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Summary

Interactions among elementary particles in the universe are mediated by four fundamental

forces: strong, electromagnetic, weak, and gravitational interactions. While the standard

model of elementary particles describes three of these forces, it excludes gravity. In

the standard model, the theory of strong interaction is Quantum Chromodynamics (QCD).

QCD predicts that under extreme conditions, such as very high temperatures and/or density,

a new phase of strongly interacting nuclear matter called quark-gluon plasma (QGP) can

exist. In this phase, quarks and gluons are no longer confined within hadrons. It is believed

that QGP also existed in the early universe just a few microseconds after the Big Bang, and

it may persist in the dense cores of massive astrophysical objects like neutron stars, where

lower temperatures but higher densities prevail. To explore the emerging properties of

this strongly interacting medium, heavy-ion collisions are conducted at the Large Hadron

Collider (LHC). In these collisions, the system experiences initial large transient magnetic

fields (B) of the order of 1015 Tesla due to the relativistically moving spectator protons.

This magnetic field, perpendicular to the reaction plane, formed by the colliding nuclei’s

impact parameter and the beam direction, provides a unique opportunity to investigate novel

xxv
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QCD phenomena, leading to local parity violation in strong interactions. The presence of

this magnetic field, along with non-zero vector and axial currents, results in a collective

excitation in the QGP known as the Chiral Magnetic Wave (CMW). CMW induces a

finite electric quadrupole moment measurable through charge-dependent anisotropic flow

measurements. The experimental signature of CMW is charge-dependent elliptic flow, 𝑣2.

Specifically, the normalized difference of 𝑣2 between positive and negative charges, denoted

as Δ𝑣2/⟨𝑣2⟩, is expected to exhibit a positive slope (𝑟Norm
2 ) as a function of the asymmetry

(𝐴ch) in the number of positively and negatively charged particles in an event. However, non-

CMW mechanisms such as Local Charge Conservation (LCC), intertwined with collective

flow, can also contribute to a similar slope. One way to probe this background is by

performing similar measurements with 𝑣3, as it is not expected to be affected by the CMW

phenomenon. This study investigates charge-dependent anisotropic flow coefficients in

Pb–Pb collisions at a center-of-mass energy per nucleon–nucleon collision of √𝑠NN = 5.02

TeV to explore the CMW phenomenon. Specifically, the slope of the normalized difference

in elliptic (𝑣2) and triangular (𝑣3) flow coefficients of positively and negatively charged

particles is reported as a function of their event-wise normalized number difference for

both inclusive and identified particles. Additionally, using the Event Shape Engineering

technique, the fraction of the CMW signal and its upper limit at a 95% confidence level are

extracted.

During the evolution of heavy-ion collisions, quarks and gluons undergo a process

called hadronization, transforming into colorless hadrons. Once hadronization occurs, the

system reaches a specific temperature known as the chemical freeze-out temperature. At

this point, inelastic collisions among the hadrons stop, and the yields of stable particles

become fixed. Subsequently, after chemical freeze-out, the hadrons continue to interact

through elastic scattering, potentially altering the yields and shapes of their transverse
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momentum spectra. Later in the process, the system reaches a stage where the mean free

path of the hadrons becomes much larger than the system size, termed as kinetic freeze-out,

allowing the hadrons to move freely to the detectors. The phase between chemical and

kinetic freeze-out, characterized by the proximity of the chemical freeze-out and quark-

hadron transition temperatures, is referred to as the hadronic phase. The dynamics of this

hadronic phase can be explored through measurements of the hadronic decays of short-

lived resonances, particles that decay via strong interaction. Within the hadronic phase,

the decay products of resonances engage into two simultaneous processes: regeneration

and rescattering via elastic or pseudoelastic scattering (scattering through an intermediate

state). These processes can lead to modifications in the measured resonance yields. The

strength of these processes depends on the lifetime of the hadronic phase, the density of

the hadronic medium, the hadronic interaction cross-section of the decay products of the

resonances, and the lifetime of the resonances. Investigating the dominance of one effect

over the other involves studying the yield ratios of resonances to longer-lived hadrons with

the same quark content as a function of collision centrality. Measurements of K(892)∗0 and

K∗(892)± have been conducted at midrapidity in pp and Pb–Pb collisions at √𝑠NN = 5.02

TeV, respectively. These measurements include the transverse momentum-integrated yield,

mean transverse momentum, nuclear modification factor of K∗, and yield ratios of resonance

to stable hadron. Comparisons are made across different collision systems (pp, p–Pb, Xe–

Xe, and Pb–Pb) at similar collision energies to investigate the system size dependency of

K∗ resonance production and the effect of hadronic rescattering. Additionally, the yields of

K∗ are utilized to constrain the kinetic freeze-out temperature using the HRG-PCE model.

The QCD theory provides an understanding of how colored quarks and gluons interact

through the strong force, leading to the formation of various types of hadronic matter. This

encompasses conventional mesons (quark-antiquark pairs) and baryons (combinations of
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three quarks or antiquarks). In addition to these standard hadrons, there is ongoing in-

terest in investigating exotic states, such as tetraquarks and pentaquarks, characterized by

unconventional quark compositions. This study focuses on the measurement of such an

exotic resonance, 𝑓1(1285) in ALICE. The measurement includes determining its mass,

transverse momentum-integrated yield, and the average transverse momentum. Further-

more, the ratio of the transverse momentum-integrated yield of 𝑓1(1285) to that of pions

is compared with calculations from the canonical statistical thermal model to gain insights

into the strangeness quark content of 𝑓1(1285).
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The quest to unravel the mysteries of the universe has been a driving force in human

inquiry for centuries. Fundamental questions such as "How did we come into existence?"

and "What is matter made of?" have intrigued philosophers, scientists, and curious minds

alike throughout history. In the pursuit of answers to these profound inquiries, the field of

particle and nuclear physics has emerged as a cornerstone of modern scientific exploration.

Since the early 20th century, physicists have embarked on a journey to understand the

1
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fundamental structure of matter and the underlying forces that govern the cosmos. Ground-

breaking discoveries and revolutionary theories have shaped our current understanding of

the universe, laying the groundwork for the development of the Standard Model of par-

ticle physics [1]. This theoretical framework, established since the 1960s, encapsulates

our knowledge of fundamental particles and their interactions, providing a comprehensive

description of the building blocks of the universe and the fundamental forces that shape

their behavior. The inception of the Standard Model can be traced back to seminal works

by esteemed physicists such as Peter Higgs, Sheldon Glashow, Steven Weinberg, Abdus

Salam, and Murray Gell-Mann [2–6]. Higgs’ proposal of the mechanism responsible for

imparting mass to elementary particles, Glashow’s formulation of electroweak theory, and

Weinberg and Salam’s unification of electromagnetic and weak interactions laid the foun-

dation for the modern understanding of particle physics. Gell-Mann’s development of the

quark model provided insight into the substructure of hadrons and paved the way for a

deeper understanding of the strong nuclear force.

1.1 Standard Model

The Standard Model (SM) stands as a testament to human intellect and ingenuity, weaving

together a rich tapestry of experimental insights and theoretical breakthroughs into a uni-

fied framework. At its core, it delves into the intricate workings of the universe at its most

fundamental level- the realm of quantum, subatomic phenomena. From the earliest con-

jectures about the atomic nature of matter to the pioneering explorations of electricity and

magnetism, each milestone has contributed to the evolution of our understanding encapsu-

lated in the Standard Model. In essence, the SM represents humanity’s most sophisticated

endeavor to encapsulate the workings of the cosmos within a single, elegant theory. Within
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this framework, elementary particles are classified into two primary categories: fermions,

constituting matter, and bosons, which mediate fundamental forces. Fermions, further sub-

divided into quarks and leptons, populate the landscape of matter, while bosons, including

gauge bosons and the Higgs boson, govern the interactions between these constituents. The

development of the Standard Model unfolded in stages, with contributions from numerous

scientists worldwide culminating in its formulation in the mid-1970s. This pivotal moment

followed the experimental validation of quarks and gluons [7–9] existence, posited as the

elemental building blocks of hadrons. Subsequent confirmations, such as the discovery of

the top quark [10], the tau (𝜏) neutrino [11], and the Higgs boson [12, 13] have bolstered

the model’s foundations. Furthermore, the Standard Model’s predictive prowess extends

to various properties of weak force carriers, W and Z bosons, with remarkable accuracy.

In accordance with the Standard Model, elementary particles are categorized into

distinct generations, each comprising quarks and leptons. These generations delineate the

diverse array of particles populating the cosmos, from the familiar electron to the elusive

neutrinos. Interactions between these particles are mediated by three fundamental forces:

strong, weak, and electromagnetic. The strong force, facilitated by gluons, binds quarks

together to form the building blocks of atomic nuclei. Conversely, weak interactions,

mediated by W and Z bosons, govern processes such as radioactive decay, influencing

atomic nuclei’s stability. Meanwhile, electromagnetic forces, transmitted via photons,

foster the cohesion of atoms through the creation of electric and magnetic fields.

Despite its remarkable achievements, the Standard Model grapples with inherent lim-

itations, notably its inability to accommodate gravity or elucidate enigmatic phenomena

like dark matter, dark energy, and neutrino masses. These unresolved mysteries serve as

catalysts for ongoing exploration and research at the forefront of theoretical and experimen-

tal particle physics. In essence, while the Standard Model stands as a fundamental pillar of
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our comprehension, it also signifies humanity’s relentless pursuit to unveil the universe’s

profound mysteries. The schematic representation of fundamental particles in the Standard

Model is shown in Fig. 1.1.

Figure 1.1: The schematic representation of standard model. This figure has been taken from [14].

Among the trio of fundamental interactions discussed earlier, the theoretical frame-

work governing strong interactions adheres to gauge theory principles, known as Quan-

tum Chromodynamics (QCD) [15, 16]. This thesis embarks on an investigation into the

characteristics exhibited by strongly interacting QCD matter under conditions of extreme

temperature or density, as encountered in heavy-ion collisions. In this chapter, we offer an

overview of relativistic heavy-ion collisions and explore discernible signatures indicative

of Quark-Gluon Plasma (QGP) formation, following a brief introduction to QCD and QGP.
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The chapter wraps up with a detailed discussion outlining the physics motivations that

underlie the endeavors pursued within this thesis.

1.2 Quantum Chromodynamics and Quark Gluon Plasma

The Quantum Chromodynamics (QCD), a gauge field theory governing strong interactions,

elucidates the interaction dynamics between quarks and gluons, both characterized by

color quantum numbers. Composite colorless particles, such as mesons and baryons, are

constructed from these fundamental constituents. Specifically, mesons consist of quark-

antiquark pairs, while baryons comprise three valence quarks. The interaction potential in

QCD can be expressed as:

𝑉QCD(𝑟) = −4
3
𝛼s

𝑟
+ 𝑘𝑟, (1.1)

Here, 𝛼s denotes the running coupling constant of QCD, 𝑘 represents the color string

tension, and 𝑟 signifies the distance between interacting partons (quarks and gluons). The

QCD coupling constant varies with the momentum transfer 𝑄2 between partons, given by:

𝛼s(𝑄2) = 12𝜋
(11𝑁c − 2𝑁f) ln(𝑄2/𝜆2

QCD)
, (1.2)

In this equation, 𝑁f represents the number of quark flavors, 𝑁c denotes the number of

color charges, and 𝜆QCD signifies the non-perturbative QCD scale parameter. Perturbative

QCD applies to small values of 𝛼s. Eq. 1.2 ensures two notable QCD properties: quark

confinement and asymptotic freedom. In accordance with Eq. 1.2, at small momentum

transfers or large distance scales, the QCD coupling constant governing the interactions

between quarks and gluons becomes sizable. Consequently, quarks and gluons are no

longer independent entities; instead, they are bound within composite particles known
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Figure 1.2: The QCD running coupling constant as a function of momentum transfer, compared
with various experimental measurements, covering a wide range of momentum transfer.
This figure has been taken from [17]

as hadrons, a phenomenon recognized as quark confinement [18]. Conversely, at large

momentum transfers (𝑄2 >> 𝜆QCD) or small distance scales, the QCD coupling constant

diminishes, leading to the liberated motion of quarks and gluons within the QCD vacuum-

an attribute referred to as asymptotic freedom. Figure. 1.2 illustrates the compelling

agreement between theoretical predictions and experimental findings regarding the QCD

coupling constant across a broad range of momentum transfers. In 1973, David Gross,

Frank Wilczek, and David Politzer were jointly awarded the Nobel Prize in Physics for

their seminal contributions to the discovery of asymptotic freedom [15, 16, 19].

The transition from a state characterized by composite particles (hadrons) to one where

quarks and gluons exist in a liberated, deconfined state is termed the deconfinement phase

transition of QCD. Asymptotic freedom posits that at high momentum transfers or short

distances, the force between quarks and gluons weakens, allowing them to behave as quasi-

free entities. In 1974, T.D. Lee [20] envisioned the possibility of generating a dense nuclear
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medium comprising asymptotically free quarks and gluons by subjecting nucleons to ex-

ceedingly high densities across a relatively expansive volume. This state of dense nuclear

matter, characterized by liberated partons, is referred to as the Quark-Gluon Plasma (QGP).

Experimentally, QGP is described as as, “a (locally) thermally equilibrated state of mat-

ter in which quarks and gluons are deconfined from hadrons, so that color degrees of

freedom become manifest over nuclear, rather than merely nucleonic, volumes [21].”

Calculations in Lattice Quantum Chromodynamics (LQCD) [22, 23] also anticipate the

presence of a QGP state at elevated temperatures. Figure. 1.3 illustrates the normalized

energy density plotted against temperature, as derived from LQCD computations for vari-

ous quark flavors. The normalized energy density exhibits a sharp rise at 𝑇 = 𝑇𝑐 = 154± 9

Figure 1.3: The normalized (scaled to the quadratic power of temperature) energy density, pressure
density, and entropy density are depicted as functions of temperature, as per LQCD
calculations with zero baryon chemical potential. These results pertain to (2+1) quark
flavors. At lower temperatures, solid lines correspond to hadron resonance gas (HRG)
model calculations, while at higher temperatures, the dashed line represents the out-
come for a non-interacting quark-gluon gas [24].

