonstrating a remarkable consistency across different colliding systems and energies at
the LHC. The EPOS3 model with and without UrQMD, underestimated the data, although
it follows a linear trend of increase with event multiplicity, similar to the observed ALICE
data. The (pr) exhibits an increasing trend as a function of (dNcy/dn) |y| < 0.5 @s shown
in the lower panel of Figure 4.17 which confirms the hardening of the pt spectra of A*
with multiplicity. Although the (pr) results for Pb—Pb system are not shown explicitly,
but a closer observation and comparison across all systems reveal an interesting pattern:
the rate at which the mean pr increases with multiplicity tends to decrease as the size of
the colliding system increases. Specifically, the increase in (pr) is more rapid for pp and
p—Pb compared to the Pb—Pb system [83]. Moreover, for common multiplicity values, the
(pr) values in pp and p—Pb collisions surpass those observed in Pb—Pb collisions. This
variation in (pr) values at comparable multiplicities across Pb—Pb, p—Pb, and pp collisions
suggests differences in the geometry and dynamics of these collision systems and is related
to the collective flow observed in large collision systems [83] compared to smaller collision
systems.

The strong increase of (pr) with (dNch/dn) || < 0.5 in small collision systems can be

further investigated by analyzing the measurements for (pr) from different models in pp
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Figure 4.17: The pr-integrated yield (AN /dy, upper panel) and average transverse momen-
tum ((pr), lower panel) as a function of charged particle pseudorapidity density for A* in
p—Pb collisions at /sy = 8.16 TeV (round red markers) and /sy = 5.02 TeV (black
markers) [84], and for inelastic pp collisions at 1/s = 8 TeV (square red markers). The solid
and dotted lines represent the measurements in the p—Pb system at /sy = 8.16 TeV from
the EPOS3 with and without UrQMD, respectively. Statistical errors are represented by
bars, systematic errors by boxes, and shaded boxes indicate uncorrelated errors.
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and p—Pb collisions that incorporate processes like color reconnection between strings pro-
duced in multi-parton interactions, different string fragmentation processes, and the core-
corona mechanism. It was observed in Ref. [133] that the PYTHIA8 model with color
reconnection, which introduces a flow—like effect, and the EPOS-LHC model, which uses
parameterized flow, are able to reproduce the increasing trend of (pr) of strange hadrons
as a function of multiplicity in pp collisions at /s = 13 TeV. The predictions of {pr) of A*
from the EPOS3 model in p—Pb collisions at /snn = 8.16 TeV describe the data very well

throughout the multiplicity range.

4.8.3 Nuclear modification factor

The p—Pb collisions provide a good test to check whether the suppression observed in high
pr region in Pb—Pb collisions is due to the hot partonic QCD medium or due to cold nuclear
matter (CNM) effects. This can be studied by the nuclear modification factor defined as:

dszPb/dyde
Ncon).d?N /dydpr

Rppy(p1) = < (4.15)

where the numerator represents the measured spectral yield in p—Pb collisions, the de-
nominator includes (Ncoy) = 7.118 [134], and the measured spectral yields in inelastic pp
collisions.

Due to the fact that the measured hadron spectra in inelastic pp collisions are not avail-
able at /sy = 8.16 TeV, the reference pr spectra is obtained using the simulation approach
of the pt spectrum from the EPOS3 model and the pt spectrum from ALICE data in the
closest beam energies at /sy = 8 TeV. The reference pr spectrum at /syy = 8.16 TeV
is calculated using the pt spectrum at \/snn = 8 TeV scaled with a correction factor. The
correction factor is calculated as the ratio of the pt spectrum at \/syn = 8.16 TeV to the
pT spectrum at \/sN_N = 8 TeV, obtained from EPOS3 shown in Figure 4.18. The total
systematic error in the reference pp spectra obtained is calculated by taking the quadrature
sum of the systematic uncertainty from the measured pr spectra at /sy = 8 TeV and the

difference of the reference pr spectra with the measured p spectra at /sy = 8 TeV. Fig-
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Figure 4.18: The A* pt spectra measured in pp collision at /s = 8.16 TeV and /s = 8 TeV
from EPOS3 model (top panel) and their ratio (bottom panel) which serves as the correction
factor for R,p, measurements.

ure 4.19 shows the particle species dependence of the nuclear modification factors in p—Pb
collisions at 8.16 TeV. The left panel of Figure 4.19 includes the nuclear modification factor
for K*0 [123] and K¢ [135] while the right panel includes nuclear modification factors for A
[135] and A* as a function of pt in p—Pb collisions at \/sny = 8.16 TeV. We compare Rppy,
of different baryons and mesons to check the mass dependence of particle production and
to investigate the mechanisms involved in the production of baryons and mesons. At low
pt (< 2 GeV/c), Rppy is less than unity for all hadrons. At intermediate pt (2—8 GeV/c),
Rppy of the baryons shows a Cronin-like enhancement [136, 137]. In particular, resonances
experience greater suppression in the low pt regime compared to stable particles, reflecting
the influence of later-stage hadronic interactions of the decay daughters of these resonances
in p—Pb collisions. At high pt ( > 8 GeV/c), the Rppy values of all particles are consistent
with unity within the uncertainties in the collisions of p—Pb at ,/syn = 8.16 TeV suggesting
that there is no modification in Rpp, due to the effects of cold nuclear matter for different
species of particles. Thus, p—Pb collisions effectively disentangle hot and cold nuclear mat-

ter effects. Similar findings are also reported for 70 meson with pr up to 200 GeV/c in
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Figure 4.19: The left panel shows the Rppy, of K*0[123] and Kg [135], while the right panel
depicts the Rypp, of A [135] and A*, both as functions of pt in p-Pb collisions at /sNN
= 8.16 TeV, with statistical and systematic uncertainties represented by vertical bars and
boxes, respectively. The bands represent the measurements from EPOS3 with UrQMD.

p—Pb collisions at /sy = 8.16 TeV [138], for charged hadrons in p—Pb collisions at /sNN
=5.02 TeV by ALICE [139, 140], and for strange hadrons by CMS in p—Pb collisions at
V/SNN =5.02 TeV [141] and by STAR in d—Au collisions at /syn = 200 GeV [142].

4.8.4 Resonance to stable particle yield ratio

We observe from the previous measurements in p—Pb collisions that the ratios of p° and
K*0 to stable hadrons show suppression with increase in multiplicity, while no such sup-
pression has been observed for ¢ resonance as it has a longer lifetime compared to other
hadronic resonances [79, 123]. The ratios of A* and K* to their corresponding ground state
particles A and Kg in p—Pb collision system at /sny = 8.16 TeV is measured and is shown
in Figure 4.20. We observed no suppression or enhancement in the A*/A yield ratio in p—Pb
collisions at the highest available energy at LHC and these measurements confirm previous
measurements at /sy = 5.02 TeV [84]. Conversely, K*O/Kg yield ratio shows some de-
creasing trend with multiplicity. This provides hints for the formation of a hadronic phase

in the p—Pb collision system but for a very brief time. The EPOS3 model provides a unique
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Figure 4.20: The pr-integrated yield ratios for K*O/Kg [123, 135] and A*/A [135] are shown
as a function of (dNch/d1N)|p|<0.5- The A*/A ratios are further compared with available data
from p—Pb collisions at 5.02 TeV [84]. Measurements from the EPOS3 model, both with
and without UrQMD, are included as well.

opportunity to understand these data measurements of resonance to non-resonance yield
ratios due to its incorporation of later-stage hadronic interactions, which can be switched
"ON" and "OFF" states during events generation to assess their impact on particle yields.
Consequently, the calculation of these ratios has been performed using the EPOS3 model,
both with and without final-state interactions. The EPOS3 with UrQMD "ON" and "OFF"
predicts a consistent flat-ratio trend for the A*/ A ratio similar to the data.

In contrast, the ratio for the K*O resonance exhibits a decreasing trend with UrQMD
"ON" while there is no such suppression when UrQMD is "OFF" and these measurements
also align with the data. These observations indicate that the EPOS3 model predicts the
existence of a hadronic phase in p—Pb collisions at /sxy = 8.16 TeV but for a very short
time such that A* decays after the hadronic phase ends and its daughters do not experience
any rescattering effects in the hadronic gas. However, in case of decay daughters of the K*°
resonance, they undergo rescattering in the hadronic phase due to its short lifetime, which

is comparable to the lifetime of the hadronic phase in p—Pb collisions at /snn = 8.16 TeV.



Chapter 5

Strangeness and resonances in EPOS4

5.1 Introduction

High-energy heavy-ion collisions provide a unique opportunity to study the quark-gluon
plasma (QGP), also called the fireball, a deconfined state of quarks and gluons created
under extreme conditions of temperature and/or density [1]. This state of matter, believed
to have existed shortly after the Big Bang, forms in the early stages of heavy-ion collisions
and undergoes rapid expansion and cooling. As the fireball evolves and undergoes phase
transitions, it becomes inaccessible for direct observation. In this context, the study of
strange particles is particularly compelling. An enhancement in the production of strange
quarks relative to ‘up’ and ‘down’ quarks is among the earliest proposed signatures of QGP
formation in nuclear collisions [143, 144]. Strange quarks are less likely to form in purely
hadronic interactions because of their relatively high mass and associated production energy
threshold. However, in the high-temperature QGP phase, abundant gluons can facilitate the
efficient production of strange quarks. This enhancement in the production of strange and
multi-strange hadrons has been experimentally confirmed by ALICE in collisions Pb—Pb at
V/SNN = 2.76 TeV, where a clear increase in the ratio of strange to non-strange particles was
observed with increasing multiplicity of events [145]. Such findings strongly support the
idea of the formation of QGP in heavy-ion collisions.

As the dense medium formed in these collisions continues to evolve, quarks and glu-

111
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ons recombine to form hadrons, resulting in a hadron resonance gas (HRG). The hadronic
phase, which spans from chemical freeze-out (where inelastic collisions stop) to kinetic
freeze-out (where elastic collisions cease), is investigated through the study of hadronic
resonances. These resonances decay, and their decay particles can either rescatter or regen-
erate within the hadronic phase, thereby modifying the observed yields compared to those
produced before the chemical freeze-out. The dominance of rescattering or regeneration
can be explored by analyzing the yield ratios of resonances to longer-lived hadrons with
similar quark content as a function of system size. To investigate hadronic resonance pro-
duction and their interactions, various resonances with different lifetimes, valence-quark
flavors, masses, and spins have been studied at LHC [68, 76, 76, 80, 84, 146, 147] and
RHIC [86, 148, 149] energies. These studies provide insight into the dynamics of the
hadronic phase and the modification of resonance yields in different collision systems.