MeV [24]. This phenomenon signifies an increase in the number of degrees of freedom,

representing a transition from hadronic matter to a state characterized by free quarks and
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gluons.

1.3 Heavy-ion collisions

The QGP is hypothesized to have existed a few microseconds after the Big Bang, forming at

exceptionally high temperatures and energy densities, as discussed earlier. Experimentally,

the sole method known to create such a deconfined state of QCD matter in a laboratory

setting is through the collision of heavy ions at relativistic energies [25]. Heavy-ion

collision experiments conducted at facilities such as the Relativistic Heavy Ion Collider

(RHIC), the Large Hadron Collider (LHC), and forthcoming experiments at the Facility for

Antiproton and Ion Research (FAIR) are specifically designed to seek out signatures of the

QGP phase and investigate its properties.

In a heavy-ion collision experiment, two massive nuclei collide at exceedingly high

velocities. Due to their relativistic velocities, they undergo Lorentz contraction along the

direction of motion, appearing flattened like a pancake [26]. The collision of heavy ions

occurs at z, t = 0. The energy carried by the incoming hadrons is concentrated within a

small region in space over a very brief period. Consequently, the energy density at the

collision center becomes sufficiently high to facilitate the formation of the QGP. A schematic

depiction illustrating the stages of evolution in a heavy-ion collision is presented in Fig. 1.4.

Initially, the deconfined state produced may not be in thermal equilibrium. Following a

brief period of approximately 1 femtosecond per speed of light (1 fm/𝑐), known as the pre-

equilibrium state, the matter attains a state of local thermal equilibrium with deconfined

quarks and gluons, referred to as the Quark-Gluon Plasma (QGP). The evolution of this

state is depicted by considering the plasma to behave akin to a hydrodynamic fluid. The

QGP substance begins to expand due to pressure gradients, resulting in its gradual cooling
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Figure 1.4: A schematic diagram for space-time evolution of heavy-ion collision [27].

over time. Upon reaching the critical temperature (T = Tc), hadronization commences from

free quarks and gluons, leading to the formation of a hadron gas state. Tc, designated as

the critical temperature, marks this transition. The hadron gas further expands, and at T =

Tch, the chemical freeze-out temperature, inelastic interactions between hadrons cease [28].

At this juncture, the chemical composition of the system becomes fixed, signifying that

the relative abundance of various particle types remains constant as the system cools to

Tch. Subsequently, elastic interactions between hadrons persist until the kinetic freeze-out

temperature, Tkin, is reached. At Tkin, the mean free path of hadrons becomes significantly

larger than the dynamic size of the system. Post-Tkin, hadrons move freely toward the

detector. The phase between hadronization and kinetic freeze-out is generally known as

the hadronic phase of the heavy-ion collision evolution.
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1.4 Coordinate axis

In the colliding beam experiment conducted at the Large Hadron Collider (LHC), the

coordinate system adopted by ALICE is aligned such that the 𝑧-axis coincides with the

direction of the beams. The designated interaction point, where the two beams intersect,

is positioned at the center of the Time Projection Chamber (TPC) detector, denoted as (0,

0, 0) within the coordinate system. Collisions occur in a distributed manner around this

interaction point, with the primary vertex of each collision discerned from the collected

data.

1.5 Kinematic variables

Kinematic variables are very useful in dealing with relativistic heavy ion collision as they

have simple Lorentz transformation forms. The natural units used in such high enegry

collisons are 𝑐 = ℏ =1, where 𝑐 is the speed of light in free space and ℏ is the reduced

Planck’s constant. Here we describe few of the kinematic variables which we use in high

energy collisions.

1.5.1 Transverse Momentum (𝑝T)

It is defined as the momentum of a track in transverse plane (x-y plane) perpendicular to the

beam direction (z axis). It is a Lorentz invariant quantity. Mathematically it is represented

as:

𝑝𝑇 =

√︃
𝑝2
𝑥 + 𝑝2

𝑦, (1.3)

where 𝑝𝑥 and 𝑝𝑦 are the momentum of the particle in 𝑥 and 𝑦 directions, respectively.
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1.5.2 Rapidity (𝑦)

It is a relativistic measure for ordinary velocity. Mathematically represented by:

𝑦 =
1
2
𝑙𝑛( 𝐸 + 𝑝𝑧

𝐸 − 𝑝𝑧
), (1.4)

where 𝐸 is the energy of the particle under consideration. Its a dimensionless variable

and its advantage is that it follows simple additive law under Lorentz transformation. If

for example, in one frame a particle has rapidity 𝑦, and in another frame it has rapidity

𝑦′ moving at a velocity 𝛽 in the z-direction relative to the first. Then the rapidity under

Lorentz transformation is defined as:

𝑦
′
= 𝑦 − 𝑦𝛽, where 𝑦𝛽 = 1

2 𝑙𝑛(
1+𝛽
1−𝛽 ).

1.5.3 Pseudorapidity (𝜂)

It is a spatial coordinate generally used to describe the angle of inclination of particle (𝜃)

relative to beam axis. Mathematically represented by:

𝜂 =
1
2
𝑙𝑛

(
|𝑝 | + 𝑝𝑧
|𝑝 | − 𝑝𝑧

)
. (1.5)

or by:

𝜂 = −𝑙𝑛(tan (𝜃/2)). (1.6)

It is independent of the mass of the particle and hence is a better observable than

rapidity (𝑦).
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1.6 Fundamental variables for particle production

In heavy-ion collision experiments, charged particle multiplicity and invariant yield are

basic variables commonly employed to measure the production of particles in the final

state.

1.6.1 Multiplicity

Multiplicity in the context of particle and nuclear physics denotes the overall count of

produced particles within a given event, corresponding to a single collision occurrence.

1.6.2 Invariant yield

The invariant yield is obtained by integrating over azimuthal angle and is defined as,

𝐸
d3𝑁

d𝑝3 =
1

𝑁evt2𝜋
d2𝑁

𝑝Td𝑝Td𝑦
, (1.7)

where 𝑁evt corresponds to the number of events and 𝑁 is the number of produced particles.

It is a Lorentz-invariant quantity.

1.6.3 Collision geometry of heavy-ion collision

Figure 1.5 provides a schematic depiction of a heavy-ion collision. During such collisions,

two nuclei interact with a non-zero impact parameter, defined as the perpendicular distance

between their respective centers. This impact parameter (b) spans from 0 to 2R, where R

denotes the radius of the nucleus in femtometers (fm). Events in heavy-ion collisions are

categorized into distinct centrality classes based on the value of the impact parameter.

Central collisions typically occur with small b values (e.g., ∼3 fm for heavy nuclei like

Au or Pb), while peripheral collisions involve larger b values (e.g., exceeding 10 fm for Au

or Pb nuclei). As direct measurement of the impact parameter isn’t feasible in experiments,
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a Glauber model [29, 30] is utilized to fit the charged particle multiplicity distribution.

For an event with a given impact parameter 𝑏, the Glauber Monte Carlo method is used to

determine the corresponding 𝑁part (number of participating nucleons) and 𝑁coll (number

of binary collisions). The particle multiplicity per nucleon-nucleon collision is modeled

using a negative binomial distribution (NBD). To apply this model, the concept of ancestors

- independently emitting sources of particles - is introduced. The number of ancestors is

parameterized as 𝑁ancestors = 𝑓 𝑁part+(1− 𝑓 )𝑁coll. For each Glauber Monte Carlo event, the

NBD is sampled 𝑁ancestors times to obtain the average simulated V0 amplitude for the event.

The V0 amplitude distribution is then simulated for an ensemble of events across various

NBD parameter values. Finally, minimization is performed to find the NBD parameters

that result in the smallest 𝜒2. Central collisions are marked by high charged particle

multiplicities, while peripheral collisions are associated with low-multiplicity events.

Figure 1.5: Two heavy-ions collision with a given impact parameter b [31].

1.7 Experimental signatures of QGP formation

Few experimental signatures have been observed for the formation of QGP in heavy-ion

collisions. Here we will briefly discuss some of them.
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1.7.1 Jet quenching

In high-energy hadron collisions, the initial hard scattering produces high-momentum

partons. These energetic partons subsequently fragment into a concentrated cascade of

particles, forming what is termed a jet. When such a jet traverses the hot and dense

QGP medium, it undergoes energy loss through interactions with other partons within

the medium. This loss of energy from high-𝑝T partons results in a suppression of high-

𝑝T hadron yields. This phenomenon, initially proposed by Bjorken [32], is known as

jet quenching. Experimentally, jet quenching can be observed by measuring the nuclear

modification factor (𝑅AA), defined as:

𝑅AA =
1

⟨𝑇AA⟩
d2𝑁AA/(d𝑦d𝑝T)
d2𝜎pp/(d𝑦d𝑝T)

, (1.8)

where d2𝑁AA/(d𝑦d𝑝T) is the yield of the particle in heavy-ion collisions and 𝜎pp is its

production cross section in pp collisions. The average nuclear overlap function is denoted

by ⟨𝑇AA⟩, estimated as ⟨𝑇AA⟩ = ⟨𝑁coll⟩/𝜎inel, where ⟨𝑁coll⟩ is the average number of binary

nucleon–nucleon collisions obtained from Monte Carlo Glauber simulations and 𝜎inel is

the inelastic pp cross section. If A–A collision is a simple superposition of pp collisions,

then the 𝑅AA becomes 1 and any deviation from 1 implies the presence of the effects caused

by the medium. Figure 1.6 illustrates the nuclear modification factor of inclusive charged

hadrons and 𝜋0 particles in central A–A collisions at various center-of-mass energies (√𝑠NN

= 0.017, 0.2, 2.76, and 5.02 TeV). The phenomenon of jet quenching is evident at both

RHIC and LHC energies.

In di-jet events resulting from hard scattering, jets are invariably produced in opposing

directions due to momentum conservation. Frequently, one jet emerges near the periphery

of the medium, known as the near-side jet, while another jet forms within the medium



1.7. EXPERIMENTAL SIGNATURES OF QGP FORMATION 15

Figure 1.6: 𝑅AA as a function of 𝑝T for unidentified and identified charged particles and 𝜋0 in
central heavy-ion collision at the SPS, RHIC, and LHC energies [33].

itself, termed the away-side jet. The away-side jet traverses the medium more extensively

compared to the near-side jet. Consequently, the away-side jet experiences more quenching

relative to the near-side jet.

This disparity can be observed experimentally by examining the azimuthal correlation

between a high-𝑝T trigger particle and associated particles. Figure 1.7 presents the di-

hadron correlation of trigger hadrons (𝑝T > 4 GeV/𝑐) with associated hadrons (𝑝T > 2

GeV/𝑐) for pp, d–Au, and Au–Au collisions. In Au–Au collisions, the away-side peak

(occurring around 3.14 radians) is suppressed compared to the near-side peak (around 0

radians), indicative of the greater quenching experienced by the away-side jet. However,

no such suppression of the away-side jet is observed in pp and d–Au collisions, suggesting

the absence of jet quenching effects in smaller collision systems.
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Figure 1.7: Di-hadron azimuthal correlation of high-𝑝T charged hadrons in pp, d–Au and Au–Au
collisions [21].

1.7.2 Strangeness Enhancement

Enhanced production of strange particles in heavy-ion collisions stands out as a key indicator

of QGP formation [34]. In both heavy-ion (A–A) and proton-proton (pp) collisions, the

net strangeness remains zero before and after the collisions. Strange quarks primarily arise

from two processes: gluon-gluon collisions (gg → ss̄) and light quark annihilation (qq̄ →

ss̄).

Within the gluon-rich QGP medium, the dominance of gluon-gluon collisions results in

enhanced production of ss̄ pairs compared to pp collisions, where light quark annihilation

prevails as the primary channel for strangeness production. This enhanced production of

strange hadrons in the QGP is quantified by an observable, 𝜖 , expressed as,

𝜖 =
2

⟨𝑁part⟩

𝑑𝑁AA

𝑑𝑦

𝑑𝑁pp

𝑑𝑦

. (1.9)

If 𝜖 exceeds unity, it indicates an enhancement in strangeness production with respect to
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pp collisions.

In the canonical suppression picture [35], the production of strange particles in pp

collisions can be suppressed, leading to 𝜖 > 1. While the 𝜙 (𝑠𝑠) meson possesses no net

strangeness, its production in pp collisions is not expected to be canonically suppressed.

Conversely, the production of hadrons with open strangeness (e.g., 𝐾 , Λ, Ξ, and Ω)

may indeed be canonically suppressed. Therefore, measuring the 𝜙 meson is crucial for

understanding and quantifying the extent of strangeness enhancement.

Figure 1.8: The strangeness enhancement factor (𝜖) is plotted as a function of ⟨𝑁part⟩ for 𝐾 (𝑆 = 1),
𝜙 (𝑆 = 0), Λ (𝑆 = 1), and Ξ (𝑆 = 2) in Au–Au and Cu–Cu collisions at √𝑠NN= 200 and
62.4 GeV [36].

Figure. 1.8 illustrates the strangeness enhancement factor (𝜖) plotted against ⟨𝑁part⟩

for 𝐾 , 𝜙, Λ, and Ξ in Au–Au and Cu–Cu collisions at √𝑠NN= 200 and 62.4 GeV. The

noticeable enhancement in 𝜙 meson production in both Au–Au and Cu–Cu collisions
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strongly suggests an increased production of strange quarks within the hot and dense

partonic medium generated in heavy-ion collisions.