Recent measurements show that the yields of short-lived resonances, such as p? (1.335
fm/c) and K*0 (4.16 fm/c), are significantly modified in the hadronic phase compared to
longer-lived resonances like the ¢ meson (46.26 fm/c). This is attributed to the fact that
short-lived resonances decay within the hadronic medium, where processes such as rescat-
tering and regeneration affect their yields. In contrast, longer-lived resonances typically
decay after the hadronic phase, when the medium has expanded sufficiently and the inter-
actions are minimal, resulting in little or no yield modification [84, 146, 147]. For baryonic
resonances, such as the X** (5.0—5.5 fm/c) and A* (12.54 fm/c), the studies in Pb—Pb
collision system have shown modification of yield for A* but not for £**, despite the latter
having a shorter lifetime [83]. Interestingly, such studies in small collision systems indicate
that there is no significant yield modification for these resonances [84].

To understand the dynamics of the modification of resonance production in the hadronic
phase, various approaches have been carried out. One such approach is the use of the trans-
port AMPT model that simulates the time evolution of the system through microscopic
interactions between particles. This model accounts for processes such as scattering, re-
generation, and decay of resonances during the hadronic phase [150]. Another approach

involves the HRG model in partial chemical equilibrium (PCE). This model describes the
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dynamics of particle yields and reactions in the hadronic phase, capturing the interplay be-
tween resonance decay, regeneration, and freeze-out conditions [151]. Additionally, the
SMASH model (Simulating Many Accelerated Strongly-interacting Hadrons) is a hadronic
transport model designed to simulate the non-equilibrium dynamics of hadronic systems. It
accounts for the hydrodynamic description with SMASH as a hadronic afterburner, model-
ing the evolution of the system after QGP transitions to a hadron-dominated medium [152].
The findings from experimental measurement and theoretical studies suggest that the final
resonance yields are influenced not only by their lifetimes but also by additional factors,
such as the duration of the hadronic phase, the interaction cross-section of decay daughters,
the freeze-out temperature, and the mean free path of the resonances.

In this chapter, we present results of various strange and non-strange hadrons, includ-
ing hadroinc resonances, at midrapidity (]y| < 0.5) for pp collisions at y/s = 13.6 TeV and
Pb—Pb collisions at \/snn = 5.36 TeV using the EPOS4 with UrQMD hadronic afterburner
both ON and OFF. The terms “with UrQMD" and “without UrQMD" are used interchange-
ably to refer to simulations with UrQMD ON and UrQMD OFF, respectively, and may ap-
pear throughout this chapter. The inclusion of UrQMD (Ultra-relativistic Quantum Molec-
ular Dynamics) enables detailed modeling of the hadronic phase by simulating its effects
on the system. These effects can significantly alter key observables such as transverse mo-
mentum (pT) spectra, particle yields, and yield ratios, as well as collective phenomena such
as flow and particle correlations. By comparison of simulations with and without UrQMD
with experimental data, the influence of the hadronic phase on resonance production has
been explored. The study also examines how strangeness enhancement and baryon-to-
meson ratios influence the production of hadronic resonances and multi-strange hadrons.
This comparison provides valuable insights into the dynamics of the hadronic phase and its
impact on final-state observables. The highest energies and finer high multiplicity events in
small systems are chosen to improve upon previous studies [70, 153] and to offer opportu-
nities for future comparisons with experimental measurements

Experimentally, hadronic resonances are reconstructed using the invariant-mass tech-

nique via the addition of 4-momenta of their decay daughters. The longer-lived decay
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daughters, such as charged pions, charged kaons, and (anti)protons, reach the detectors
and are often identified through measurements of energy loss (dE /dx) in a Time Projection
Chamber (TPC) and/or velocity in a Time-of-Flight (TOF) detector. The weakly decay-
ing daughters, such as Kg, A, & and Q can be selected based on their decay topologies,
which puts further constraints. For this study, 5 million events were generated for pp
collisions, both with and without UrQMD, while 1.5 million events were generated for
Pb—Pb collisions under the same conditions. The events are divided into various multi-
plicity classes based on the number of charged particles present within the pseudorapidity
ranges —3.7 <1 < —1.7 and 2.8 < n < 5.1. This method follows an approach similar to
that used by the ALICE experiment for pp and Pb—Pb collisions in the Run 2 studies.
Particles are selected from the generated data according to their unique EPOS IDs, with
weak decays disabled to ensure that only primary particles contribute to the final yield cal-
culations. After selecting resonances based on their unique EPOS IDs, they are flagged as
either reconstructible or non-reconstructible. When a resonance decays, the EPOS4 model
tracks its decay daughters. If any of the decay daughters undergo elastic interactions that
alter their momenta, the parent resonance is flagged as non-reconstructible. As a result,
the resonance is not included in the final yield measurements. This ensures that only reso-
nances whose decay daughters have not undergone significant elastic scattering are counted,
following a similar approach to experimental measurements, where resonance particles are

reconstructed based on the momenta and trajectories of their decay products.

5.2 EPOS4 model: Overview and insights

EPOS4 is a general purpose scheme designed to study various observables in relativistic
collisions of different systems, ranging from proton-proton to nucleus-nucleus, at energies
from several GeV per nucleon to several TeV [154]. The key concept on which EPOS4 is
based is parallel scattering. Unlike sequential scatterings, parallel scattering involves multi-
ple parton-parton scatterings occurring simultaneously in high-energy collisions because of

the extended reaction times of high-energy particle scatterings. This new approach also dis-
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tinguishes between primary and secondary scatterings. Primary scatterings refer to parallel
scatterings involving the initial nucleons (and their partonic constituents) occurring instan-
taneously at very high energies. The theoretical tool used here is the S-matrix theory, em-
ploying a particular form of the proton-proton scattering S-matrix (Gribov-Regge approach
[155, 156, 157, 158]), which can be generalized for nucleus-nucleus collisions. Secondary
scatterings refer to subsequent interactions of the string decay products, including a core-
corona separation based on the string segments, followed by the formation, evolution, and
decay of the core part.

Keeping energy-momentum conservation is crucial when dealing with multiple scatter-
ings. While all event generators ensure this conservation, the theoretical approach varies.
Historically, the Gribov-Regge (GR) theory incorporated multiple scatterings in an S-matrix
framework, treating all scatterings equally without a specific order. However, this approach
did not properly share energy-momentum among the scatterings, details of which can be
found in [159, 160]. In a truly parallel scattering scenario, the initial energy-momentum
must be fairly distributed among the multiple scatterings and the remnants of the projectile
and target. This fair distribution is referred to as a “rigorous parallel scattering scenario,"

which, for pp scattering, uses integrands like:

n+2 n+2
[1/i(p) <8 (pinitial -y pi) (5.1)
i1

i=1

where p is the four-momentum and 7 is the number of parallel scatterings. The diagram
in Figure 5.1 depicts the rigorous parallel scattering scenario for multiple (n = 3) scatter-
ings. Each scattering occurs independently, yet simultaneously, with energy-momentum
conservation enforced globally through delta functions as in Equation 5.1. The “rigorous
parallel scattering scenario” aims to introduce unbiased parallel scattering. However, this
approach leads to violations of factorization and binary scaling in nucleus-nucleus (AA)
collisions. Factorization refers to the separation of hard and soft processes in scatter-
ing, and binary scaling implies that AA collisions can be described as multiple nucleon-
nucleon (NN) collisions. These violations indicate that something is missing in the parallel-

scattering framework.



116 5.2. EPOS4 MODEL: OVERVIEW AND INSIGHTS

r.»g k] o
= N \
EEE i s a1 NEEE
£ LE ¥ -E ¥ -E
MY VWY WY
ug\i\l 9:4 A
o 1({{:’9. : 67575‘@ o {57(7(
&, Bom & ..., Bomn & . Born
ol . o ’ I -
ST NS NSRS
J " ’J
5 _E 7 LE _E
o o
NEETY NEEE) CEE3
J o o
J J

Figure 5.1: Rigorous parallel scattering scenario, for n = 3 parallel scatterings [161].

In high-energy collisions, partons (quarks and gluons) with very small momentum frac-
tions x < 1 become significant. As parton distribution functions (PDFs) increase at small
x, the parton density becomes large, rendering the linear DGLAP (Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi) evolution scheme [157, 162, 163] invalid. Instead, non-linear evo-
lution, which includes gluon-gluon fusion, becomes important. This nonlinear evolution is
referred to as "small x physics" or "saturation" [164, 165, 166, 167, 168]. Saturation ef-
fects result in the screening of low-pt particle production below a "saturation scale." These
effects are more pronounced in AA collisions due to the fusion of parton ladders from dif-
ferent nucleons [165, 166]. The introduction of a saturation scale provides a lower limit
for the virtualities in the DGLAP evolution. This scale encapsulates the non-linear effects
of parton interactions. By including a saturation scale, one can recover the factorization
and binary scaling properties that are otherwise violated in the parallel scattering scenario.
The diagrams in Figure 5.2 illustrate the non-linear effects and the introduction of satura-
tion scales. These diagrams show how parton ladders, which initially evolve independently,
eventually fuse, leading to nonlinear effects that are summarized by the saturation scale.
The red ellipses highlight the regions where these non-linear effects are significant, and
the replacement of these regions with saturation scales simplifies the treatment of these
complex interactions. Although other models, such as Pythia/Angantyr [169, 170], do not

explicitly include saturation, they introduce a sequence of NN scatterings to avoid overpro-
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Figure 5.2: Illustrations of the nonlinear effects and the introduction of saturation scales
in high-energy collisions. The diagram on the left panel shows how independent parton
ladders eventually fuse, necessitating a saturation scale, while the diagram on the right
panel highlights the regions (red ellipses) where nonlinear effects are significant and are
replaced by saturation scales for simplification [161].

duction of charged particles in AA collisions. In contrast, EPOS4 incorporates a dynamic
saturation scale to achieve similar effects. This difference highlights the unique approach of
EPOS4 in treating multiple scatterings and saturation phenomena. The discussion empha-
sizes that saturation and factorization are interconnected concepts in high-energy physics.
By understanding and implementing saturation scales, one can address the issues of energy
sharing and maintain the desired properties of factorization and binary scaling. The dia-
grams inside the red ellipses in Fig. 5.2 are replaced by two scales, Qfanpmj and ant’targ,
which are equal in pp scattering. The final version of the 'rigorous parallel scattering sce-
nario’ in EPOS4 is sketched in Figure 5.3, where there is still the DGLAP evolution for
each of the scatterings, but one introduces saturation scales.