1.7.3 Elliptic flow

Collective phenomena refer to a shared behavior exhibited by a group of entities, such

as water molecules moving uniformly in a specific direction, spontaneous magnetization

in atoms and molecules, or the synchronized flashing of fireflies. Similarly, in heavy-ion

collisions, collectivity arises from multiparticle correlations among particles due to their

interactions.

In relativistic heavy-ion collisions, the initially anisotropic volume of the interacting

system in coordinate space undergoes a transformation into momentum-space anisotropy

through multiple interactions among the produced particles. This conversion from spatial

gradient to pressure gradient results in the collective flow of matter [37]. The anisotropy

in the initial overlap region of the colliding nuclei in the transverse plane is illustrated in

Figure 1.9.

Figure 1.9: The profile of initial transverse energy density with its time dependence in coordinate
space for a non-central heavy-ion collision [38]. The z-axis is taken to be along the
beam direction and the x-axis is along the the impact parameter.

As the system expands, the initial anisotropy diminishes, indicating that azimuthal

anisotropy serves as a sensitive probe of the early stages of heavy-ion collisions when the
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QGP medium is formed. Therefore, studying azimuthal anisotropy provides direct insight

into these initial phases. The correlation between the anisotropy in particle momentum

distribution and the reaction plane (defined by the impact parameter and the beam axis, z)

serves as direct experimental evidence of flow.

Figure 1.10: Schematic diagram of non central nucleus nucleus collision and susequent conversion
of spatial anisotropy into momentum anisotropy [39].

The azimuthal distribution of produced particles can be expressed as,

𝐸
𝑑3𝑁

𝑑𝑝3 =
𝑑2𝑁

2𝜋𝑝T𝑑𝑝T𝑑𝑦
(1 +

∞∑︁
𝑛=1

2𝑣𝑛𝑐𝑜𝑠[𝑛(𝜙 − 𝜓𝑅)]) (1.10)

where 𝜙 is the azimuthal angle of the particle, 𝜓𝑅 is the reaction plane angle(angle

between the reaction plane and x axis) of an event[37], 𝑝T and 𝑦 are transverse momentum

and rapidity of the particle respectively. Because of the reflection symmetry with the

reaction plane, the sine terms in the expansion vanish. The Fourier coeffcients 𝑣𝑛 for the

nth order flow harmonic are 𝑝T and 𝑦 dependent and is given by

𝑣𝑛 (𝑝T, 𝑦) = ⟨⟨𝑐𝑜𝑠[𝑛(𝜙 − 𝜓𝑅)]⟩⟩ (1.11)

Here ⟨⟨ ⟩⟩ represents average over all particles in all events. The second order flow

harmonic 𝑣2 is called elliptic flow which signifies the elliptical shape of the overlap region.
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Figure 1.11: Elliptic flow of identified hadrons for 40–50% centrality class in Pb–Pb collisions at√
𝑠NN= 5.02 TeV [40].

The elliptic flow (𝑣2) emerges as the dominant harmonic in heavy-ion collisions. Its

magnitude serves as a sensitive indicator of fundamental transport coefficients within the

QGP, such as the shear viscosity over entropy density ratio (𝜂/𝑠). Notably, the study of

elliptic flow has played a pivotal role in substantiating the concept of a strongly-coupled

QGP paradigm [41–43].

Figure 1.11 presents the 𝑣2 values for 𝜋, 𝐾 , and 𝑝 in Pb–Pb collisions at √𝑠NN= 5.02

TeV [40], contrasted with predictions from the coupled linear Boltzmann transport (CoLBT)

hydrodynamic model. In the low 𝑝T region (<2 GeV/𝑐), lighter hadrons exhibit larger 𝑣2

compared to heavier hadrons, a phenomenon known as mass ordering of 𝑣2, which aligns

with expectations from ideal hydrodynamic calculations. In the intermediate 𝑝T range, 𝑣2

values for all identified hadrons segregate into two distinct groups: baryons and mesons.

This separation can be interpreted within a dynamic framework where flow originates at the

partonic level, followed by quark coalescence into hadrons [44]. The substantial 𝑣2 values

observed are further supported by the hydrodynamical model with QGP in the initial stage.
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1.8 Thesis motivation and organization

The journey through the intricate dynamics of heavy-ion collisions traverses three distinct

phases: the initial state, the formation of QGP followed by its hydrodynamic expansion, and

ultimately, the transition to the final state marked by hadronization, the hadronic phase, and

freeze-out. This thesis embarks on an exploration of these stages, delving into intriguing

phenomena that illuminate the complexities of the collision process. The organization of

the thesis is as follows:

Chapter 2: Unveiling the ALICE Experiment at CERN

This chapter offers a comprehensive guide to the ALICE experiment at CERN, unravel-

ing the intricacies of heavy-ion collisions at the LHC. It provides detailed insights into

the ALICE detectors and subsystems crucial for data analysis, with a focus on detectors

responsible for tracking charged particles and their identification.

Chapter 3: Probing the Initial State with the Chiral Magnetic Wave

Diving into the collision’s initial stage, this chapter investigates the captivating chiral

phenomenon known as the Chiral Magnetic Wave to probe the non-trivial topological

structure of the gauge fields.

Chapter 4: Exploring Final State Properties

This chapter delves into the final state properties of the medium by studying hadronic

resonances in both proton-proton and heavy-ion collisions at LHC energies. It unravels

the intricate characteristics of the final state medium, providing valuable insights into its

behavior.

Chapter 5: Unraveling the Strangeness Content of Exotic Resonances

Dedicated to the measurement of exotic resonance production in proton-proton collisions,

this chapter unveils the strangeness content of these unique particles.
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Chapter 6: Concluding Reflections

The concluding chapter encapsulates the entirety of the thesis work, offering reflections on

the journey undertaken. It outlines the progress made in comprehensively studying both the

initial and final stages of heavy-ion collisions, summarizing key findings and contributions

to the broader field of heavy-ion physics.

1.8.1 Chiral Magnetic Wave in heavy-ion collisions

The principal objective of conducting relativistic heavy-ion collisions at the LHC is to

scrutinize the characteristics of the emerging and highly interacting medium known as the

QGP [26, 39, 42, 45–48]. The predicted transition from conventional hadronic matter to

QGP is grounded in lattice QCD calculations [49, 50]. Notably, heavy-ion collisions gen-

erate exceptionally strong and transient electromagnetic fields (B ∼ 1018 Gauss), primarily

instigated by the non-colliding protons, referred to as spectators, from the incoming nuclei

that evade inelastic collisions [51]. The magnetic field’s direction (B) is perpendicular to

the reaction plane, defined by the impact parameter of the colliding nuclei and the beam

direction. The strength and persistence of the magnetic field within the medium depend

on its conductivity. This intense magnetic field presents a unique opportunity to explore

novel QCD phenomena, including chiral symmetry restoration and local parity violation in

strong interactions [20, 52–54].

The prospect of observing parity violation in strong interactions through ultrarelativistic

heavy-ion collisions was initially explored in references [53–55], with further elucidation

provided in subsequent reviews [56–59]. Theoretical investigations suggest that interactions

between quarks and gluonic fields, governing transitions among distinct topological states

of the QCD vacuum, induce a modification in quark chirality, thereby instigating a local

chiral imbalance. This phenomenon in the presence of the strong magnetic field manifests
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as charge separation, or electric current, relative to the reaction plane-a phenomenon

dubbed as the Chiral Magnetic Effect (CME) [54, 60–65]. Experimental endeavors aimed

at identifying the CME via heavy-ion collisions have intensified over the past decade.

While initial measurements exhibited some resemblance to theoretical predictions [66–

68], subsequent scrutiny unveiled the significant influence of background sources, such as

collective phenomena and local charge conservation (LCC) on experimental outcomes [69,

70]. LCC, in this context, refers to the principle asserting the conservation of quantum

numbers, like electric charge, within a local domain of a physical system. Experimental

findings suggest that the CME signal contribution to the measurement of 𝛾1,1 correlator

ranges from 7% to 20% at a 95% confidence level in semicentral heavy-ion collisions [66–

80].

A complementary phenomenon to the Chiral Magnetic Effect (CME) is the Chiral

Separation Effect (CSE) [81, 82]. The CSE, theorized to occur in the presence of a finite

electric chemical potential (𝜇e), induces a chirality current along the magnetic field (B).

Interestingly, the CME and CSE can interact, giving rise to a long-wavelength collective

excitation in the QGP, termed as the Chiral Magnetic Wave (CMW) [83–87]. Analogous

to the CME-induced electric dipole moment, the CMW would manifest as a finite electric

quadrupole moment in the final state [83]. This effect, if present, could be detected through

charge-dependent anisotropic flow measurements [83].

Anisotropic flow, quantified by the Fourier coefficients 𝑣n of the azimuthal particle

distribution relative to the 𝑛th-order event plane angle Ψ𝑛 (proxy for the reaction plane) [88–

90], is a key observable in heavy-ion collisions. The CMW-induced electric quadrupole

moment evolves with the medium’s expansion, resulting in an enhancement (reduction) of

𝑣2 for negatively (positively) charged hadrons [83]. The difference between the 𝑣2 values

of negatively and positively charged hadrons (Δ𝑣2) is expected to be proportional to the
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event-by-event charge asymmetry (𝐴ch) [83, 84], described by:

Δ𝑣2 = 𝑣−2 − 𝑣+2 ∝ 𝑟2𝐴ch, (1.12)

where 𝑟2 denotes the slope parameter between Δ𝑣2 and the event-by-event charge asymme-

try, and 𝐴ch is defined as:

𝐴ch =
(𝑁+ − 𝑁−)
(𝑁+ + 𝑁−) , (1.13)

with 𝑁+ (𝑁−) representing the counts of positively (negatively) charged hadrons measured

in a given event.

The STAR Collaboration at the RHIC conducted the pioneering search for the CMW

using charged pions in Au–Au collisions at √𝑠NN= 200 GeV [91]. They observed a positive

linear dependence on the event-by-event charge asymmetry (𝐴ch) for the difference in

elliptic flow (𝑣2) between 𝜋− and 𝜋+. The extracted positive slopes, along with their

centrality dependence, were in agreement with theoretical predictions for the CMW [83–

85] as shown in Fig. 1.12. Similarly, the ALICE Collaboration at the LHC reported a

comparable positive correlation in semicentral Pb–Pb collisions at √𝑠NN = 2.76 TeV [92]

along with the CMS collaboration at√𝑠NN = 5.02 TeV. Furthermore CMS collaboration also

observed similar magnitude of slope with 𝐴ch and Δ𝑣3 [93] as can be seen from Fig. 1.13.

Although the slopes were akin to those observed in Au–Au collisions, the faster decay of

the magnetic field at LHC energies raised questions about the expected slope consistency

between different collision energies [94]. This finding, coupled with observations from

the STAR Collaboration [95], indicated a deviation from the expected CMW-driven signal.

To facilitate comparison across experiments, a normalized slope parameter, Δ𝑣Norm
𝑛 , was

introduced [96].

Δ𝑣Norm
𝑛 =

𝑣−𝑛 − 𝑣+𝑛
(𝑣−𝑛 + 𝑣+𝑛)/2

∝ 𝑟Norm
𝑛 𝐴ch, (1.14)

where 𝑛 = 2 or 3.
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Figure 1.12: The slope parameter is presented across different collision energies as a function of
centrality. Experimental measurements are compared with theoretical calculations
considering varying lifetimes of the magnetic field within the medium. The figure is
taken from [91].

Moreover, the event shape engineering (ESE) technique [97] was proposed as a means

to estimate the CMW signal [96]. By selecting events with similar centrality but varying

initial geometries, ESE allows for the manipulation of background contributions. Instead

of the traditional 𝐴ch–𝑣2 slope, the integral covariance (IC) was suggested as an alternative

observable [92].

ΔIC =

(
⟨v−2 Ach⟩ − ⟨Ach⟩⟨v−2 ⟩

)
−
(
⟨v+2Ach⟩ − ⟨Ach⟩⟨v+2⟩

)
. (1.15)

This quantity, by design, calculates the covariance between 𝐴ch and 𝑣2, thus circumventing
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Figure 1.13: The normalized 𝑣2 and 𝑣3 slope parameter as a function of centrality. The figure is
taken from [93].

issues associated with detector acceptance and reconstruction efficiency.

Understanding the various background components and their contributions to experi-

mental measurements is paramount for isolating the CMW signal. Among these sources,

the most significant is believed to be the local charge conservation (LCC), intertwined

with the collective dynamics of the QGP medium. The LCC mechanism posits that pairs

of particles with opposite charges, typically generated from resonance decays, contribute

to this effect. This phenomenon has been studied extensively through balance function

measurements in heavy-ion collisions [98, 99]. In CMW measurements, when one of the

particles from such charge-conserving pairs escapes the detector’s limited acceptance, a

nonzero event-by-event charge asymmetry (𝐴ch) is generated. It has been demonstrated

that the selection of specific 𝐴ch values can bias the 𝜂–𝑝T phase space, potentially leading

to nonzero 𝐴ch–Δ𝑣2 correlations even in the absence of CMW phenomena. Theoretical in-

vestigations into these correlations, without the presence of the CMW, have been conducted

extensively [100–104]. The prevailing view is that the LCC interpretation can effectively



1.8. THESIS MOTIVATION AND ORGANIZATION 27

account for both the observed 𝐴ch–Δ𝑣2 and 𝐴ch–Δ𝑣3 relations. A pure LCC mechanism is

anticipated to yield an identical positive linear correlation between 𝐴ch–Δ𝑣Norm
2 and 𝐴ch–

Δ𝑣Norm
3 . Consequently, any discrepancy between the normalized slopes 𝑟Norm

2 and 𝑟Norm
3

may suggest the presence of the CMW signal.