This was the story of "primary scatterings," which occur instantaneously at 1 = 0 in
EPOS4, where the S-Matrix approach is used. Now we move on to the "secondary scat-
terings." In the EPOS framework, a core-corona procedure [131, 171, 172] is used, where
strings at a given proper time are divided into "string segments." These segments are cate-
gorized into "core" and "corona" based on their energy loss as they traverse through matter

composed of other segments. Corona segments can escape, while core segments lose all
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Figure 5.3: Rigorous parallel scattering scenario, for n = 3 parallel scatterings, including
nonlinear effects via saturation scales. The red symbols should remind one that the parts
of the diagram representing nonlinear effects are replaced by simply using saturation scales
[161].

their energy and form the "core," serving as the initial condition for hydrodynamic evolu-
tion. This evolution continues until the energy density falls below a critical value, marking
the hadronization point where the fluid decays into hadrons.

EPOS4 introduces a new approach to handling the energy-momentum flow through the
freeze-out hypersurface [154], allowing the definition of an effective invariant mass that
decays into hadrons. These hadrons are then Lorentz boosted according to the flow veloci-
ties at the freeze-out hypersurface. EPOS4 also incorporates new and efficient methods for
the microcanonical procedure [154], ensuring the conservation of energy-momentum and

flavors throughout primary and secondary interactions.

To summarize the above discussion, the "full" EPOS4 scheme comprises:

1. Primary interactions, based on an S-matrix approach for parallel scatterings,
2. Secondary interactions, consisting of:

(a) Core-corona separation procedure,
(b) Hydrodynamic evolution and microcanonical hadronization,

(c¢) Hadronic afterburner (UrQMD [173, 174])
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Thus, EPOS4 is a suitable model for discussing strangeness production and studying
the hadronic phase through resonance production yields, as it distinguishes primary and
secondary scatterings, which play a key role in these phenomena, allowing us to play with

various tunes of the model and observe their effects on final hadron yields and their ratios.

5.3 Results and discussion

5.3.1 Transverse momentum spectra

To study how the hadronic phase affects resonance production, analyzing the shape of the
pr spectra can reveal insights into their production dynamics and interactions. The K*°
and ¢ mesons serve as excellent candidates for these investigations due to their comparable
masses, but markedly different lifetimes: K** has a much shorter lifetime of around 4.16
fm/c, whereas the ¢ meson is more stable with a lifetime of roughly 46.2 fm/c, which is

almost ten times longer. The upper panels of Figure 5.4 show the pr spectra for K*¥ (left)
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Figure 5.4: Upper panel: The pr distributions of K** and ¢ resonances at midrapidity
for central (0-10%) and peripheral (60-80%) Pb—Pb collisions at ,/syn = 5.36 TeV using
EPOS4 with both UrQMD ON and OFF tunes. Solid lines depict UrQMD ON measure-
ments, while dotted lines indicate UrQMD OFF measurements. Lower panel: The ratio
of pr-differential yields for K** and ¢ between UrQMD ON and OFF tunes. Statistical
uncertainties in the measurements are shown by the bands.
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and ¢ (right) using EPOS4 with UrQMD ON (solid lines) and OFF (dotted lines) for 0—
10% and 60-80% centrality classes at midrapidity (|y| < 0.5) in Pb—Pb collisions at \/sxn
= 5.36 TeV. The lower panels illustrate the ratios that compare the pt spectra with UrQMD
ON to those with URQMD OFF. A significant difference is observed at low pt for K* in
the UrQMD ON vs. OFF scenario, with a greater impact in central (0—10%, red lines) com-
pared to peripheral (60—80%, yellow lines) collisions. Similarly, Figure 5.5 presents these
ratios for pp collisions in the multiplicity classes 0—1% (red) and 70-100% (cyan) at /s =
13.6 TeV. A comparable suppression at low pr is observed in high-multiplicity (0—1%) pp
collisions for K** versus ¢. This suppression in high-multiplicity pp collisions is similar in
magnitude to that in peripheral Pb—Pb collisions, as the multiplicity in high-multiplicity pp

collisions approaches those found in peripheral Pb—Pb collisions. In the most central Pb—Pb
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Figure 5.5: Upper panel: The pt spectra of K** and ¢ resonances in the midrapidity region
for high multiplicity (0-1%) and low multiplicity (70-100%) in pp collisions at /s = 13.6
TeV, using EPOS4 with UrQMD ON and UrQMD OFF settings. The solid lines denote
measurements when UrQMD is ON, whereas the dotted lines indicate measurements with
UrQMD OFF. Lower panel: The pr-differential yield ratios for K* and ¢ with UrQMD
ON compared to UrQMD OFF settings. The bands illustrate the statistical uncertainties
associated with the measurements.

collisions, a significant suppression is observed, which is similar to previous findings from
ALICE measurements at LHC energies [78]. This indicates that the decay products of the

short-lived K*° experience rescattering within the hadronic phase, especially noticeable at
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low pr in central Pb—Pb collisions and in high-multiplicity pp collisions. In contrast, at
high pr and in low-multiplicity events, the ratios tend toward unity. Comparatively, the ¢
shows a milder effect, which is anticipated due to its longer lifetime. This shows that the
EPOS4 model with UrQMD effectively simulates the influence of the hadronic phase on
resonance production.

To further explore the impact of the hadronic phase, Figure 5.6 illustrates the ratio of
pr spectra for various hadronic resonances with lifetimes between 1 and 47 fm/c, both with
UrQMD ON and OFF, in central 0-10% Pb—Pb collisions at /sy = 5.36 TeV. The data
reveal a consistent suppression trend ordered as p < ATt < K*0 < £ ~ A* < B0 < ¢,
where suppression intensifies with shorter resonance lifetimes. However, for A* and **
baryons, the suppression observed is similar despite their different lifetimes, suggesting
that factors beyond resonance lifetime affect the yield modifications of heavier baryonic

resonances in the hadronic phase. The low-pt (non-perturbative QCD) region of the pr
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Figure 5.6: The pr-differential spectra of hadronic resonances in central (0-10%) Pb—Pb
collisions with UrQMD are compared to the spectra obtained without UrQMD using
EPOS4. The bands in the data indicate the statistical uncertainty.
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spectra is important for understanding production dynamics, as processes such as rescat-
tering, regeneration, strangeness enhancement, radial flow, and baryon-to-meson ratios can
significantly impact the shape of the pt spectra and hadron interactions. Particle ratios
serve as effective tools to differentiate these processes. Specifically: (a) resonance-to-stable
hadron yield ratios offer insight into the prt distributions of hadrons with similar quark
content but varying masses; and (b) baryon-to-meson yield ratios enable comparisons of
hadrons with similar masses but different baryon numbers and quark structures. To quan-
tify the pr-dependence of the rescattering effect, the upper panels of Figure 5.7 illustrate
the pp-differential ratios K*¥ /K (left) and ¢ /K (right) in central (0~10%) and peripheral
(60-80%) Pb—Pb collisions at /sy = 5.36 TeV, along with high multiplicity (0-1%) pp
collisions at /s = 13.6 TeV using the UrQMD hadronic afterburner. The lower panels show
the comparison of pr-differential yield ratios for central and peripheral Pb—Pb collisions
against high-multiplicity pp collisions. In pp and Pb—Pb collisions, despite being at dif-
ferent energies, particle yields are observed to depend primarily on the charged-particle
multiplicity rather than solely on the collision energy, as demonstrated by ALICE measure-
ments [78, 83]. Consequently, the highest multiplicity classes of pp collisions are chosen
as the reference point, providing a suitable baseline for comparing peripheral Pb—Pb colli-
sions and offering further insights into their dynamics. The double ratio of K*°/K shows
suppression at low-pr, especially in central collisions compared to peripheral ones. This
suppression is due to rescattering effects that influence K*° production, and the strangeness
effects are neutralized with the use of the K** /K ratio. In contrast, no significant suppres-
sion or centrality dependence is detected for the ¢ /K ratio. In peripheral Pb—Pb collisions
and high-multiplicity pp collisions, pr-differential yield ratios are similar. This similarity
implies that hadron production processes in peripheral Pb—Pb and high-multiplicity pp col-
lisions may have similar characteristics. Similarly, Figure 5.8 illustrates the pr-differential
yield ratios for various hadronic resonances at centrality 0—10% (left) and peripheral 60—
80% (right) in Pb—Pb collisions at /sy = 5.36 TeV to high-multiplicity pp collisions. At
low pr, these ratios follow a specific sequence: A*/A < p%/n < K**/K < &¥0/5~ ~

T /A < A**/p < ¢ /K. Despite the longer lifetime of A*, it suffers large suppression
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Figure 5.7: Upper panel: The pr-differential ratios K*0/K (left) and ¢ /K (right) in the
central (0-10%) and peripheral (60-80%) Pb—Pb collisions at /snn = 5.36 TeV, as well as
in the high multiplicity (0-1%) pp collisions at /s = 13.6 TeV with UrQMD. Lower panel:
The comparison of pr-differential ratios in the central and peripheral Pb—Pb collisions to
the high multiplicity pp collisions. The bands in the measurements represent statistical
uncertainty.

compared to other resonances having shorter lifetimes, a pattern also observed in the pr-
integrated yield ratios for the most central Pb—Pb collisions (explored in Section 5.3.4).
However, in peripheral Pb—Pb collisions, these ratios approach unity, indicating minimal

impact of resonance lifetimes on the ratios.

5.3.2 Baryon-to-meson ratios

The study of particle ratios, specifically baryon-to-meson ratios, is important to interpret
mass-dependent radial flow and to understand the production mechanisms of baryons and
mesons. This section discusses the baryon-to-meson ratios of various hadrons, including
resonances like K*Y, ¢, A*, and YrE using calculations from EPOS4 with and without
UrQMD. EPOS4 with UrQMD captures a clear mass-dependent enhancement at low to in-
termediate pr in the ratios of baryons (A, A*, and Z*i) to K(S) for the most central Pb—Pb
collisions, as shown in Figure 5.9. Similar features are seen in the ratios of p/7 and A/ Kg

for light-flavor hadrons in central Pb—Pb collisions, consistent with observations reported



124 5.3. RESULTS AND DISCUSSION

il
o EPOS4 UrQMDON | —p%/m —AYA ]
ol Pb-Pb, s, =5.36 TeV i —K*K _zm )
[ pp, fs=13.6TeV | yl<05 | —0/K  _yxa ]
4 _A"""J,fp i
-+ 1.5

—
o
T T T [ T 11

—
|
T

o =T L | |____|_||

Pb-Pb (0-10%)
pp (0-1%)
Pb-Pb (60-80%)
pp (0-1%)

e
w

—0.5

1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
P, (GeV/c) P, (GeV/c)

Figure 5.8: The pr-differential ratios p®/m, K*°/K, ¢/K, A™* /p, A*/A, Z*°/E~ and
¥** /A are compared for central (0—10%, left) and peripheral (60-80%, right) Pb—Pb colli-
sions at \/sNN = 5.36 TeV against high multiplicity (0-1%) pp collisions at /s = 13.6 TeV,
analyzed using UrQMD. The statistical uncertainty in the measurements is indicated by the
bands.

by the ALICE Collaboration in Ref. [175, 176]. Moreover, the enhancement decreases, and
the peak position shifts toward high-pt region with increasing baryon masses. An alter-
native explanation is that quark recombination drives baryon-to-meson enhancement. The
production of baryons is favored because the combination of three quarks to form a baryon
is more probable than the formation of a meson through a quark-antiquark pair [177]. To
distinguish whether the enhancement at intermediate prt arises due to recombination or
radial flow, we examine the baryon-to-meson ratios involving baryons and mesons with
similar masses, such as p/¢ and p/K*° using EPOS4 with and without UrQMD and com-
pared them with the ALICE measurements as shown in Figure 5.10. However, the p/¢ ratio
from ALICE data shows a rather pr-independent effect up to 3 GeV/c, and EPOS4 shows
a similar flat trend with UrQMD ON up to pt (< 1.5 GeV/c). At high-pr, both data and
model results show a similar decreasing trend for all particle species that suggests that a
common fragmentation mechanism plays an important role, while the model overestimates

the data. Although EPOS4 with UrQMD ON describes the p/7 ratio for stable hadrons,
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Figure 5.10: The pr-differential ratios p/@, p/m and p/K*° in the central Pb—Pb collisions
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lines) and without UrQMD (dotted lines) at /sy = 5.36 TeV. The bars and boxes in the
ALICE measurements represent statistical and systematic uncertainties, respectively. The
shaded area in the model calculations represent statistical uncertainty.
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EPOS4 with UrQMD OFF fails to capture the exact enhancement trend in the intermediate
pr region. Furthermore, the results from EPOS4 with UrQMD OFF do not describe the
measured ratios when one of the particles involved is a resonance.

The p/K* ratio from the ALICE measurements shows a slight decreasing trend, which
is similarly supported by the model results. This behavior is expected, as the K*O spectral
shape is modified due to hadronic phase effects that dominate in the low pr region. At
high pr, the proton, K** and ¢ show a similar decreasing trend. The EPOS4 describes the
p/K* ratio qualitatively similar to the data but underestimated at low py. This indicates
that although protons K*0, ¢ have a different quark content, the mass of hadrons and the
hadronic phase effect on short-lived resonances play an important role in determining the

spectral shapes.

5.3.3 Average transverse momentum

The (pt) of various hadronic resonances as a function of average charged-particle multi-
plicity is shown in Fig. 5.11 for midrapidty in pp collisions at /s = 13.6 TeV and in Pb—Pb
collisions at y/syn = 5.36 TeV. These calculations are obtained using EPOS4 with and with-
out UrQMD hadronic afterburner. The results are also compared with measurements from
the ALICE Collaboration for pp collisions at /s = 13 TeV and 2.76 TeV [76, 146, 147] and
Pb-Pb collisions at /sy = 5.02 TeV and 2.76 TeV [80, 146, 179], when available. The
(pr) increases with increasing charged-particle multiplicity and mass of hadron species.
The steeper rise in (pt) for pp collisions compared to Pb—Pb collisions is well reproduced
by EPOS4, showing a similar behavior to that observed in the data. The EPOS4 model
generally reproduces the observed (pt) trends in Pb—Pb collisions, demonstrating good
agreement with experimental data across various centralities. In contrast, for pp collisions,
EPOS4 tends to slightly underestimate the (pt) values, particularly at higher multiplici-
ties. Activating the hadronic cascade (UrQMD ON) usually leads to an increase in (pr),
improving the consistency of the model with measured data. This enhancement reflects the
significant role of hadronic rescattering in modifying the pt spectra during the later stages

of collision evolution. The (pt) values for short-lived resonances such as p, K** show sig-



5.3. RESULTS AND DISCUSSION

127

T IIIIIII| T T IIIIII| T T T TTTIT
Markers: ALICE a) o,
Lines: EPOS4

PP

Pb-Pb T

N
[\*]
IIIIIIII|III|III|III|III|III|III|III|III IIIII|III|III|III|IIIIIII|IIIIIII

— UrQMD ON
--- UrQMD OFF

Inl < 0.5

10

1 Lol
10° 10°

ch nl < 0.5

Figure 5.11: Average transverse momentum of protons, mesonic resonances (p°, K*°, and
¢) and baryonic resonances (X**, A* Z*0) as a function of charged-particle multiplicity
density at intermediate-rapidity. Markers indicate ALICE measurements in pp system at
/s =2.76 TeV (open triangles) [76] and /s = 13 TeV (solid triangles) [146, 147, 178], in
p-Pb system at /snn = 5.02 TeV (soild circles) [84], and in Pb—Pb system at /sy = 2.76
TeV (open squares) [76, 83] and /snn = 5.02 TeV (soild squares) [78, 80, 175]. The lines
represent EPOS4 predictions for pp collisions at /s = 13.6 TeV and for Pb—Pb collisions
at \/snn =5.36 TeV with UrQMD (solid lines) and without UrQMD (dotted lines). The
statistical and systematic uncertanities in the ALICE data are represented by bars and boxes,
respectively while the statistical uncertainty in the model measurements are represented by

bands.
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Figure 5.12: The average transverse momentum of hadrons in the midrapidity region plotted
as a function of the hadron mass, scaled by the number of valence quarks, in high multi-
plicity (0-1%) pp collisions at /s = 13.6 TeV (left panel) and in central (0-10%) Pb—Pb
collisions at /sNN = 5.36 TeV (right panel) using the EPOS4 model with UrQMD (solid
markers) and without UrQMD (open markers). The green and blue lines represent linear
functions. The statistical uncertainty in the measurements is represented by bars.

nificant changes between with and without UrQMD for Pb—Pb collisions, whereas the effect
is less pronounced for pp collisions. For the ¢-meson, the difference in (pr) between the
two cases (with and without UrQMD) is smaller because its decay daughters interact less
with the hadronic medium due to its longer lifetime. The change in (pt) can be attributed
to modifications in the spectral shape, as shown in Figures 5.4 and 5.5. For short-lived
resonances, their decay daughters undergo substantial hadronic interactions in the hadronic
phase, leading to pronounced modifications. This effect is strongest in central Pb—Pb colli-
sions and decreases with lower multiplicity, consistent with the shorter hadronic phase life-
times discussed later in Section 5.3.5. For baryonic resonances such as Y £, A*, and %0,
no significant change in (pr) is observed for small systems (up to (dNen/dn) 5 /<0.5 ~ 35).
However, in Pb—Pb collisions, both the spectral shape and the (pr) values exhibit signifi-
cant modifications due to the extended hadronic phase. Particles with similar masses, such
as the proton and the ¢-meson, show comparable (pr) values in central Pb—Pb collisions,
as reported by ALICE measurements [78, 175]. This observation aligns with expectations

from hydrodynamical models, which predict that (pr) depends mainly on particle mass in
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such collisions. The calculations of the EPOS4 model also support this trend.

The (pr) value of the proton shows a slight difference between the simulations with
and without UrQMD, suggesting that feed-down contributions from resonance decays are
necessary to accurately describe the proton pt spectrum. In contrast, the ¢-meson momen-
tum spectrum is negligibly affected by the hadronic phase due to its longer lifetime and
lower interaction cross-section with the hadronic gas (in Figure 5.10, pr-differential p/¢
from EPOS4 shows a flat behavior at low pt as seen in the data and overestimates after pr
> 2 GeV/e).

The (pr) as a function of reduced mass (Mass/Ng), where the mass of hadron is scaled
by the number of valence quarks, is calculated for various light-flavor hadrons, includ-
ing resonances for high multiplicity (0-1%) pp collisions at /s = 13.6 TeV and central
(0-10%) Pb—Pb collisions at /sy = 5.36 TeV using the EPOS4 model, both with and
without UrQMD, as shown in Figure 5.12. The (pr) follows a linear trend with increasing
mass. Baryons and mesons are grouping separately and exhibit parallel trends to each other.
Stable mesons (red markers) and mesonic resonances (green markers) are observed to gen-
erally follow a linear trend, aligning closely with the linear fit function represented by the
green line for both UrQMD ON and OFF. However, the resonances po, K, K**, and AT
slightly deviate from the linear trend, with different values observed between UrQMD ON
and OFF. This deviation is expected due to the finite hadronic phase in high-multiplicity
(0—1%) pp collisions, which leads to the modification of the spectral shape of short-lived
resonances. Similarly, the observed deviation from the linear function increases for Pb—Pb
collisions compared to pp collisions. Hadronic resonances such as p®, K*0, K**, A+,
¥+, and A* show significant deviations from the expected linear trend due to the larger
size of the system. The value of (pr) is higher for short-lived resonances when UrQMD is
ON compared to when it is OFF for most central collisions Pb—Pb. This indicates that the
rescattering effect leads to an increased value of (pr). Furthermore, for stable hadrons such
as the proton and A, the (pr) values deviate from the linear trend and differ between the
cases with UrQMD ON and OFF. This indicates that the spectral shape and (pt) of protons

and A are modified in the hadronic phase due to contributions from the decay of higher
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resonance states, since they are likely decay daughters.