Although measurements of the CMW have been conducted at LHC energies, there is

a notable absence of measurements involving identified hadrons. Given that the primary

background influence on CMW stems from the interplay between LCC and 𝑣2, it would

be advantageous to measure the CMW for identified particles, as this would afford us

better control over the background related to 𝑣2 [83]. Additionally, a hydrodynamic

study [105] posits that the isospin chemical potential (𝜇I) and the strangeness chemical

potential (𝜇S) could play pivotal roles. This investigation predicts a negative slope for

kaons at RHIC energies [105]. Therefore, disentangling the CMW signal from various

background contributions becomes challenging if the measurements are solely performed

with inclusive charged hadrons.

This thesis presents the inaugural investigation into the normalized slopes 𝑟Norm
2 and

𝑟Norm
3 , focusing on charged hadrons as well as identified particles such as 𝜋±, K±, and p+p

in Pb–Pb collisions at √𝑠NN= 5.02 TeV. These measurements offer valuable experimental

insights into the evolving theoretical landscape concerning the flavor dependence of chi-

ral anomalies. Furthermore, comparisons are drawn between the experimental findings

and a recently developed blast wave model incorporating the local charge conservation

(BW+LCC) background [106]. Additionally, the estimation of an upper limit on the CMW

contribution is facilitated for the first time in Pb–Pb collisions at √𝑠NN = 5.02 TeV through

the utilization of integral covariance measurements.
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1.8.2 System size dependence of hadronic rescattering effect at LHC
energies

The study of hadron production, encompassing light-flavored quarks (u, d, and s), has

been extensively pursued in both heavy-ion collisions and small collision systems like pp

and p–Pb at LHC energies to investigate the bulk properties of QGP [107–114]. As the

system evolves and cools down, it undergoes hadronization [115–120]. Initially, at the

chemical freeze-out surface [121], the hadron abundances are fixed, followed by kinetic

freeze-out (𝑇kin) surface where the momenta of hadrons freeze [122, 123]. After the kinetic

freeze-out surface, particles propagate freely to the detectors. In these collisions, various

hadrons and resonances (hadrons which decay via strong interaction), characterized by

different flavors of valence quark content, mass, and lifetime, are produced. Each of these

particles offers unique insights into the properties of the medium. The experimental yields

of hadrons are utilized as inputs in thermal models [124–128] to extract parameters such as

the chemical freeze-out temperature, and volume of the produced matter. The transverse-

momentum (𝑝T) spectra of hadrons are fitted with hydrodynamics-based models like the

blast wave model [129] to determine the kinetic freeze-out temperature [123, 130] and

collective radial expansion velocity [130] of the medium. As the chemical freeze-out

and quark-hadron transition temperatures are close by, the phase between chemical and

kinetic freeze-out is called here as the hadronic phase [119, 120, 131]. Properties of this

phase can be probed by studying short-lived resonance particles. Since their lifetime is

comparable to that of the hadronic phase, their decay products undergo regeneration [132,

133] and rescattering [134, 135] processes. The decay products of the resonances take

part in elastic or pseudoelastic scattering (scattering through an intermediate state), which

can result in modification of the measured resonance yields [136, 137]. If at least one
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of the decay products scatters elastically with other hadrons in the hadronic medium or

pseudoelastically scatters via a different resonance state (e.g. a pion from K∗(892)± decay

scatters with another pion in the hadronic medium, 𝜋−𝜋+ → 𝜌0 → 𝜋−𝜋+), the four-

momentum information about the parent resonance gets lost and the particle can no longer

be reconstructed. On the other hand, pseudoelastic scatterings among the hadrons inside

the medium can regenerate the resonance state (eg. K0
S𝜋

± → K∗(892)±→ K0
S𝜋

±) which

can lead to an increase in resonance yield. These processes, influenced by the hadronic

cross section [138–140], the density of the hadron gas, and the lifetime of the resonance,

lead to modifications in the measured yields of resonance particles [136, 137].

Extensive studies have investigated the production of light-flavor resonances like K∗0

(𝜏 ≈ 4 fm/𝑐) and 𝜙(1020) (𝜏 ≈ 40 fm/𝑐) across various collision systems [36, 112, 135,

141–155]. In central heavy-ion collisions, a significant suppression of the 𝑝T-integrated

yield of K∗0 relative to kaons is observed compared to other collision types and thermal

model predictions, indicating predominant rescattering effects over regeneration [134].

Conversely, no such suppression is detected for the 𝜙 meson as can be seen from Fig. 1.14.

This suppression of K∗0 yields at low 𝑝T (< 3 GeV/𝑐) is further evidenced by the 𝑝T-

differential K∗0/K yield ratio [134]. Additionally, high-𝑝T particles experience energy loss

due to traversing the dense medium, affecting the production yield of K∗0 and 𝜙 resonances

compared to pp collisions [112, 156]. The modification in the yield of high-𝑝T particles

is quantified using the nuclear modification factor (𝑅AA) defined in Eq. 1.8. The similar

values of nuclear modification factor (𝑅AA) at high 𝑝T (> 6 GeV/𝑐) for K∗0 𝜙 𝜋, K, and p

imply energy loss is independent of particle species [112, 130].

Furthermore, recent investigations into light flavor hadron production in high-multiplicity

pp and p–Pb collisions have revealed characteristics previously associated only with heavy-

ion collisions [157–161]. These systems, categorized by the average charged-particle
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Figure 1.14: 𝑝T-integrated particle yield ratios of K∗0/K and 𝜙/K as a function of d𝑁ch/d𝜂measured
at midrapidity for various collision systems at √𝑠NN= 5.02 TeV. Measurements are
compared with EPOS3 model predictions along with thermal model calculations for
the most central Pb–Pb collisions. The figure is taken from [134]

pseudorapidity density (d𝑁ch/d𝜂), exhibit a smooth evolution of hadron species yield with

d𝑁ch/d𝜂 [113, 114]. However, the mean transverse momentum (⟨𝑝T⟩), indicative of ra-

dial flow, rises more rapidly in small systems (pp, p–Pb) compared to heavy-ion (Pb–Pb)

collisions [114]. Exploring resonances like K∗0 and 𝜙 in these collisions aims to detect

a non-zero lifetime hadronic phase in small systems. Previous findings from the ALICE

Collaboration suggest a hint of K∗0 meson suppression in high-multiplicity pp and p–Pb

collisions [142]. Notably, the suppression pattern of K∗0/K yield ratio smoothly evolves

with d𝑁ch/d𝜂, spanning from low-multiplicity pp collisions to central Pb–Pb collisions

across different collision energies.

Utilizing datasets from pp, p–Pb, Xe–Xe, and Pb–Pb collisions at √𝑠NN ≈ 5 TeV,
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collected by the ALICE Collaboration, facilitates a systematic exploration of the system-

size dependence of hadronic rescattering. This thesis presents the inaugural measurements

of K∗ (K∗0 and K∗(892)±) mesons production at midrapidity (|𝑦 | < 0.5) as a function of

d𝑁ch/d𝜂 in pp and Pb–Pb collisions, respectively at √𝑠NN = 5.02 TeV. Given the similarity

in quark content between K∗(892)± (us and us) and K∗0 (ds and ds), their momentum

distributions are anticipated to be comparable, thereby complementing and completing the

first excited state measurements of the kaon family. Comparisons of the measured K∗

yield and K∗/K yield ratio across different collision systems aim to elucidate the system-

size dependence of K∗ production and the influence of hadronic rescattering. The ratio

K∗/K is also used to constrain the hadronic phase lifetime across varying collision systems.

Furthermore, the measured K∗ yields in Pb–Pb collisions serve as experimental inputs in a

partial chemical equilibrium (PCE) based thermal model HRG-PCE [162] to constrain the

kinetic freeze-out temperature. The evolution of the system created in heavy-ion collisions

in PCE follows the conservation of total yields and entropy of stable hadrons. Resonances

decay and formation take place obeying the law of mass action. It offers a novel approach

independent of assumptions about the flow velocity profile and freeze-out hypersurface.

Additionally, comparisons of the mean transverse momentum (⟨𝑝T⟩) of K∗ across different

collision systems aid in understanding the evolution of radial flow from small to heavy-ion

collisions.

1.8.3 Measurement of an exotic resonance in ALICE

The theory of QCD explains how colored quarks and gluons interact within the strong

force, giving rise to various forms of hadronic matter. This includes mesons, composed

of quark-antiquark pairs, and baryons, consisting of three quarks or antiquarks. Alongside

conventional mesons and baryons, interest persists in exploring exotic states like tetraquarks
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and pentaquarks, which exhibit unconventional quark arrangements [163–171]. This pur-

suit of exotic states finds its roots in the early development of the constituent quark model,

which offers insights into the structure of hadrons [6, 172–174].

An intriguing exotic particle under scrutiny is the 𝑓1(1285) meson. Positioned within

the quark model as part of the 3𝑃1 axial-vector nonet, the 𝑓1(1285) was initially detected

independently in pp̄ annihilation experiments at both Brookhaven National Laboratory

(BNL) [175] and CERN [176] in 1965. These experiments observed a resonance decay-

ing to 𝐾𝐾̄𝜋 with quantum numbers 𝐼𝐺 (𝐽𝑃𝐶) = 0+(1++). Furthermore, evidence of its

existence has surfaced in various central production experiments, including WA102 [177],

WA76 [178] at CERN, E690 at Fermilab [179], and in the L3 Collaboration’s 𝛾𝛾 colli-

sions at CERN [180]. Additionally, sightings have been recorded in hadronic Z decays

at LEP [181], photoproduction from a proton target with CLAS data [182], and b-hadron

decays at LHCb [183]. Despite these numerous experimental observations, the exact quark

composition of the 𝑓1(1285) remains ambiguous. Theoretical conjectures regarding the

valence quark constitution of the 𝑓1(1285) meson can be broadly categorized into three

scenarios: (i) as a bound state comprised solely of light up (𝑢) and down (𝑑) quarks, (ii) as

a composite state formed by a mixture of light and strange (𝑠) quarks, and (iii) as molecular

configurations involving KK̄∗ [184]. The quark composition of the 𝑓1(1285) meson, exclu-

sively involving light quarks, can be expressed as a linear combination of 𝑢 and 𝑑 quarks,
1√
2
(𝑢̄𝑢+𝑑𝑑) [185]. On the other hand, the presence of strange quarks in the 𝑓1(1285) meson

allows for three potential quark compositions: a tetraquark state ( 1√
2
(𝑠𝑢𝑠𝑢̄ + 𝑠𝑑𝑠𝑑)) [186],

a bound state of light quarks with a mixture of strange quarks ( 1√
2
(𝑢̄𝑢 + 𝑑𝑑) + 𝛿𝑠𝑠) [187],

and a bound state of light quarks with a mixture of strange quarks and gluons ( 1√
2
(𝑢̄𝑢 + 𝑑𝑑)

+ 𝛿1𝑠𝑠 + 𝛿2𝐺) [188]. Such diverse quark compositions can lead to variations in hadron

yields. Significantly, calculations utilizing the Gamma Canonical ensemble-based Statis-
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tical Model (𝛾SCSM) [126] highlight substantial differences in hadron yields based upon

their strangeness content [189].

In high-energy heavy-ion collisions, convincing evidence supports the formation of a

strongly-interacting QGP [21, 39, 42, 43, 48, 190–199]. This state, characterized by strong

interactions, exhibits properties akin to those of a nearly perfect liquid until the temperature

nears the pseudo-critical threshold of about 155 MeV [120]. Subsequently, a transition to

confined QCD matter ensues, forming a hot, dense gas of interacting hadrons. Within this

environment, resonances decay, and particles interact either elastically or pseudo-elastically

until they decouple. Typically, decoupling of the system produced in Pb–Pb collisions at

the LHC occurs around 10 fm/𝑐 [200]. The investigation of hadronic resonances with

varying lifetimes is crucial for understanding the hadronic stage of the collision [36, 112,

135, 141, 145–150, 152–155]. Rescattering and regeneration effects affect the yield of

resonances, depending on their lifetime. Given 𝑓1(1285)’s lifetime of approximately 8

fm/𝑐, placing it between the lifetimes of K*0 and Λ∗ mesons, it becomes crucial for

systematically investigating rescattering effects and properties of the hadronic phase in

heavy-ion collisions. Furthermore, recent theoretical work suggests that the 𝑓1(1285)

meson could play a pivotal role in probing the partial restoration of chiral symmetry within

the nuclear medium [201]. It has been suggested that the 𝑓1(1285) meson, acting as a chiral

partner of the𝜔meson, may experience a significant mass shift from its vacuum expectation

(1281.9± 0.5 MeV/𝑐2) in the presence of finite nucleon density. Hence, measuring 𝑓1(1285)

production in pp collisions is indispensable for establishing a reference for studying the

partial restoration of chiral symmetry and rescattering effects in high-energy heavy-ion

collisions.

This thesis introduces the inaugural measurement of the inclusive production cross

section of the 𝑓1(1285) resonance at midrapidity (|𝑦 | < 0.5) in inelastic pp collisions at
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a center-of-mass energy of 13 TeV. Its investigation delves into the strangeness content of

the 𝑓1(1285) meson by comparing its transverse momentum integrated yield derived from

ALICE data with that from 𝛾SCSM calculations.
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The Large Hadron Collider (LHC), an unparalleled scientific marvel of the 21st century,

stands as a testament to humanity’s quest for knowledge. Nestled within the sprawling cam-

pus of CERN in Geneva, Switzerland, this colossal particle accelerator was meticulously

designed and built with the ambitious objective of peering into the deepest secrets of the

universe. As the crown jewel of particle physics research, the LHC accelerator boasts the

distinction of being the highest energy collider on the planet. Central to the LHC’s array of

groundbreaking experiments is the Large Ion Collider Experiment (ALICE). Since its in-

ception, ALICE has served as a specialized detector meticulously engineered to scrutinize
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the outcomes of heavy-ion collisions. Delving into the intricate dance of subatomic parti-

cles, ALICE has been tirelessly gathering data from a myriad of collisions, encompassing

both hadronic and nuclear interactions, since its inception in 2009.