5.3.4 Resonance to non-resonance yield ratios

Figure 5.13 presents the resonance-to-stable-hadron yield ratios as a function of charged-
particle multiplicity at midrapidity ((dNen/dn) 5 <0.5) for pp and Pb-Pb collisions at LHC
energies. Recent measurements of the p®/7 and K**/K ratios show a decreasing trend
with increasing multiplicity. These ratios have been investigated using the EPOS4 model,
both with and without the UrQMD hadronic afterburner. A significant difference is ob-
served between the predictions of the model with and without UrQMD, with the difference
being more pronounced in central Pb—Pb collisions compared to pp collisions. Further-
more, this difference is more significant for resonances with shorter lifetimes compared
to those with longer lifetimes. The EPOS4 model, with the UrQMD hadronic afterburner
enabled, successfully captures the characteristics of particle production and qualitatively
describes the behavior observed in the data. The K*¥ and ¢ resonances are ideal candidates
for these ratios because they have similar masses and contain strange quarks, while differ-
ing by lifetimes of an order of magnitude of 10. The ratios are chosen in such a way that
the strangeness effect on the production yield is canceled out, allowing for a more direct
comparison of resonance yields relative to stable hadrons. Suppression in the K**/K ra-
tio suggests that the decay daughters of the resonance undergo re-scattering processes in
the hadronic phase, resulting in a modified final yield of the resonance compared to what
was originally produced before chemical freeze-out. This suppression becomes more pro-
nounced with increasing system size. The observed suppression in the K*? /K ratio, com-
pared to the ¢ /K ratio in small to large collision systems, supports the idea that the shorter
lifetime of K*° plays a significant role in modifying the resonance yield in the hadronic
phase. Similarly, the short-lived p°/7 ratio also shows suppression with increasing mul-
tiplicity. Observations from both data and model results indicate that re-scattering effects
dominate over regeneration in the hadronic phase for short-lived mesonic resonances.
Similarly, Figure 5.13 (right) shows the ratios of baryonic resonances to stable hadrons

as a function of dNy,/dn at midrapidity. The Z*0/Z~ ratio increases with multiplicity,
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Figure 5.13: Left panel shows the ratios of mesonic resonances to stable mesons yield while
the right panel shows the ratios of baryonic resonances to stable baryons yield. Different
markers represent ALICE results in pp collisions at \/syn = 13 TeV (solid triangles) [146,
147] and /snn = 2.76 TeV (open triangles) [76], p—Pb collisions at /syn = 5.02 TeV (solid
circles) [84], Pb—Pb collisions at /sy = 2.76 TeV (open squares) [76] and /syn = 5.02
TeV (solid squares) [68, 80]. The statistical and systematic uncertainties in the data are
represented by bars and boxes, respectively. The lines represent predictions from EPOS4 in
pp collisions at \/sny = 13.6 TeV and in Pb—Pb collisions at /sny = 5.36 TeV with UrQMD
(solid) and without UrQMD (dotted). The shaded area indicates the statistical uncertainty
in the model calculations.

whereas the A* /A and £* /A ratios show no significant change with multiplicity in pp col-
lisions. In Pb—Pb collisions, the A*/A ratio decreases with increasing multiplicity, while
the 2*9/EZ~ and X** /A ratios remain largely unaffected, despite the fact that £** has a
shorter lifetime compared to A*. This behavior may be attributed to the fact that the de-
cay daughters of these resonances undergo regeneration and rescattering through (pseudo)-
elastic interactions in the hadronic phase. In the case of X*¥, the regeneration and rescat-
tering effects are expected to cancel each other out, resulting in minimal changes in the
yield with increasing system size. In contrast, the decreasing trend of the A*/A ratio with
multiplicity is driven primarily by rescattering effects. However, recent studies reported

in Ref. [152] suggest that the mean free path of resonances also plays a significant role in
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modifying the final yield. The £*0/Z~ also show a weak dependence with multiplicity due
to a longer lifetime compared to A*. For the resonance AT, it is observed that AT*/ p
shows a flat behavior with multiplicity for Pb—Pb collisions, while the same ratios exhibit
a decreasing trend for pp collisions. Based on experimental data and model calculations,
baryonic resonances exhibit distinct behaviors in pp and Pb—Pb collisions. This indicates
that the modification of the final reconstructed resonance yields in the hadronic phase is not
solely determined by the resonance lifetime. Other factors, such as the mean free path of
resonances, the duration of the hadronic phase, the cross section of the decay products, and

the chemical freeze-out temperature, also play a significant role.

5.3.5 Lifetime of hadronic phase

The suppression of short-lived resonances is seen in both the ALICE data and the results
from EPOS4 with UrQMD. The suppression in the resonance to stable hadron yield is
probably caused by the rescattering of decay products of resonances in the hadronic phase.
These ratios act as useful tools for estimating the timespan between chemical and kinetic
freeze-outs using the exponential decay law, under the following assumptions:

1) Negligible regeneration effects.

ii) Simultaneous freeze-out for all particle species. The relation is given by:

[h*/h]kinetic = [h* /h]chemical X eir/rh* 5.2)

where [1* / h]ineric denotes the ratio of resonance to stable hadron yield at kinetic freeze-
out, T+ is the lifetime of the resonance particle in its rest frame and 7 is the timespan of the
hadronic phase. Under these assumptions, all resonance particles decaying before kinetic
freeze-out are lost due to rescattering of their decay daughters in the hadronic gas, with no
regeneration of resonances through elastic scattering. Thus, the estimated time duration is
considered as the lower limit for the timespan between chemical and kinetic freeze-outs.

For this calculation, it is further assumed that no hadronic phase forms in pp collisions

due to the small system size. Therefore, the yield ratio in minimum bias pp collisions
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Figure 5.14: Lower limit on the lifetime of the hadronic phase between chemical and ki-
netic freeze-outs in Pb—Pb collisions across different VOM multiplicity classes, obtained
from yield ratios: A*/A at \/snyn = 2.76 TeV (magenta markers) [83], K*/K at V/SNN =
5.02 TeV (red markers) [68], and p0 /7 at V/SNN = 2.76 TeV (green markers) [76]. EPOS4
predictions for Pb—Pb collisions at \/syn = 5.36 TeV are shown as lines, with shaded areas
representing statistical uncertainties. Statistical and systematic uncertainties in the ALICE
data are depicted by bars and boxes, respectively. The figure also includes ALICE mea-
surements of K*0 /K in pp collisions at /s = 13 TeV (orange markers) [146] and EPOS4
predictions for pp at /s = 13.6 TeV (orange line), highlighting the system size dependence
of the hadronic phase lifetime.
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is used as a proxy for [h*/h]cpemicai- A Lorentz boost factor is also applied in the calcu-
lation of 7 because the lifetime of resonance is dilated when transitioning from the rest

frame of the resonance to the laboratory reference frame. This factor is approximated as

V/ 1+ ({pr)/mc)?, where {pr) is the average transverse momentum and m is the rest mass
of the resonance particle. The methodology used to estimate 7 is the same as discussed in
Ref. [68]. The results for the estimated duration of the hadronic phase (7) as a function of
(dNg,/dn) 13 from ALICE measurements and EPOS4 with UrQMD using resonances (p°,
K* and A*) at LHC energies for pp and Pb—Pb collisions, are shown in Figure 5.14. An
increasing trend in the lifetime of hadronic phase is observed for these resonances in both
data and model, corresponding to the decreasing yield ratios (as shown in Figure 5.13) as a
function of system size. This trend is expected, as a larger system size at a fixed chemical
freeze-out leads to a decrease in the kinetic freeze-out temperature, thereby a longer times-
pan exists between chemical and kinetic freeze-outs. This pattern is consistent with the
simultaneous blast-wave fits of the identified particle pt distributions [175]. The timespan
of the hadronic phase calculated from the po /T, K*0 /K ratios, are lower than that from
the A*/A ratio. The model predictions for estimation of 7 using the A*/A ratios underes-
timate the data, whereas p°/m overestimate the data. Although the experimental data and
model predictions are obtained at slightly different energies, the comparison reveals only
minor differences. Since particle production is primarily driven by charged-particle multi-
plicity, the dependence on collision energy is expected to be weak or negligible. However,
the model predictions for K* /K ratio are in good agreement with the data. Contrary to
the expectation of a common hadronic phase duration for all resonances, different values
are found for the p®, K**, and A* yields, with longer-lived resonances showing longer
timescales. The observed different values in the time duration of the hadronic phase across
different species may be attributed to additional factors beyond rescattering, which also
contribute to the final modification of resonance yields. These factors are not accounted for
in the simple exponential decay model, as described in Eq. 5.2. If regeneration is significant,
the estimated duration from the yield ratios represents the timescale between delayed reso-

nance production (caused by regeneration) and kinetic freeze-out. This duration reflects a
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lower limit for the actual hadronic-phase duration. To find the exact duration, the delay from
regeneration needs to be added to this estimate. Recently hydrodynamics based SMASH
model calculation suggest that mean free path of resonances also play an important role in
the final yield of resonances [152]. Similar studies in particularly at high multiplicity pp
collisions also play huge interest for better understanding of the microscopic origin of res-
onance suppression. The EPOS4 model results for K** with UrQMD in high-multiplicity
pp collisions also show a nonzero hadronic phase duration, approximately matching the
value in peripheral Pb—Pb collisions, thus highlighting the system size dependence of the

hadronic phase lifetime, as shown in Figure 5.14.