The principal experiments conducted at the LHC illuminate the forefront of scientific

exploration, ranging from unraveling the mysteries of particle interactions to probing the

elusive state of Quark-Gluon Plasma (QGP). Transitioning seamlessly from this exploration,

the chapter offers an insightful overview of ALICE’s intricately designed sub-detectors.

2.1 The Large Hadron Collider (LHC) at CERN

The LHC accelerator is located beneath the border between Switzerland and France, housed

within a 26.7 km long underground tunnel at depths ranging from approximately 50 to 150

meters. Comprising two rings of superconducting magnets along with various accelerating

structures, the LHC serves to amplify the energy of particles throughout its course. Fig-

ure 2.1 depicts the CERN accelerator complex, encompassing diverse accelerator systems

such as the Linear Accelerator 2 (LINAC 2), the Proton Synchrotron Booster (PSB), the

Proton Synchrotron (PS), the Super Proton Synchrotron (SPS), among others.

Each of the accelerator systems involved progressively boosts the energy of particle

beams prior to their introduction into the main LHC ring. Proton acceleration commences

with the utilization of hydrogen gas as a source, prompting its decomposition into con-

stituent protons and electrons through the application of an electric field. These protons

are then propelled to 100 kV and directed towards a Radio Frequency Quadrupole (QRF),

which accelerates and concentrates the particle stream, achieving an energy level of 750

keV. Subsequently, the proton beam is guided to the linear accelerator (LINAC 2), where

further acceleration results in an energy of 50 MeV. Progressing through subsequent stages,



2.1. THE LARGE HADRON COLLIDER (LHC) AT CERN 55

Figure 2.1: The CERN accelerator complex and the positions of the four primary LHC experiments-
ALICE, ATLAS, CMS, and LHCb situated along the LHC ring [1]

including the PSB, the PS, and the SPS, proton energy escalates to 450 GeV. Finally, pro-

tons are injected into the main LHC ring in two opposing directions, where energy levels

are gradually augmented to the desired collision thresholds.

In contrast, the lead (Pb) ion beam is generated from a vapor of lead atoms produced

by heating a 2 cm long, 500 mg pure lead sample to 500°C. An electric field is utilized

to expel electrons from Pb atoms, yielding Pb ions. Initially accelerated by LINAC 3 to
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4.2 MeV per nucleon, additional electron removal occurs within LINAC 3. Subsequent

acceleration within the Low Energy Ion Ring (LIER) boosts ion energy to 72 MeV per

nucleon, a process unique to heavy ions. Continuing in the PS and SPS, Pb ions’ energy

is elevated to 5.9 GeV per nucleon and electrons are fully stripped in the PS, while in the

SPS, the Pb beam reaches 177 GeV per nucleon before injection into the LHC from two

opposing directions.

Figure 2.2: Schematic layout of the LHC [2].

Particles enter the LHC ring from two opposing points, specifically points 2 and 8

(Octant 2 and Octant 8). At point 4, the Radio Frequency (RF) system propels the beam

forward. Four significant intersections, namely points 1, 2, 5, and 8, mark the meeting

places of the two beams, coinciding with the locations of the primary experiments: ATLAS,

ALICE, CMS, and LHCb. Point 6 serves as the beam termination site, while at points 3

and 7, the collimation system operates to cleanse the beam by removing beam bunches with

considerable spatial dispersion from the center of the bunch. A schematic representation

of the operational points within the LHC is provided in Figure 2.2. With the current
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accelerator facilities at the LHC, the maximum center-of-mass energy attainable is 13.6

TeV for proton-proton collisions and 5.36 TeV per nucleon for heavy-ion collisions.

2.2 The ALICE experiment at LHC

The ALICE detector at the LHC, is specifically designed for conducting experiments

involving heavy-ion collisions, with the aim of unraveling the intricacies of nuclear matter

formation and evolution during such collisions. This colossal detector spans dimensions

of 26 meters in length, 16 meters in width, and 16 meters in height, weighing in at an

impressive 10,000 tons and is nestled approximately 56 meters below ground level in

the village of St Genis-Pouilly, on the Switzerland-France border. The ALICE detector

system is divided into three main categories: central-barrel detectors, forward detectors,

and the muon spectrometer. Comprising a total of 19 detector subsystems, as illustrated in

Figure 2.3, each subsystem serves distinct purposes within the experimental setup. Among

all the detector subsystems, one noteworthy mention is the Photon Multiplicity Detector

(PMD). Developed by an Indian group, this detector is specifically designed to investigate

photon production in regions with high particle densities in relativistic heavy-ion collisions,

particularly in the forward region. Table 2.1 summarizes the positions, 𝜂 and 𝜙 acceptances,

and functions of the various ALICE detector subsystems. The ALICE detector operates

within a carefully chosen right-handed Cartesian coordinate system. Here, the z-axis

aligns with the beam direction, with the origin (0, 0, 0) positioned at the center of the Time

Projection Chamber (TPC) detector. The muon arm side of the ALICE detector system

corresponds to the negative z-axis, while the x and y axes, perpendicular to the z-axis,

point towards the LHC center and vertically upward, respectively. The ALICE tracking

detectors are placed inside a magnetic field of 0.5 Tesla, parallel to z-axes.
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Table 2.1: Overview of the positions, acceptances in terms of pseudorapidity (𝜂) and azimuthal
angle (𝜙), and functions of the ALICE detector subsystems [4].
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Figure 2.3: Schematic diagram for the ALICE detector systems [3].

In this thesis Inner Tracking System (ITS) [5], Time Projection Chamber (TPC) [6],

Time of Flight (TOF) [7] and V0 detectors are extensively used for the analysis of ALICE

data. These detectors are briefly discussed in the following sub-sections.

2.2.1 The Inner Tracking System (ITS)

The Inner Tracking System (ITS) comprises six layers of cylindrical silicon detectors

positioned within radii ranging from 3.9 to 43 cm, encircling the beam pipe—an 800 𝜇m

thick beryllium cylinder with a radius of 2.9 cm. A visual representation of the silicon

detector’s geometry is presented in Figure 2.4. Details regarding the 𝜂 and 𝜙 acceptance

for various layers of the ITS detector are provided in Table 2.1. The primary objectives

of the ITS include precisely determining the primary vertex with a resolution better than

100 𝜇m, reconstructing secondary vertices, facilitating particle identification, and tracking

particles with very low momentum (less than 200 MeV/𝑐). The ALICE ITS enables the

reconstruction of tracks that traverse the inactive TPC region or very low 𝑝T tracks that
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do not extend to the TPC. Consequently, the momentum and angular resolution of tracks

reconstructed by the TPC can be enhanced by incorporating data from the ITS.

Figure 2.4: Layout for the ALICE ITS with Silicon Pixel, Silicon Strip and Silicon Drift detectors
are shown [8].

The innermost two layers of the ITS house the Silicon Pixel Detectors (SPD), which

primarily serve in determining primary and secondary vertices, capable of functioning

efficiently even amidst high track densities of about 50 tracks/cm3 and in environments with

heightened radiation levels. With full azimuthal coverage and a pseudo-rapidity acceptance

of |𝜂 | < 2.0, the SPD boasts nearly 9.8 million pixel cells, forming a two-dimensional matrix

of reverse-biased silicon-based p-n junction diodes. Each cell within the detector matrix is

linked to a corresponding cell on a front-end CMOS chip via a conductive solder ball, with

the CMOS chip housing the majority of the readout electronics. Upon detecting a particle

signal above the threshold, each pixel chip generates a Fast-OR digital pulse, enabling

prompt triggering [9].

The third and fourth layers of the ITS host the Silicon Drift Detectors (SDD), assembled

on linear structures referred to as ladders. The SDD, divided into two drift regions, guides
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electrons in opposing directions under a drift field of 500 V/cm. Charges are collected

within each drift region using independent anodes, isolated from the drift voltage via a

secondary bias supply. The z-position of a track is deduced from the charge collected along

the anode, while the x and y coordinates are reconstructed from the drift time of charges.

The signal measured by the SDD is proportional to the energy loss incurred by particles

within the detectors, proving valuable for particle identification within the low 𝑝Tregion.

The two outermost layers of the ITS house the Silicon Strip Detectors (SSD), each

comprising double-sided strip sensors. The innermost SSD layer comprises 34 ladders, each

hosting 22 modules along the beam direction, while subsequent layers consist of 38 ladders,

each equipped with 25 modules. Each SSD module incorporates a 1536-strip double-sided

silicon sensor, facilitating track position measurement and particle identification through

energy loss measurements. Both SSD and SDD feature similar readouts boasting a broad

dynamic range, enabling particle identification via energy loss for low-momentum particles

down to 𝑝T = 100 MeV/𝑐.

2.2.2 The Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) detector serves as the primary tracking device in

the ALICE experiment, meticulously measuring the momentum of charged particles with

exceptional position resolution. Its design allows for precise track measurements, with

transverse plane resolutions ranging from 800 to 1100 𝜇m and resolutions along the z-

direction from 1100 to 1250 𝜇m. Spanning a pseudo-rapidity range of |𝜂 | < 0.9 and

providing full azimuthal angle coverage, the TPC encompasses an active gas volume within

a cylindrical configuration. This gas detector features inner and outer radii of 80 cm and

250 cm, respectively, extending along the beam axis for 500 cm and occupying an active

volume of 92 m3.
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Figure 2.5: A schematic layout for the ALICE TPC [10].

Maintaining optimal performance, the TPC employs a gas mixture composed of 90%

Ne and 10% CO2. Within its drift volume, a cylindrical conducting electrode bisects the

chamber, creating two segments and establishing a uniform axial electrostatic field of 400

V/cm. This field, parallel to the beam line and directed towards the membrane, guides

charged particles through the gas volume. As charged particles traverse the active gas, they

ionize and excite gas atoms along their path, resulting in energy loss per unit track length

(d𝐸 /d𝑥), contingent upon the particle’s mass. The liberated free electrons migrate towards

the cylinder’s end plates under the influence of the electric field, while ions move towards

the centrally positioned high voltage cathode. Drifted electrons undergo amplification via

an avalanche process near the anode wires at the end of their path. Reconstruction of

the track’s x and y positions relies on hits registered on the anode pads at the end plates,

while z-coordinates are derived from drift velocity information and the arrival time of drift

electrons at the anode plane. The TPC incorporates Multi-Wire Proportional Chambers

(MWPCs) at the end plates for signal readout, featuring two end plates, each housing 36

readout chambers arranged across 18 sectors. Each sector comprises an Outer Readout
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Chamber (OROC) and an Inner Readout Chamber (IROC). Tracks are reconstructed from

3D space points, allowing determination of the track’s transverse momentum (𝑝T) from its

curvature.

Figure 2.6: A schematic illustration of the working principle of the TPC [11].

The TPC stands as a pivotal detector within ALICE, crucial for particle identification.

Identification of particles within the TPC relies on concurrent measurements of charge,

momentum, and specific energy loss for every track passing through its volume. The

average energy loss within the TPC is characterized by a modified Bethe-Bloch function,

initially formulated by the ALEPH collaboration.

𝑓 (𝛽𝛾) =
𝑝1

𝛽𝑝4

(
𝑝2 − 𝛽𝑝4 − 𝑙𝑛(𝑝3 + 1

(𝛽𝛾)𝑝5
)
)
. (2.1)
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Here 𝛽 and 𝛾 are the velocity and lorentz factor for the track, respectively. The parameters

𝑝1 to 𝑝5 are extracted from the fit during each data taking period. The d𝐸 /d𝑥 distribution as

a function of momentum has different bands corresponding to different masses, hence the

different particles. The d𝐸 /d𝑥 resolution is around 5% for pp collisions and around 7% for

Pb–Pb collisions across all the 𝑝T ranges [12]. dE/dx of tracks as a function of momentum

using the TPC detector in Pb–Pb collisions at √𝑠NN= 5.02 TeV has been shown in Fig. 2.7.

The solid line corresponds to the expectations from Bethe-Bloch formula.

Figure 2.7: Average energy loss of tracks as a function of momentum using TPC in Pb–Pb collisions
at √𝑠NN= 5.02 TeV [13].

2.2.3 The Time Of Flight (TOF) detector

The TOF detector, encircling the Transition Radiation Detector (TRD) within the ALICE

experiment, boasts an inner radius of 3.7 m and an outer radius of 3.99 m, with acceptance

criteria spanning |𝜂 | < 0.9 and 2𝜋 for 𝜙. Configured as a cylindrical gas detector containing

Multi-gap Resistive Plate Chambers (MRPCs), it functions by ionizing gas when charged
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particles traverse it, leading to the migration of avalanche electrons towards the electrode.

The presence of resistive plates within each gap effectively arrests the movement of these

avalanche electrons.

With a remarkably swift signal generation, characterized by a time resolution of ap-

proximately 80 ps, the TOF detector is pivotal within ALICE for particle identification in

intermediate momentum ranges. It adeptly distinguishes between pions and protons with

momenta up to 4 GeV/𝑐, as well as between pions and kaons with momenta up to 2.5

GeV/𝑐.

Particle identification within the TOF detector hinges on measuring a particle’s flight

time (𝜏TOF) within the detector. This flight time is determined as the difference between

the reconstructed times of hits in the TOF and T0 detectors. The T0 detector comprises

two arrays of Cherenkov counters located on opposite sides of the interaction point. It

provides high-precision start signal timing for the TOF detector, with a timing resolution

of approximately 50 ps. The particle’s velocity (𝛽) correlates with its flight time and path

length (𝐿) via the equation 𝛽 = 𝐿
𝑐𝜏TOF

, with 𝑐 representing the speed of light. Additionally,

the particle’s mass (𝑚0) is linked to its momentum through the equation:

𝑚0 =
𝑝

𝛾𝛽
. (2.2)

Here 𝑝 is the momentum of the particle, obtained from the TPC and 𝛾 is the lorentz factor.

Figure 2.8 shows measured 𝛽 for tracks using the TOF detector as a function of their

momenta in Pb–Pb collisions at √𝑠NN= 5.02 TeV.

Fig. 2.9 presents an overview of the ALICE capabilities for the measurement of various

hadrons, where the approximate coverage, extending to very low-𝑝T, for different meson

and baryon species is shown, together with the corresponding detection techniques.
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Figure 2.8: The distribution of 𝛽, obtained through the Time-of-Flight (TOF) detector, is analyzed
as a function of the momentum of particles reaching the TOF detector in Pb–Pb
collisions at a center-of-mass energy of √𝑠NN = 5.02 TeV [13].

2.2.4 The VZERO (V0) detector

The V0A and V0C are plastic scintillator detectors strategically positioned in the forward

directions on both sides of the ALICE collision vertex. They offer full azimuthal angle

coverage and encompass specific pseudo-rapidity ranges: 2.8< 𝜂 < 5.1 for the V0A detector

and -3.7 < 𝜂 < -1.7 for the V0C detector. Each of the V0 detectors comprises two arrays

of 32 scintillator counters. Photomultipliers (PMTs) collect the scintillating light through

Wave-Length Shifting (WLS) fibers.

These V0 detectors serve the purpose of providing a minimum bias trigger during the

data acquisition of both proton-proton (pp) and heavy-ion collisions. Additionally, they

play a role in discriminating beam-gas interactions by correlating V0A and V0C timing.

Moreover, the V0 detectors contribute to determining collision centrality in heavy-ion

collisions, establishing multiplicity classes in pp collisions, and measuring the event plane

by analyzing the amplitudes recorded by V0A and V0C.
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Figure 2.9: ALICE PID and reconstruction capabilities of various hadrons as a function of trans-
verse momentum [14].

2.3 ALICE datasets and detector upgrades

The LHC began its collision operations in 2009, initially conducting proton-proton (pp)

collisions at a center-of-mass energy (
√
𝑠) of 0.9 TeV. Subsequently, the energy levels
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Table 2.2: Summary of the LHC Run1 and Run2 physics programmes with the data taking periods.

Collision system Year Center of mass energy (TeV) Integrated luminosity
Pb–Pb 2010, 2011 2.76 75mb−1

2015, 2018 5.02 800mb−1

Xe–Xe 2017 5.44 0.3 mb−1

p–Pb 2013 5.02 15nb−1

2016 5.02, 8.16 3nb−1, 25 nb−1

pp 2009-2013 0.9, 2.36, 7, 8 200mb−1, 100nb−1, 1.5pb−1, 2.5pb−1

2015, 2017 5.02 1.3pb−1

2015-2018 13 136pb−1

steadily increased, reaching 2.36 TeV and 7 TeV in 2011, followed by 8 TeV in 2012.

Concurrently with the pp program, the LHC also conducted lead-lead (Pb-Pb) collisions at
√
𝑠 = 2.76 TeV in November 2010 and 2011, and introduced proton-lead (p-Pb) collisions

in early 2013, operating at a center-of-mass energy per nucleon of 5.02 TeV. Following this

initial data collection phase, known as Run1 (2009-2013), the LHC underwent an extended

shutdown (LS1) for maintenance and enhancements, preparing for a twofold increase in

energy, ultimately reaching
√
𝑠 = 13 TeV for pp collisions. In the spring of 2015, the second

data collection phase, known as Run2, commenced, beginning with pp collisions at a

record-breaking center-of-mass energy of 13 TeV, maintained throughout Run2. Similarly,

heavy-ion collisions, both Pb-Pb and p-Pb, were conducted at √𝑠NN = 5.02 TeV and up to

8.16 TeV, respectively. Additionally, a brief Xe-Xe run occurred at √𝑠NN = 5.44 TeV in

October 2017.

This thesis focuses exclusively on the LHC Run2 dataset, encompassing pp collisions

at
√
𝑠 = 5.02 TeV and

√
𝑠 = 13 TeV, taken from 2015 to 2018. The Pb-Pb dataset analyzed

in this thesis was collected in 2018. Table.2.2 provides a summary of LHC Run1 and Run2

data taking, with the datasets analyzed in this thesis highlighted in red.

Run2 concluded in December 2018 as the LHC entered the Long Shutdown 2 (LS2),
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a two-year period dedicated to upgrades. The enhancements to the accelerator complex

during LS2 are set to significantly surpass the specifications of the existing ALICE setup,

particularly in preparation for Runs 3 and 4, focusing on heavy-ion collision parameters.

Notably, the Pb-Pb instantaneous luminosity during Run 3 is expected to increase by a factor

of 5 to 6, and the minimum-bias Pb-Pb interaction rate to reach approximately 50 kHz in

a continuous readout mode, a substantial improvement compared to the rates recorded by

ALICE during Run 2. To adapt to these challenging running conditions and achieve various

physics goals, ALICE underwent various improvements and incorporated new detectors

during LS2. A pivotal enhancement is the complete overhaul of the Inner Tracking System

(ITS), representing a significant advancement over the silicon tracker used in Run1 and

Run2. The introduction of the new ALPIDE sensor lies at the core of the upgrade. The

number of sensor layers around the Interaction Point has increased from 6 to 7, with

the innermost layer positioned at a radius of approximately 23 mm from the beam axis,

considerably closer than the previous system’s inner radius of 39 mm. The hit resolution

of the detector is of about 5 µm and the material budget of each three innermost layers is

reduced from the value of 1.15% (ITS) to 0.35% (new ITS) of the radiation length. These

features provide an improvement by a factor of about three for the track impact parameter

resolution in the transverse plane and by a factor of about six in the longitudinal direction.

The pseudorapidity coverage of the tracker has expanded from -1 < 𝜂 < 1 to -1.5 < 𝜂 < 1.5.

In addition to the ITS upgrade, the TPC undergoes a transformation by replacing the Multi-

Wire Proportional Chambers with continuously operated detectors utilizing Gas Electron

Multiplier (GEM) technology [15]. The readout chamber of TOF is also updated. The

redesigned readout chambers are designed for continuous operation, capable of reading out

all minimum-bias Pb-Pb events delivered by the LHC at the anticipated peak interaction rate

of approximately 50 kHz. This substantial improvement is expected to enhance sensitivity
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to rare probes, considered crucial observables for characterizing the QCD matter produced

in heavy-ion collisions. With these improvements, on July 5th, 2022, the LHC resumed

operations and initiated its first proton-proton (pp) collisions, achieving a new record energy

of 13.6 TeV. This event marked the commencement of the LHC Run3. Subsequently, the

first lead-lead (Pb-Pb) run for LHC Run3 occurred on September 20th, 2023 at √𝑠NN =

5.36 TeV.
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The large initial magnetic field together with the presence of a non-zero electric and

axial charge density in the matter formed in heavy-ion collisions leads to vector and axial

currents called the Chiral Magnetic Effect (CME) and Chiral Separation Effect (CSE),

respectively [1–6]. Their coupling gives rise to a collective excitation of the QGP called

the Chiral Magnetic Wave (CMW) [7, 8]. The CMW phenomenon is essential to provide

insights into the strong interaction in QCD, the properties of the quark–gluon plasma, and

73
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the topological characteristics of the early universe, offering a deeper understanding of

fundamental physics in high-energy collisions. The experimental signature of the CMW

is an electric charge-dependent elliptic flow of hadrons. Measurements of the charge-

dependent anisotropic flow coefficients are carried out in Pb–Pb collisions at center-of-mass

energy per nucleon–nucleon collision √
𝑠NN = 5.02 TeV to probe the CMW phenomenon.

In particular, the slope of the normalized difference in elliptic (𝑣2) and triangular (𝑣3) flow

coefficients of positively and negatively charged particles as a function of their event-wise

normalized number difference, is reported for inclusive and identified particles.

Δ𝑣Norm
𝑛 =

𝑣−𝑛 − 𝑣+𝑛
(𝑣−𝑛 + 𝑣+𝑛)/2

∝ 𝑟Norm
𝑛 𝐴ch, (3.1)

where 𝑛 = 2 or 3 and 𝐴chis given by

𝐴ch =
(𝑁+ − 𝑁−)
(𝑁+ + 𝑁−) , (3.2)

with 𝑁+ (𝑁−) representing the counts of positively (negatively) charged hadrons mea-

sured in a given event. Furthermore using the Event Shape Engineering technique the

fraction of CMW contribution ( 𝑓CMW) along with its upper limit is extracted at LHC

energies.

3.1 Data sample, event and tracks selections

The analysis utilized data collected with the ALICE apparatus during the 2018 LHC Pb–

Pb run at √𝑠NN = 5.02 TeV. Only events featuring a reconstructed primary vertex (𝑉𝑧)

within ± 10 cm of the nominal interaction point along the beam direction (𝑧 axis of the

ALICE reference frame) were considered. Centrality intervals were established based on

percentiles of the hadronic Pb–Pb cross section, determined by the sum of the V0 signal
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amplitudes [9]. Central and semicentral Pb–Pb collisions were distinguished online using

thresholds on the V0 signal amplitudes, resulting in two distinct trigger classes (central and

semicentral triggers). The analysis encompassed various centrality intervals, ranging from

0–5% for the most central collisions to 50–60% for peripheral collisions. The total number

of events analyzed after event selection amounted to approximately 240 million.

Charged particles are reconstructed using information from the TPC and the ITS within

the pseudorapidity range |𝜂 | < 0.8 and transverse momentum range 0.2 < 𝑝T < 10 GeV/𝑐

to determine 𝐴ch. For the measurement of flow coefficients, charged particles are limited

to 0.2 < 𝑝T < 2.0 GeV/𝑐. Tracks are selected with a minimum of 70 TPC space points (out

of a maximum of 159), and 𝜒2 per TPC cluster < 2.5 for the momentum fit in the TPC.

To mitigate contamination from secondary particles, such as those originating from weak

decays, conversions, and secondary hadronic interactions in the detector material, only

tracks with a maximum distance of closest approach (DCA) to the reconstructed primary

vertex in the transverse direction (|DCAxy | < 2.4 cm) and the longitudinal direction

(|DCAz | < 3.2 cm) are accepted. Furthermore, tracks are required to have at least one

hit in the two SPD layers. Identification of charged pions, kaons, and (anti)protons is

based on the difference between measured and expected values of d𝐸 /d𝑥 in the TPC and

time of flight to the TOF detector, expressed in units of resolution (|n𝜎 |TPC, |n𝜎 |TOF), and

applying a selection on the number of accepted n𝜎 (see Table 3.1). Additionally, tracks

without TOF information with 𝑝T greater than 0.5 GeV/𝑐 for pions, 0.45 GeV/𝑐 for kaons,

and 0.6 GeV/𝑐 for protons are rejected. All identified particle species are required to fall

within the rapidity range |𝑦 | < 0.5. The tracking efficiency calculated as ratio of number of

reconstructed charged particles to generated charged particles in Monte-Carlo simulation

with exactly same selections as in real data are shown in Fig. 3.1 and Fig. 3.2. Moreover,

purity for all the particles is calculated using reconstructed Monte Carlo simulations.
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Exactly same selections as used in real data has been used and is defined as,

Purity =
Numberofparticles(withPDGcode)

Numberofparticles(with|n𝜎 |TPCand|n𝜎 |TOF)
(3.3)

These criteria guarantee a purity exceeding 90% for all particle species across the entire

range of 𝑝T values considered in the analysis. The purity for pions and protons are shown

in Fig. 3.3.
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Figure 3.1: Left panel figure shows the tracking efficiency for charged unidentified hadrons and
right panel shows the same for pions in Pb–Pb collisions at √𝑠NN= 5.02 TeV. Red
markers are for particles and blue for their corresponding antiparticles.

3.2 Detector acceptance correction

The observable for CMW measurement is 𝑣2, which reflects the system’s anisotropy in

heavy-ion collisions. However, experimental detectors have finite acceptance in the labo-

ratory frame, leading to anisotropic particle distributions unrelated to the true anisotropic

flow originating from the initial spatial anisotropy of the collision system, which we intend

to measure. Therefore, it is crucial to flatten the azimuthal distribution before conducting

any measurements. The most commonly employed method for this correction involves
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Figure 3.3: Left panel figure shows the purity for pions and right panel for protons in Pb–Pb
collisions at √𝑠NN= 5.02 TeV.

using the particle distribution itself as a means to correct for acceptance effects. In this

approach, the 3D (𝜂,𝜙,Vz) azimuthal distribution of particles is accumulated in the labora-

tory frame, and then the inverse of this distribution is utilized as weights in the calculation

of the flow Q-vectors (as described in section 4.2). The azimuthal distribution of charged
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particles before and after correction is depicted in Figure 3.4.
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Figure 3.4: Azimuthal distribution of charged particles before and after acceptance correction in
Pb–Pb collisions at √𝑠NN = 5.02 TeV.

3.3 Analysis details

In this investigation, we ascertain the second and third-order Fourier coefficients using the

Q-cumulant method [10]. Flow characterizes the azimuthal relationship between outgoing

particles and the reaction plane. However, these correlations involve additional elements

such as resonance decay and quantum correlations, commonly termed non-flow effects [11].

To mitigate these influences, sub-events (labeled A and B) are constructed with designated

pseudorapidity intervals between them.