5.3.6 Strangeness enhancement

The relative yield ratios of various hadrons to pions serve as a key observable to under-
stand the origin of strangeness production and the hadronization mechanism. Figure 5.15
shows the yield ratios of protons, Kg and multi-strange baryons (left), along with hadronic
resonances (right), normalized to pions as a function of charged-particle multiplicity for pp
to Pb—Pb collisions at LHC energies. The results from EPOS4 with and without UrQMD
are represented by solid and dotted lines, respectively, and are compared with the available
measurements from the ALICE Collaboration [80, 83, 133, 146, 147, 175, 176, 178, 180].
The yield ratios exhibit a smooth evolution with multiplicity from pp to Pb—Pb collisions,
whereas (pr) shows a discontinuous pattern with multiplicity, as observed in Figure 5.11.
This behavior can be understood as different saturation effects with multiplicity is expected
for pp and Pb—Pb collisions. The saturation scale increases with multiplicity for pp colli-
sions, whereas in Pb—Pb collisions, the saturation scale shows a more modest increase, as
discussed in [154]. The observed enhancement in the production rates of strange hadrons
relative to pions is primarily driven by the strange-quark content of the hadrons rather than
their mass. This effect appears to be more pronounced for heavier baryons containing
strange quarks in pp collisions. For Pb—Pb collisions, the ratios attain a saturation trend
for hadrons that contain strange quark at higher multiplicities. This behavior indicates that

their production reaches a chemical equilibrium in central Pb—Pb collisions. The saturation
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Figure 5.15: Left panel shows the ratios of proton, strange and multi-strange hadrons while
the right panel shows the ratios of hadronic resonances, normalized to pions yield. Different
markers represent ALICE results in pp collisions at /sy = 13 TeV (solid circles) [133,
146, 147, 176, 178] and Pb—Pb collisions at ,/sxn = 2.76 TeV (open squares) [83, 180] and
V/SNN = 5.02 TeV (solid squares) [80, 175]. The statistical and systematic uncertainties in
the data are represented by bars and boxes, respectively. The lines represent predictions
from EPOS4 in pp collisions at /sy = 13.6 TeV and in Pb—Pb collisions at /sy = 5.36
TeV with UrQMD (solid) and without UrQMD (dotted). The shaded area indicates the
statistical uncertainty in the model calculations.

reflects the system reach thermalized environment, where the production of strange and
multi-strange hadrons becomes independent of further increases in multiplicity for central
heavy-ion collisions at LHC energies. The EPOS4 model incorporates the microcanonical
ensemble (MCE) framework which reproduces the observed behavior in the experimental
data. However, when the system gets very small, one gets a reduction in heavy particle
production due to the microcanonical treatment of strange particle production which im-
poses constraints on energy and flavor conservation. This effect becomes more pronounced
with increasing particle mass and is observed most significantly for  and & baryons in
pp collisions.The model results show a small difference with and without UrQMD tune for

multi-strange hadrons for Pb—Pb collisions, whereas there is no significant difference for
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pp collisions.

Further, the same ratios to pion for hadronic resonances that content strange quarks
of short-lived resonances (p, K** and A*) show suppression behavior in central Pb—Pb
collisions. The results with and without UrQMD show significantly different behavior. This
indicates that the rescattering effect is dominant over the strangeness enhancement. The ¢-
meson shows a weak enhancement trend, except in the most central Pb—Pb collisions, where
the measurements reveal a decreasing trend. A similar behavior is observed in the results
with UrQMD. Future measurements will provide further constraints for understanding this
behavior.

The yield ratios of protons to pions show a decreasing trend at the highest multiplicities
in Pb—Pb collisions, with a similar behavior observed in both the data and the predictions
of the EPOS4 model using UrQMD, although the model results overestimate the measure-
ments. This suppression is attributed to baryon-antibaryon annihilation at large multiplici-
ties, which reduces the proton yield. However, the effects of baryon-antibaryon annihilation
appear less pronounced for strange baryons such as the A, £~ and Q™ at high multiplici-
ties in Pb—Pb collisions. To further understand the production of non-strange and strange
baryons in Pb—Pb collisions, the yield ratios of A, £~ and Q™ to protons, as a function of
charged-particle multiplicity and normalized to the values measured in inelastic pp colli-
sions, have been calculated using EPOS4 with UrQMD predictions. The results are shown
in Figure 5.16. The ratios for A™" show flat behavior with multiplicity for Pb—Pb collisions,
as expected, since AT " has no strange content and no hadronic phase effects are observed,
as discussed in Figure 5.16. Similarly, the same ratios for A,Z~ and ™ increase with mul-
tiplicity, with the rate of enhancement rising according to the strange-quark content of the
hadrons. This behavior can be understood as a competitive interplay between strangeness
production and baryon-antibaryon annihilation processes, which influence multi-strange
baryon production in the high-multiplicity environment of Pb—Pb collisions at LHC ener-
gies. The stepper rise in the slope of the ratios is observed in pp collisions. Future exper-
imental measurements of these ratios at the LHC will provide deeper insight, helping to

distinguish between the effects of strangeness production and baryon-antibaryon annihila-
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Figure 5.16: Particle yield ratios to proton, normalized to the values measured inelastic pp
collisions, as predicted by the EPOS4 model with UrQMD. The results are shown for AT
and multi-strange baryons in Pb—Pb collisions at /sy = 5.36 TeV and in pp collisions at
/5 =13.6 TeV. The bands in the measurements represent statistical uncertainty.

tion. This observation suggests that the net suppression in the most central Pb—Pb collisions
depends on the modification of hadron yields due to combined contributions from various
processes, such as strangeness production, baryon-antibaryon annihilation, and hadronic

phase effects.



Chapter 6

Summary and conclusion

The Standard Model of particle physics stands as a monumental achievement in the history
of physics. This model unifies three of the four fundamental forces of nature: the electro-
magnetic force, the weak nuclear force, and the strong nuclear force. The electromagnetic
force governs the attraction between electrons and the nucleus, holding electrons in their
atomic shells due to the opposite charges of electrons and protons. The weak nuclear force
plays a crucial role in the stability of atomic nuclei by enabling the decay of neutrons into
protons, beta particles, and neutrinos, thus maintaining a stable neutron-to-proton ratio in
nuclei. The strong interaction manifests itself in two distinct ways. The first is the force that
binds protons and neutrons together within the nucleus, overcoming the electromagnetic re-
pulsion between protons. The second type of strong interaction is more fundamental, which
occurs between quarks within nucleons, where quarks are bound so tightly that free quarks
are never observed in nature. When enough energy is applied to separate quarks within a
nucleon, this energy creates new quark-antiquark pairs which immediately bind together,
preventing the isolation of a single quark. However, the gravitational force is not yet in-
cluded in the Standard Model. Research is ongoing in this field, and we hope to one day
see gravity incorporated into the Standard Model alongside the other fundamental forces.
Quantum Chromodynamics (QCD) is the theoretical framework within the Standard
Model that explains the interactions among quarks. In QCD, quarks are bound together by

exchanging particles called gluons, which act as the force carriers for the strong interaction.
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QCD introduces the concept of color charges, analogous to electric charges in Quantum
Electrodynamics (QED). Quarks and gluons carry these color charges, which come in three
types: red, blue, and green—though these do not have a relation to visible colors. Only
color-neutral hadron states are possible, a principle known as color confinement, which ex-
plains why quarks are never found free in nature. QCD also predicts a phenomenon called
asymptotic freedom, where at extremely high energy densities, quarks and gluons are the
only degrees of freedom. This state, known as quark-gluon plasma (QGP), can be recreated
in the laboratory by colliding nuclei at relativistic speeds, as done at the Relativistic Heavy
Ion Collider (RHIC) at Brookhaven National Laboratory (BNL) and the Large Hadron Col-
lider (LHC) at CERN. The QGP exists only for a brief time, making it impossible to observe
directly. Instead, its formation is confirmed through various signatures. These signatures
include measuring the medium’s temperature from direct-photon production yields, observ-
ing an enhancement in strange-quark production which leads to a higher yield of strange
hadrons, detecting suppression of J/y particles due to interactions within the QGP, and
chiral-symmetry restoration in the QGP medium. Each of these signatures supports the
existence of QGP and reinforces the evidence provided by the others.

As the medium created in relativistic heavy-ion collisions expands, its temperature de-
creases, causing the asymptotically free quarks to recombine into mesons and baryons,
collectively known as hadrons. During this phase, there is a mixed state of quarks and
hadrons, where inelastic interactions produce new hadrons. As the system continues to
expand, the remaining quarks also combine, and the production of new hadrons ceases,
marking the chemical freeze-out. However, particles still interact elastically, altering their
momenta. Further expansion leads to the kinetic freeze-out, where elastic interactions stop
as particles move too far apart. The interval between chemical and kinetic freeze-out is
known as the hadronic phase, during which only hadronic gas exists, and hadrons interact
elastically. The duration of this phase depends on the size of the colliding system and the
centrality of the collision. To understand the properties of the hadronic phase, we studied
particles formed at or before chemical freeze-out with lifetimes comparable to the lifetime

of the hadronic phase. Hadronic resonances, such as pO, K0, 2= A* 50 and @, serve



141

this purpose. These resonances decay within the hadronic phase, and their yields are mod-
ified by the rescattering or regeneration of their decay daughters. Studies with ALICE and
STAR have shown that the p®/z and K*/K yield ratios decrease with multiplicity in both
small and large systems, while the A*/A ratio decreases only in large collision systems.
The ¢ /& ratio, however, remains unaffected by multiplicity, likely due to the longer life-
time of ¢ compared to the time span of hadronic phase. Given that the lifetime of A* falls
between those of K*? and ¢, studying its production yield in p-Pb collisions at the highest
LHC energy available in the p—Pb system is particularly interesting.

The production yield of A* resonance is studied in the mid-rapidity region for p—Pb
collisions in /syN = 8.16 TeV in the NSD class and in four VOA multiplicity classes, and
in the inelastic pp collisions at /s = 8 TeV using the ALICE detector. The analysis is based
on approximately 35 million p—Pb events and 58 million pp events, after applying event
selection cuts. The A* resonance is reconstructed via its decay channel pK~ (pK™) using
the invariant mass technique. The identification of its decay daughters, protons and kaons, is
performed using the Time Projection Chamber (TPC) and Time-Of-Flight (TOF) detectors
in ALICE. The TPC identifies particles through specific energy loss (dE /dx), while the
TOF uses time-of-flight information. The invariant mass distribution (Mj,y) is obtained
by combining the four-momenta of primary protons and kaons with opposite charges from
the same event. These distributions are combined to obtain the total signal for A* and its
anti-particle. A significant combinatorial background, due to protons and kaons that do
not originate from A(1520), is estimated using the event-mixing technique and subtracted
from the signal. The invariant mass distributions are then fitted with a Voigtian function,
which combines a Breit-Wigner distribution (for the signal peak) and a Gaussian function
(accounting for mass resolution), along with a second-order polynomial for the residual
background. The raw yield of A(1520) is determined using the bin counting method, with
function integration used for systematic studies. The raw spectra are normalized by dividing
by the number of events in each multiplicity class (Neyt), detector efficiency and acceptance
(A X &), branching ratio and the rapidity window factor (dy). The resulting spectra, after

applying these corrections, are referred to as corrected spectra or transverse momentum
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(pr) spectra of A(1520).

In this study, the pr spectra, pr-integrated yield (dN/dy), the average pr ({pr)),
the resonance-to-stable particle yield ratio and the nuclear modification factor (R,pp) for
A(1520) are measured. The pr spectra of A* in various VOA multiplicity classes for the
p—Pb system show a hardening with increasing multiplicity, similar to the behavior ob-
served for other hadrons. Both dN/dy and (p) increase with multiplicity, indicating that
the yield and (pr) of A* are influenced by the multiplicity of collisions. Comparison with
published results at lower energy in the p—Pb system shows consistency in both energies
across common multiplicity regions, suggesting that particle production is driven primarily
by event multiplicity rather than collision energy, and this observation is similar to what
has been observed for other resonances. The Rppy, of A* shows a Cronin-like enhancement
in the mid-pt region, similar to that seen in the A baryon but absent in mesons such as K*°
and K(S), indicating different production mechanisms for baryons and mesons. At low pr,
the Rppy is below unity for all particles, suggesting energy loss while traversing the medium
in the p—Pb system. At high pr, the Rpp, approaches unity for all particles, indicating that
there is no significant modification due to the effects of cold nuclear matter. The resonance
to non-resonance ratios in the p—Pb system at /sy = 8.16 TeV show that A*/A remains
flat, while K*%/K shows a slight decreasing trend, indicating the formation of a hadronic
phase in the p—Pb system at this energy, but its lifetime is very short so that it does not
significantly affect the yield of A*. Furthermore, the A*/A ratios at /sy = 8.16 and 5.02
TeV in the p—Pb system are consistent within uncertainties. The predictions of the EPOS3
model for Ryp, show a trend similar to the data in the low and high pr regions, but they do
not capture the Cronin-like enhancement in the mid-pt region. The EPOS3 model shows
a slight increasing trend with multiplicity for A*/A ratio while it shows a slight decreasing
trend for K*O/K when final state interactions are enabled.

To further explore the mechanisms of hadron production and the properties of the
hadronic phase, we used EPOS4, a hydrodynamical model, to calculate particle yields and
various ratios in pp collisions at /s = 13.6 TeV and Pb—Pb collisions at /sny = 5.36 TeV,

chosen as the latest energies recorded at the LHC. EPOS4, an extension of EPOS3, incor-
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porates new approaches to multiple scatterings and saturation phenomena. In our study,
pr-differential spectra ratios of various hadrons were calculated across different event mul-
tiplicity classes, defined in the same way as in the ALICE measurements for Run 2 data.
The (pr) has been analyzed as a function of both the charged-particle multiplicity and the
hadron mass that is scaled to the number of valence quarks. The EPOS4 model qualita-
tively describes the ALICE data in both pp and Pb—Pb collisions and accurately captures
the mass ordering of (pr), particularly in the most central Pb—Pb collisions for particles
which have comparable masses such as the proton and ¢. The (pr) exhibits a linear trend
with the hadron mass, scaled to the number of valence quarks. Moreover, we observe a de-
parture from this linear trend for resonances with short lifetimes, the deviation being more
pronounced in the Pb—Pb system relative to the pp system.

The model study further examines baryon-to-meson ratios to understand mass-
dependent radial flow and baryon/meson production mechanisms. Using calculations from
EPOS4, both with and without UrQMD, we observed a mass-dependent enhancement at
low- to intermediate-pT in central collisions, which is similar to the findings of the ALICE
Collaboration. This enhancement shifts towards higher-pr regions with increasing baryon
mass. Quark recombination may explain the enhancement; however, the influence of ra-
dial flow is considered by comparing similar-mass particle ratios. EPOS4 with UrQMD
accurately describes the p/7 ratio but failed to describe the p/K*¥ ratio at low-pr and the
p/¢ ratio at intermediate-pt. In high-pT regions, a consistent decreasing trend suggests
that a common fragmentation mechanism is at play. The results indicate significant effects
from the hadronic phase and quark content differences on the spectral shapes, particularly
influencing low-pt regions in the measured data.

The model predictions for resonance-to-stable particle yield ratios qualitatively match
ALICE results when final-state interactions (UrQMD) are included, highlighting the im-
portance of these interactions in modifying hadronic resonance spectra. The study also
estimates the lifetime of the hadronic phase using resonance yield ratios to stable particles
in EPOS4, observing that the lifetime increases with the centrality of Pb—Pb collisions,

consistent with the expected decrease in kinetic freeze-out temperature as the size of the
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system increases.

The EPOS4 predictions for strange-to-pion yield ratios exhibit a qualitatively similar
trend to the ALICE data, showing an increase with multiplicity in pp collisions and satura-
tion at chemical equilibrium in central Pb—Pb collisions. EPOS4 with UrQMD aligns well
with experimental observations but shows slight deviations, particularly in multi-strange
hadron production. Suppression of hadronic resonances in central collisions is driven by
rescattering effects, outweighing strangeness enhancement. Proton-to-pion ratios decrease
at high multiplicities in heavy-ion collisions, primarily due to baryon-antibaryon annihi-
lation. This interplay between strangeness production and baryon-antibaryon annihilation

significantly influences baryon yields at high multiplicities.
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Appendix

A Datasets and run numbers

The p—Pb data sample at /sy = 8.16 TeV, classified as ESD (Event Summary Data), was
processed in pass1. This data was gathered in 2016 during Run II from the LHC16r period.

During pass] processing, three separate reconstructions were executed:

* passl_CEN_wSDD: all events in the CENT cluster, i.e. with SDD in the readout,

reconstructed including SDD in the tracking

* passl_CENT_woSDD: all events in the CENT cluster, i.e. with SDD in the readout,

reconstructed excluding SDD from the tracking

» pass]_FAST: all events that are only in the in the FAST cluster (and not in the CENT),

1.e. without SDD in the readout

To increase the statistics and have a sample with the best possible tracking performance,
we used CENT_wSDD and FAST [source: CERN Twiki]. The run numbers for these two

productions include:

1. LHCI16r_passl_CENT_wSDD: 266318, 266317, 266316, 266305, 266304, 266300,
266299, 266296, 266208, 266197, 266196, 266193, 266190, 266189, 266187,
266117, 266086, 266085, 266084, 266083, 266081, 266076, 266074, 266034,
265797, 265795, 265789, 265788, 265756, 265754, 265746, 265744, 265742,
265741, 265714, 265713, 265709, 265705, 265701, 265700, 265698, 265697,
265607, 265596, 265594.
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2. LHCI16r_passl_FAST: 266316, 266317, 266318.

The p—Pb Monte-Carlo data is sourced from the period LHC1717a2_cent and
LHC1717a2_fast] (DPMJET) with the same run numbers as the experimental data.
The pp data sample at /snn = 8 TeV, also formatted in ESD, collected in 2012 (Run I)

during the pass2 processing across 7 different periods is used, and these are:

1. LHCI12a: 176661, 176701, 176704, 176707, 176710, 176715, 176730, 176749,
176752, 176753, 176849, 176854, 176859, 176924, 176926, 176927, 176929,
177011, 177148, 177157, 177160, 177167, 177173, 177180, 177182

2. LHCI12b: 177477, 177496, 177497, 177501, 177580, 177592, 177597, 177601,
177612, 177620, 177624, 177671, 177679, 177680, 177681, 177682, 177798,
177799, 177802, 177804, 177805, 177810, 177858, 177860, 177861, 177864,
177866, 177869, 177938, 177942, 178018, 178024, 178025, 178026, 178028,
178029, 178030, 178031, 178052, 178053, 178163, 178167

3. LHCI12c: 179569, 179571, 179584, 179585, 179591, 179618, 179621, 179638,
179639, 179796, 179802, 179803, 179806, 179837, 179858, 179859, 179916,
179917, 179918, 179919, 179920, 180000, 180042, 180044, 180127, 180129,
180130, 180131, 180132, 180133, 180195, 180199, 180200, 180201, 180230,
180500, 180501, 180507, 180510, 180512, 180515, 180517, 180561, 180562,
180564, 180566, 180567, 180569, 180716, 180717, 180719, 180720, 181617,
181618, 181619, 181620, 181652, 181694, 181698, 181701, 181703, 182017,
182018, 182022, 182023, 182106, 182110, 182111, 182207, 182289, 182295,
182297, 182299, 182300, 182302, 182322, 182323, 182324, 182325, 182509,
182513, 182624, 182635, 182684, 182686, 182687, 182691, 182692, 182724,
182725, 182728, 182729, 182730, 182740, 182741, 182744

4. LHC12d: 183913, 183916, 183932, 183933, 183934, 183935, 183936, 183937,
183938, 183942, 183946, 184000, 184126, 184127, 184131, 184132, 184134,
184135, 184137, 184138, 184140, 184144, 184145, 184147, 184183, 184188,
184208, 184209, 184210, 184215, 184216, 184370, 184371, 184374, 184383,
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184389, 184673, 184678, 184682, 184687, 184784, 184786, 184843, 184845,
184846, 184928, 184930, 184933, 184938, 184964, 184967, 184968, 184987,
184988, 184990, 185029, 185031, 185116, 185126, 185127, 185132, 185133,
185134, 185157, 185160, 185164, 185189, 185196, 185198, 185203, 185206,
185208, 185217, 185221, 185282, 185284, 185288, 185289, 185291, 185292,
185293, 185296, 185299, 185300, 185302, 185303, 185348, 185349, 185350,
185351, 185356, 185359, 185360, 185361, 185362, 185363, 185368, 185371,
185375, 185378, 185457, 185459, 185460, 185461, 185465, 185467, 185472,
185474, 185475, 185563, 185565, 185567, 185569, 185574, 185575, 185578,
185580, 185581, 185582, 185583, 185588, 185589, 185659, 185680, 185687,
185692, 185695, 185697, 185698, 185699, 185700, 185701, 185734, 185735,
185738, 185756, 185757, 185764, 185765, 185768, 185775, 185776, 185778,
185784, 185909, 185912, 185915, 185916, 186000, 186003, 186006, 186007,
186009, 186011, 186038, 186066, 186073, 186078, 186079, 186082, 186083,
186084, 186162, 186163, 186164, 186165, 186167, 186200, 186205, 186208,
186229, 186318, 186319, 186320