3.3.1 Q-Cumulant method for flow coefficients calculations

In this analysis, the flow harmonics are measured from two particle correlations.The cu-

mulants are expressed in terms of magnitude of correspnding flow vector Q𝑛 [12]:
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𝑄𝑛 ≡
𝑀∑︁
𝑖=1

𝑤(𝑖)𝑒𝑖𝑛𝜙𝑖 (3.4)

where 𝑀 is the number of particles in an event and 𝜙𝑖 labels the azimuthal angle of ith

particle in a fixed coordinate system in a laboratory, 𝑛 is the order of the flow coefficient,

𝑤(𝑖) is the corresponding track weight which is the product of tracking efficiency and

𝜙-weight for each track as described in section 3.2.

The single event average of two particle correlations can then be formulated as

⟨2⟩ = |𝑄𝑛 |2 − 𝑀
𝑀 (𝑀 − 1) (3.5)

In the next step we average over all events and is given as

⟨⟨2⟩⟩ =
∑𝑁
𝑖=1 𝑀𝑖 (𝑀𝑖 − 1) × ⟨2⟩𝑖∑𝑁

𝑖=1 𝑀𝑖 (𝑀𝑖 − 1)
(3.6)

The two particle correlator can then be written as

𝑐𝑛{2} = ⟨⟨2⟩⟩ (3.7)

and the reference flow 𝑣𝑛can be obtained directly as

𝑣𝑛{2} =
√︁
𝑐𝑛{2} (3.8)

In order to measure differential flow of particle of interest (POI) one more vector needs

to be constructed. For particles labelled as POI

𝑝𝑛 ≡
𝑚𝑝∑︁
𝑖=1

𝑤(𝑖)𝑒𝑖𝑛𝜙𝑖 (3.9)

Then the reduced single and double event average two particle correlations are

⟨2′⟩ =
𝑝𝑛𝑄

∗
𝑛

𝑚𝑝𝑀
(3.10)
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⟨⟨2′⟩⟩ =
∑𝑁
𝑖=1

(
𝑤⟨2′⟩

)
𝑖
⟨2′⟩𝑖∑𝑁

𝑖=1
(
𝑤⟨2′⟩

)
𝑖

(3.11)

where multiplicity weights are w<2′> = 𝑚𝑝M and m𝑝 is the multiplicity of POI for a

given event and 𝑄∗
𝑛 is the complex conjugate of 𝑄𝑛. The two particle differential cumulant

is given by

𝑑𝑛{2} = ⟨⟨2′⟩⟩ (3.12)

The nth harmonic flow is thus calculated as

𝑣′𝑛{2} =
𝑑𝑛{2}√︁
𝑐𝑛{2}

(3.13)

The measurements are performed using the two-particle cumulant method [10] with a

pseudorapidity gap of |Δ𝜂 | > 0.4 to suppress non-flow, i.e. correlations not related to the

reaction plane [13]. For calculating reference flow with pseudorapidity gap, we use Eq.

3.14

⟨2⟩ =
𝑄𝐴
𝑛 · 𝑄𝐵∗

𝑛

𝑀𝐴𝑀𝐵

(3.14)

where𝑄𝐴
𝑛 and𝑄𝐵

𝑛 are the flow vectors calculated from reference particles for subevents

A and B. M𝐴 and M𝐵 are multiplicities of these two subevents. Hence the reduce two

particle correlation are

⟨2′⟩𝐴 =
𝑝𝐴𝑛 · 𝑄𝐵∗

𝑛

𝑚𝐴
𝑝𝑀𝐵

⟨2′⟩𝐵 =
𝑝𝐵𝑛 · 𝑄𝐴∗

𝑛

𝑚𝐵
𝑝𝑀𝐴

(3.15)

Then 𝑣𝑛 can be calculated by following Eq. 3.13 where 𝑑𝑛{2} = ⟨⟨2′⟩⟩, and 𝑐𝑛{2} = ⟨⟨2⟩⟩.

Correlation between like/unlike charges

The reference particles can be further divided into positive(R+) and negative(R−) charges
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𝑄𝑛 =
∑︁
𝑖

𝑒𝑖𝑛𝜙𝑖 =
∑︁
𝑖∈{𝑅+}

𝑒𝑖𝑛𝜙𝑖 +
∑︁
𝑖∈{𝑅−}

𝑒𝑖𝑛𝜙𝑖 ≡ 𝑄+
𝑛 +𝑄−

𝑛 (3.16)

So the differential flow is given as

𝑑𝑛
{
2|𝜋±𝑅

}
=
𝑝±𝑛𝑄

∗
𝑛

𝑚±𝑀
=
𝑝±𝑛

(
𝑄+∗
𝑛 +𝑄−∗

𝑛

)
𝑚± (𝑁+ + 𝑁−)

=

𝑚±𝑁+
(
𝑝±𝑛𝑄

+
𝑛

𝑚±𝑁+

)
+ 𝑚±𝑁−

(
𝑝±𝑛𝑄

−∗
𝑛

𝑚±𝑁−

)
𝑚± (𝑁+ + 𝑁−)

=
𝑁+𝑑𝑛 {2|𝜋±𝑅+} + 𝑁−𝑑𝑛 {2|𝜋±𝑅−}

𝑁+ + 𝑁−

(3.17)

where 𝑑𝑛 {2|𝜋±𝑅+} ≡ 𝑝±𝑛𝑄
+∗
𝑛

𝑚±𝑁+
, 𝑑𝑛 {2|𝜋±𝑅−} ≡ 𝑝±𝑛𝑄

−∗
𝑛

𝑚±𝑁−

Finally, we have

𝑑𝑛
{
2|𝜋±𝑅

}
=
𝑁+𝑑𝑛 {2|𝜋±𝑅+} + 𝑁−𝑑𝑛 {2|𝜋±𝑅−}

𝑁+ + 𝑁−

=
𝑑𝑛 {2|𝜋±𝑅+} + 𝑑𝑛 {2|𝜋±𝑅−}

2
+ 𝑑𝑛 {2|𝜋

±𝑅+} − 𝑑𝑛 {2|𝜋±𝑅−}
2

𝐴𝑐ℎ

(3.18)

The correlations between like-sign and unlike-sign particles may exhibit distinct non-

flow backgrounds, potentially leading to a spurious term dependent on 𝐴ch that could mimic

the CMW signal. To eliminate this trivial term, a single charge sign reference is utilized

instead of considering all charged hadrons as references as suggested in Ref. [14]. For

instance, positive and negative particles are separately used as references to calculate 𝑣𝑛

individually, and then the final 𝑣𝑛 is computed as:

𝑣̄𝜋𝑛 ≡
𝑣𝜋𝑛 {2; ℎ+} + 𝑣𝜋𝑛 {2; ℎ−}

2
(3.19)

3.3.2 𝐴ch estimation and correction

The left panel of Fig. 3.5 illustrates an example of the measured raw 𝐴ch distribution for

the 40–50% centrality interval. This raw 𝐴ch distribution is divided into ten intervals, each
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approximately containing an equal number of events, delineated by dashed lines in the left

panel of Fig. 3.5. To compensate for the finite detector acceptance and the reconstruction

and identification efficiency of charged hadrons, corrections are applied to the raw 𝐴ch

values. Utilizing simulations based on the HĲING event generator [15] combined with the

GEANT3 model [16] for particle transport in the detector material, a correlation between

the raw and true values of 𝐴ch is established. A linear fit is employed to this correlation,

enabling the mapping of the raw 𝐴ch to the true 𝐴ch, as depicted in the right panel of

Fig. 3.5. The slope of this linear fit increases with increase in centrality intervals. Within

each 𝐴ch interval, the flow coefficients 𝑣2 and 𝑣3 are separately measured for positively and

negatively charged hadrons (both identified and inclusive). Subsequently, the normalized

slope parameters, 𝑟Norm
2 and 𝑟Norm

3 , are calculated for various centrality intervals using

Eq. 3.1 with the 𝐴ch values corrected for detector effects, as described above.

3.3.3 Event Shape Engineering technique

The ESE technique is also utilized to assess the potential contribution of the CMW signal to

the ΔIC, as suggested in Ref. [18]. Specifically, the remaining magnitude of this observable

as 𝑣2 approaches zero aids in separating the potential CMW signal from background

contributions [19]. The second-order reduced flow vector 𝑞2 is employed for event shape

selection, following the approach outlined in Ref. [19]. It is defined as

𝑞2 = 𝑄2/
√

M, (3.20)

where 𝑄2 is the magnitude of the flow vector as defined above and M is the multiplicity.

The 𝑄2 is calculated from the azimuthal distribution of the energy deposited in the V0C

detector. To address the non-uniform response of the detector, the V0 detector undergoes

calibration through two methods: gain equalization and recentering. Gain equalization
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Figure 3.5: (Left panel): Raw 𝐴ch distribution in Pb–Pb collisions at √𝑠NN = 5.02 TeV for the 40–
50% centrality interval. Red dotted lines depict the edges of the ten 𝐴ch classes. (Right
panel): Correlation between true and raw 𝐴ch obtained from HĲING simulations
combined with a GEANT3 detector model for Pb–Pb collisions at √𝑠NN = 5.02 TeV in
the 40–50% centrality interval. The figure is taken from [17].

ensures a uniform mean multiplicity distribution across the eight azimuthal sectors within

each ring, while recentering corrects systematic shifts in the mean values of the 𝑄2 vector

components [20]. The calibrated V0C event plane angle distribution is depicted in Fig. 3.6.

The coefficient p1 gives the flow contribution from the event plane itself. One can observe

that after calibration the event plane is fairly flat having the coeffcient negative. Within each

centrality interval, ten 𝑞2 ranges are investigated, covering event classes ranging from the

most elliptical to the most isotropic. For each centrality class, 𝑣2, 𝐴ch and their covariance

is calculated in each 𝑞2 intervals. Finally the ΔIC is computed as a function of 𝑣2.

To distinguish between the LCC background contributions and the potential CMW

signal, the ΔIC’s dependence on 𝑣2 (defined in Section 1.8.1) is modeled with a linear

function. The CMW fraction in the ΔIC is then determined by comparing the observable
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Figure 3.6: Calibrated V0 event plane angle in Pb–Pb collisions at √𝑠NN = 5.02 TeV in 10–60%
centrality interval. The red line shows the fit to the event plane angle distribution after
calibration.

at zero 𝑣2 to that at finite 𝑣2.

𝑓CMW ≡ 𝑏

𝑎 ⟨𝑣2⟩ + 𝑏
, (3.21)

where 𝑎 and 𝑏 are the slope and the intercept of the linear function, respectively, and

⟨𝑣2⟩ is the average value over the measured 𝑣2 range.

3.4 Systematic uncertainties

To evaluate the systematic uncertainties on the normalized slopes and 𝑓CMW, adjustments

are made to the event and track selection criteria from their default settings. Table 3.1

outlines the variables used in the selections, along with their default and varied values.

These adjustments involve changing the range of the 𝑧 coordinate of the primary vertex

from |𝑉𝑧 | ≤10 cm to |𝑉𝑧 | ≤8 cm to assess the detector acceptance dependence. The impact

of track-quality selections is examined by adjusting the minimum number of TPC space
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points from 70 to 80 and varying the 𝜒2
TPC per TPC space point from 2.5 to 2.0. To assess

the influence of contamination from secondary particles, stricter selection criteria than the

default ones are applied to both DCA𝑥𝑦 and DCA𝑧. Variations in the pseudorapidity gap

(Δ𝜂) from |Δ𝜂 | ≥ 0.4 to |Δ𝜂 | ≥ 0.6 for charged hadrons and pions, and to |Δ𝜂 | ≥ 0.5 for

kaons and protons, are made to estimate the effects of non-flow contributions. Variations

in the particle identification criteria, specifically |n𝜎 |TPC and |n𝜎 |TOF, are implemented to

account for potential systematic effects in the particle identification process. The recon-

struction efficiency for charged hadrons is assessed using only pions, kaons, and protons,

with observed differences incorporated as systematic uncertainties. For each systematic

variation, corrections for non-uniform acceptance and reconstruction efficiency of inclusive

and identified charged hadrons are estimated using collision data and Monte Carlo (MC)

simulations. To identify statistically significant systematic sources, the ratio 𝐵 = 𝑌/𝜎B is

computed, where 𝑌 represents the difference between the results with default and modified

selections, and 𝜎𝐵 is the error of the difference calculated as
√︃
|𝜎2

default ± 𝜎
2
varied |, where

“+” indicates uncorrelated and “-” denotes correlated sources. The statistical uncertain-

ties 𝜎default and 𝜎varied are estimated separately for the results using default and varied

event/particle selection criteria, employing a subsampling method with 20 equally sized

independent samples. Each variation showing a significant difference from the nominal

result by more than 1𝜎B, following the guidelines from Ref. [21], is considered a source of

systematic uncertainty. The barlow values for all the variations are given in Appendix. A.1.

The total systematic uncertainties are then derived by summing the different contributions

in quadrature. Table 3.2 summarizes the maximum magnitude of the systematic uncertain-

ties on the normalized slopes over all the centrality intervals from each individual source

which passes the criteria described above. The systematic sources for the 𝑓CMW observable

are only a few, namely Primary 𝑉𝑧, 𝜒2
TPC/cluster, and DCA selections. The associated



86
CHAPTER 3. SEARCH FOR CHIRAL MAGNETIC WAVE IN

HEAVY-ION COLLISIONS

uncertainties are 0.024, 0.047, and 0.068, respectively.

Table 3.1: Nominal event and track selection criteria and the corresponding variations used for the
estimation of the systematic uncertainties.