5. LHCI2f: 186668, 186688, 186689, 186690, 186692, 186693, 186694, 186807,
186809, 186811, 186813, 186814, 186815, 186816, 186838, 186843, 186844,
186845, 186851, 186853, 186855, 186857, 186859, 186937, 186938, 186939,
186965, 186966, 186967, 186969, 186987, 186989, 186990, 186992, 186994,
187047, 187084, 187136, 187143, 187145, 187146, 187147, 187148, 187149,
187150, 187151, 187152, 187201, 187202, 187203, 187335, 187339, 187340,
187341, 187343, 187484, 187485, 187486, 187487, 187488, 187489, 187508,
187510, 187534, 187535, 187536, 187537, 187556, 187560, 187561, 187562,
187623, 187624, 187627, 187633, 187654, 187656, 187695, 187697, 187698,
187739, 187744, 187749, 187753, 187780, 187783, 187785, 187791, 187796,
187849, 188021, 188025, 188027, 188028, 188029, 188093, 188101, 188108,
188123

6. LHC12h: 189122, 189146, 189147, 189183, 189228, 189229, 189231, 189301,
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189306, 189310, 189315, 189316, 189340, 189341, 189344, 189347, 189350,
189351, 189352, 189353, 189396, 189397, 189400, 189402, 189406, 189407,
189409, 189410, 189411, 189473, 189474, 189518, 189522, 189523, 189526,
189577, 189578, 189602, 189603, 189605, 189610, 189611, 189612, 189616,
189621, 189623, 189647, 189648, 189650, 189654, 189656, 189658, 189659,
189696, 189697, 189698, 189729, 189734, 189735, 189736, 189737, 190150,
190209, 190210, 190212, 190213, 190214, 190215, 190216, 190240, 190303,
190305, 190307, 190335, 190336, 190337, 190338, 190340, 190341, 190342,
190344, 190386, 190388, 190389, 190390, 190392, 190393, 190416, 190417,
190418, 190419, 190421, 190422, 190424, 190425, 190895, 190898, 190903,
190904, 190968, 190970, 190974, 190975, 190979, 190981, 190983, 190984,
191129, 191227, 191229, 191230, 191231, 191232, 191234, 191242, 191244,
191245, 191247, 191248, 191450, 191451, 192004, 192072, 192073, 192075,
192095, 192128, 192136, 192140, 192141, 192172, 192174, 192177, 192194,
192197, 192199, 192200, 192201, 192202, 192205, 192246, 192342, 192344,
192347, 192348, 192349, 192415, 192417, 192453, 192461, 192468, 192471,
192492, 192499, 192505, 192510, 192534, 192535, 192542, 192548, 192551,
192729, 192731, 192732

7. LHCI121: 192772, 192775, 192778, 192779, 192820, 192822, 192824, 193004,
193005, 193007, 193008, 193010, 193011, 193014, 193047, 193049, 193051,
193092, 193093, 193094, 193097, 193148, 193150, 193151, 193152, 193155,
193156, 193184, 193187, 193188, 193189, 193192, 193194, 193750, 193751,
193752, 193758, 193759, 193760, 193766

The corresponding Monte-Carlo productions used are LHCI15h2a, LHC15h2b,

LHC15h2¢, LHC15h2d, LHC15h2f, LHC15h2h and LHC15h2i.
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B Invariant mass of pK pairs before background subtrac-
tion

Figures B.1 - B.5 illustrate the invariant mass distribution plots for A(1520) prior to mixed-
event background subtraction across different pt bins for p—Pb collisions at /snn = 8.16

TeV, presented for minimum bias and various multiplicity classes.
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Figure B.1: Invariant mass distribution of pK pair before mixed event background subtrac-
tion for minimum bias (0—100%) p—Pb collisions at /snN = 8.16 TeV. Black markers show
(signal + background) and red markers show background.
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Figure B.2: Invariant mass distribution of pK pair before mixed event background subtrac-
tion for p—Pb collisions at /sy = 8.16 TeV in the multiplicity class 0—20%. Black markers
show (signal + background) and red markers show background.
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Figure B.3: Invariant mass distribution of pK pair before mixed event background sub-
traction for p—Pb collisions at /sy = 8.16 TeV in the multiplicity class 20—40%. Black
markers show (signal + background) and red markers show background.
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Figure B.4: Invariant mass distribution of pK pair before mixed event background sub-

traction for p—Pb collisions at /sy = 8.16 TeV in the multiplicity class 40—60%. Black
markers show (signal + background) and red markers show background.
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Figure B.5: Invariant mass distribution of pK pair before mixed event background subtrac-
tion for p—Pb collisions at /syn = 8.16 TeV in the multiplicity class 60—100%. Black
markers show (signal + background) and red markers show background.
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C Invariant mass of pK pairs after background subtrac-
tion

Figures C.1 - C.6 illustrate the invariant mass distribution plots for A(1520) after mixed-
event background subtraction across different pt bins for p—Pb collisions at /snn = 8.16
TeV, presented for minimum bias and various multiplicity classes, and also in the inelastic

pp collisions at /s = 8 TeV.

0.60<p (GeV/c)<1.00 1.00<p, (GeV/c)<1.40 1.40<p, (GeV/c)<1.80

i) 9 2000F 2 500l
g — Voig+poly2 5 — Voig+poly2 < — Voig+poly2
8 Vn]ig2 8 Voig 3 1400| Vo]ig2
---poly 1500 1200 - - poly;
1000]
1000 800]
+ 800
e + 500) 400
T + 200
+ + 0 oF 4 t
L L L L L L L L L L L
6 7.6 145 L K 1.45 5 155 6 T.6°
2) 2
m, (Gev/c®) m, (Gev/c®)
1.80<p,(GeVc)<2.20 2.60<p, (GeV/c)<3.00
8 1400F 2 1000 2 soofE
£ F — Voigtpoly2 5 gm0 — Voig+poly2 5 — Voig+paly2
3 1200F Voig 3 Voig 3 Voig
© E S aoo -e poly2 © s -+ poly2
E 700
E 600
E 500)
E 400
300) +
200 + +
100
i L " L
145 15 1.55 16 1.6
m,, (Gevic?) m,(Gevic?)
3.00<p, (GeV/c)<4.00 4.00<p, (GeV/c)<6.00
2 2
€ 900 — Voigtpoly2 L — Voig+poly2
g 800 8
700
600
500)
400
300)
200
100
1

m,, (Gevic?)

Figure C.1: Invariant mass distribution of pK pair after mixed event background subtraction
for minimum bias (0—100%) p—Pb collisions at /snn = 8.16 TeV.
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Figure C.2: Invariant mass distribution of pK pair after mixed event background subtraction
for p—Pb collisions at /syn = 8.16 TeV in the multiplicity class 0—20%.

D The o distributions of tracks in TPC and TOF

Figures D.1 and D.2 illustrate the sigma distribution of the tracks in the TPC and TOF for
both data and Monte Carlo simulations, fitted with Gaussian distributions across various
momentum bins in p—Pb collisions at /syn = 8.16 TeV. Figures D.3 and D.4 illustrate the

mean and standard deviation derived from the Gaussian fits of the ¢ distributions.
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Figure C.3: Invariant mass distribution of pK pair after mixed event background subtraction
for p—Pb collisions at ,/sxn = 8.16 TeV in the multiplicity class 20—40%.
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Figure C.4: Invariant mass distribution of pK pair after mixed event background subtraction
for p—Pb collisions at ,/sxn = 8.16 TeV in the multiplicity class 40—60%.
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Figure C.5: Invariant mass distribution of pK pair after mixed event background subtraction
for p—Pb collisions at /sy = 8.16 TeV in the multiplicity class 60—100%.
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Figure C.6: Invariant mass distribution of pK pair after mixed event background subtraction
for inelastic pp collisions at /s = 8 TeV.

E Re-weighting efficiency

The iterative process involves the following steps:

1. Calculate the unweighted €.

2. Use this &g to correct the measured A(1520) pr spectrum.

3. Fit the corrected A(1520) spectra with the Levy-Tsallis function.

4. Utilize the fit to weight the MC-generated A(1520) spectra. A pt dependent weight is
applied to both the generated and reconstructed A(1520) spectra to align them with the fit,
as illustrated in Figure E.1.

5. Obtain the weighted €.

6. Repeat steps 2-5 until the change in €. is observed to be less than 0.1.

Typically, two iterations are sufficient for this reweighting procedure. After completion, the
correction factor in € is derived as the ratio of the re-weighted & to the unweighted &g,
as demonstrated in Figures 1(c) and 1(d). This entire process can be implemented using

the standard macro available in the resonance package:
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Figure D.1: The o distribution of proton (upper panel) and kaon (lower panel) tracks from
TPC in small pt bins. Solid lines represent the Gaussian fits to the distributions. Red and
black markers indicate data and MC, respectively.
/AliPhysics/PWGLF/RESONANCES/macros/utils/ReweightEfficiency.C

The net effect of this reweighting procedure is more pronounced at low pt and neg-
ligible at high pr, as shown in Figure 1(a) and 1(b) for CENT and FAST data in p—Pb
collisions at ,/snn = 8.16 TeV.

F Signal and event loss correction

The signal-loss correction factor for p—Pb collisions at /syn = 8.16 TeV in 0 —20%, 20 —
40%, 40 — 60% and 60 — 100% VOA multiplicity classes are shown in Figure F.1
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Figure D.2: The o distribution of proton (shown in the upper panel) and kaon (depicted
in the lower panel) tracks from TOF in narrow pr intervals. The solid lines represent the
Gaussian fit to these distributions. Data points are indicated with red markers whereas MC
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