(No.) Source Default Value Variations
(1) Primary |𝑉𝑧 | < 10 cm <8 cm
(2) TPC space points >70 >80
(3) 𝜒2

TPC/cluster <2.5 <2.0
(4) DCA𝑥𝑦 (DCA𝑧) <2.4 (3.2) cm <7(0.0026 + (0.005/𝑝1.01

T )), (2.0) cm
(5) |Δ𝜂 | >0.4 >0.6 (0.5 for K and p)
(6) PID (𝜋) - -
0.2 < 𝑝T < 0.5 (GeV/𝑐) |𝑛𝜎 |TPC < 3 |𝑛𝜎 |TPC < 2.5
0.5 < 𝑝T < 2.0 (GeV/𝑐)

√︃
|𝑛𝜎 |2TPC + |𝑛𝜎 |2TOF < 3

√︃
|𝑛𝜎 |2TPC + |𝑛𝜎 |2TOF < 3

PID (K) - -
0.2 < 𝑝T < 0.45 (GeV/𝑐) |𝑛𝜎 |TPC < 3 |𝑛𝜎 |TPC < 2.5
0.45 < 𝑝T < 2.0 (GeV/𝑐)

√︃
|𝑛𝜎 |2TPC + |𝑛𝜎 |2TOF < 2.5

√︃
|𝑛𝜎 |2TPC + |𝑛𝜎 |2TOF < 2

PID (p) - -
0.5 < 𝑝T < 0.6 (GeV/𝑐) |𝑛𝜎 |TPC < 3 |𝑛𝜎 |TPC < 3.5
0.6 < 𝑝T < 2.0 (GeV/𝑐)

√︃
|𝑛𝜎 |2TPC + |𝑛𝜎 |2TOF < 3.0

√︃
|𝑛𝜎 |2TPC + |𝑛𝜎 |2TOF < 3.5

(7) Efficiency calculation All unidentified charged hadrons Identified charged hadrons (𝜋+K+p)

3.5 Results

3.5.1 𝐴ch dependence of 𝑣𝑛 and centrality dependence of the slope
𝑟Norm
𝑛

The top left and top right panels of Fig. 3.7 display the 𝑣2 and 𝑣3 values for positively and

negatively charged hadrons plotted against 𝐴ch for Pb–Pb collisions at √𝑠NN = 5.02 TeV

within the 40–50% centrality range. A noticeable decreasing trend in 𝑣2 is observed for

positively charged hadrons as 𝐴ch increases, while the trend reverses for negatively charged

hadrons. Similar trends are discernible for the 𝑣3 coefficient, albeit with larger fluctuations.
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Table 3.2: Maximum systematic uncertainty (absolute value) on normalized slope per particle
species over all centrality intervals from individual sources (see Table 3.1 for an expla-
nation of each source).

Sources
inclusive (h±) 𝜋± K± p+p
𝑟Norm

2 𝑟Norm
3 𝑟Norm

2 𝑟Norm
3 𝑟Norm

2 𝑟Norm
3 𝑟Norm

2 𝑟Norm
3

(1) Primary 𝑉𝑧 0.014 0.03 0.012 0.03 0.019 0.12 0.02 0.021
(2) TPC space points 0.003 0.033 0.01 0.033 0.033 0.23 0.036 0.14

(3) 𝜒2
TPC/cluster 0.009 0.047 0.0002 0.047 0.02 0.31 0.035 0.18

(4) DCA𝑥𝑦 (DCA𝑧) 0.005 0.044 0.023 0.044 0.02 0.18 0.026 0.19
(5) |Δ𝜂 | 0.013 0.09 0.018 0.09 0.017 0.31 0.052 0.11
(6) PID - - 0.05 0.05 0.013 0.11 0.004 0.13

(7) Efficiency 0.032 0.049 - - - - - -

Shaded bands in Fig. 3.7 represent the correlated uncertainties among the hadrons and

across 𝐴chintervals. The bottom left and right panels of Fig. 3.7 illustrate the normalized

difference between 𝑣2 and 𝑣3 for positive and negative charged particles, respectively, as a

function of 𝐴ch. These differences, as defined in Eq. 3.1, are fitted with linear functions

to determine the slopes, 𝑟Norm
2 and 𝑟Norm

3 . Notably, besides observing a positive slope

for Δ𝑣2/⟨𝑣2⟩, a non-zero slope is also identified for Δ𝑣3/⟨𝑣3⟩ (i.e., 𝑟Norm
3 > 0), primarily

attributable to background correlations. This non-zero 𝑟Norm
3 value suggests the presence

of similar background contributions in 𝑟Norm
2 , which must be accounted for to accurately

quantify the CMW effect.

Figure 3.8 shows 𝑟Norm
2 (red markers) and 𝑟Norm

3 (green markers) as a function of

centrality for inclusive charged hadrons in Pb–Pb collisions at √𝑠NN = 5.02 TeV. Despite

the considerable uncertainties, 𝑟Norm
3 appears to be of similar magnitude to 𝑟Norm

2 across

much of the centrality spectrum. The anticipated development of CMW aligns with the

direction of the magnetic field B, approximately perpendicular to the second-order event

plane rather than the third order. The third-order plane exhibits minimal correlation

with the second-order event plane [24–26]. Consequently, the non-zero value of 𝑟Norm
3
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Figure 3.7: The top left panel shows the 𝑣2 of positively (red markers) and negatively (blue markers)
charged hadrons as a function of the corrected 𝐴ch , while the top right panel shows the
same for 𝑣3. Statistical uncertainties are shown by bars and uncorrelated (correlated)
systematic uncertainties by open boxes (shaded bands). The bottom left panel shows
Δ𝑣2/⟨𝑣2⟩ as a function of the corrected 𝐴ch and bottom right panel shows the same for
Δ𝑣3/⟨𝑣3⟩, all for the 40–50% centrality interval in Pb−Pb collisions at √𝑠NN = 5.02
TeV. The dotted blue line shows the linear fit to the data points to obtain the values of
normalized slopes (𝑟Norm

2 and 𝑟Norm
3 ). The figure is taken from [17].

likely stems from the LCC mechanism rather than the CMW-induced electric quadrupole

moment. Thus, the resemblance in the magnitudes of 𝑟Norm
2 and 𝑟Norm

3 suggests that both

are predominantly influenced by the LCC background. These findings corroborate results

from CMS measurements for the same collision system and energy [22]. While CMS

measurements boast notable precision, this study extends the scope of measurements to

encompass the most central collision scenarios. Furthermore, 𝑟Norm
2 is compared with
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Figure 3.8: Centrality dependence of normalized slopes 𝑟Norm
2 and 𝑟Norm

3 for inclusive charged
hadrons in Pb−Pb collisions at √𝑠NN = 5.02 TeV compared with CMS results [22] and
a BW+LCC model calculation [23]. Statistical (systematic) uncertainties are depicted
by bars (boxes). ALICE 𝑟Norm

2 and 𝑟Norm
3 and CMS 𝑟Norm

2 data points are slightly shifted
horizontally for visibility. The figure is taken from [17].

calculations from a blast wave model (green band) which accounts for the LCC effect [23].

This model employs blast wave parameters derived from simultaneous fits of 𝑝T-differential

yields and 𝑣2 of identified particles from Pb−Pb collisions at √
𝑠NN = 5.02 TeV. The

discussion about the model can be found in Appendix. A.2. The normalized slope values

are calculated from the model, following the same procedure as for the data. The agreement

between the model and experimental results of 𝑟Norm
2 suggests a substantial background

contribution in the measurement. The results for 𝑟Norm
2 and 𝑟Norm

3 of identified hadrons are

depicted in Fig. 3.9 as a function of centrality. For 𝑟Norm
2 , the slope for kaons exhibits a

similar behavior to that of pions, while the slope for protons shows slight deviations with a

weak 𝐴ch–Δ𝑣2 dependence on centrality. The uncertainties preclude a definitive conclusion

on the PID dependence of the slopes. The LCC process, the dominant background for this
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.

measurement, can replicate the 𝑟Norm
2 measurement in data. This observation contradicts

hydrodynamic study predictions, which expected negative slopes for kaons and protons [27]

at RHIC energies. A similar trend is evident in the STAR CMW measurement at lower

collision energies, where the isospin and strangeness chemical potentials and the different

absorption cross sections are anticipated to play a role [27–29]. However, at LHC energies,

the values of the chemical potentials are consistent with zero, suggesting their negligible

influence. Regarding 𝑟Norm
3 , the slopes of all measured hadron species are compatible with

each other within the uncertainties. As no predictions for the CMW for different particle

species exist at LHC energies, the results presented here provide experimental input for

theoretical calculations.
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3.5.2 Constraining the fraction of the CMW with the ESE
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Figure 3.10: Dependence of ΔIC on 𝑣2 of shape-selected events from the 0–10% (top left panel)
to the 50–60% (bottom right panel) centrality intervals of Pb–Pb collisions at √𝑠NN
= 5.02 TeV. The solid lines are straight line fit to the data points. Only statistical un-
certainties are shown. The bands represent the three standard deviation uncertainties
from the linear fit. The figure is taken from [17].

Figure 3.10 illustrates the variation of the integrated covariance ΔIC with respect to

𝑣2 for events selected based on 𝑞2 in six centrality intervals. Linear fits (solid lines)

along with colored bands representing three standard deviation uncertainties of the fits

are also depicted. As discussed in Ref. [18], the ΔIC values demonstrate a decrease as

𝑣2 approaches zero. The minimal intercepts observed in all centrality intervals indicate

that the measurement is primarily influenced by the LCC background. Following the

determination of the slope and intercept from the fit of ΔIC as a function of 𝑣2, the fraction
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of the CMW signal, denoted as 𝑓CMW, can be computed using Eq. 3.21. The centrality

dependence of 𝑓CMW is depicted in Fig. 3.11, where the error bars represent the statistical

uncertainties extracted from the fits shown in Fig. 3.10. Significant measurements are

challenging to obtain in the most central and peripheral collisions due to the small 𝑣2

values and substantial statistical fluctuations. Consequently, the 𝑓CMW results are solely

reported within the 10–60% centrality range. Systematic uncertainties are estimated for

various potential sources, as discussed in Sec. 3.4. The significant systematic sources

identified across centrality intervals are combined in quadrature and depicted as a dark

shaded band in Fig. 3.11, focusing on centrality around 60%. Notably, the 𝑓CMW is found

to be consistent with zero within the reported statistical and systematic uncertainties.
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Figure 3.11: Centrality dependence of the extracted CMW fraction. The 95% confidence level
of the upper limit is also shown by the dotted magenta line. Statistical uncertainties
are depicted by bars, while the correlated systematic uncertainty is represented by a
shaded band on the right edge. The blue line is the constant fit line of the data points.
The figure is taken from [17].

The 𝑓CMW data points depicted in Fig. 3.11 are fitted with a constant, resulting in

𝑓CMW = 0.081± 0.055 (illustrated by the dashed blue line). This value is supplemented by
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the systematic uncertainty of 0.087 (represented by the gray box at the edge), establishing

an upper limit on 𝑓CMW of 26% (38%) at 95% (99.7%) confidence level, as indicated by the

dotted magenta line. The upper limit is determined by the Gaussian distribution with mean

parameter 0.081 and standard deviation of 0.103, which accounts for both statistical and

systematic uncertainties. To obtain the upper limit, integration of the Gaussian distribution

is carried out from 0 up to 95% (99.7%) of the total area. This outcome presents the

first quantitative assessment of the upper limit of the fraction of the Chiral Magnetic Wave

(CMW) at the highest LHC energy.

3.6 Summary

The difference between the 𝑣2 and 𝑣3 coefficients for positively and negatively charged

particles is investigated as a function of the charge asymmetry 𝐴ch in Pb–Pb collisions at
√
𝑠NN= 5.02 TeV. The slopes 𝑟Norm

2 and 𝑟Norm
3 exhibit consistency within the reported uncer-

tainties, indicating that the primary contribution to 𝑟Norm
2 is not attributed to CMW effects.

By employing a blast wave parameterization that incorporates local charge conservation

and is calibrated to replicate the 𝐴ch distribution, the magnitude of 𝑟Norm
2 is effectively

described, showcasing its sensitivity to CMW. Additionally, utilizing the ESE technique,

both the fraction and the upper limit of the CMW signal are determined. Averaging across

the 10–60% centrality range, the CMW fraction is consistent with zero within the error

margins. An upper limit of 26% (38%) is estimated at 95% (99.7%) confidence level.
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Resonances are short lived particles which decay via strong interactions. They offer

a unique avenue for probing the properties of the hadronic phase in heavy-ion collisions.

Particularly in central A–A (Pb–Pb, Xe–Xe) collisions, where the duration of the hadronic

phase is comparable to that of short-lived resonances, phenomena like regeneration and

rescattering gain prominence. Investigating the production of K∗ (K∗(892)0and K∗(892)±)

resonance (with a lifetime of ∼ 4 fm/𝑐) in A–A collisions holds significance in unraveling

the characteristics of the hadronic phase.
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The comprehensive datasets encompassing pp, p–Pb, Xe–Xe, and Pb–Pb collisions

at √𝑠NN ≈ 5 TeV, amassed by the ALICE Collaboration, provide a robust platform for

systematically probing the dependence of hadronic rescattering on the system size. This

chapter introduces pioneering measurements of K∗(892)0 and K∗(892)± meson production

at midrapidity (|𝑦 | < 0.5) as a function of d𝑁ch/d𝜂 in pp and Pb–Pb collisions, respectively,

at √𝑠NN = 5.02 TeV. By comparing the measured K∗ yield and K∗/K yield ratio across

different collision systems, we aim to unveil the system-size dependence of K∗ production

and the impact of hadronic rescattering. The K∗/K ratio serves as a tool to constrain the

duration of the hadronic phase across varying collision systems. Moreover, the thermal

model Hadron Resonance Gas in Partial Chemical Equilibrium (HRG-PCE) [1] aids in

constraining the kinetic freeze-out temperature. Additionally, comparisons of the mean

transverse momentum (⟨𝑝T⟩) of K∗ across different collision systems contribute to our

understanding of radial flow evolution from small to heavy-ion collisions. Furthermore,

scrutinizing the nuclear modification factor (𝑅AA) of K∗ with various light flavor hadrons

offers insights into the flavor dependence of energy loss of the partons in the QGP medium.

4.1 Dataset, event and track selections

The ALICE detector at the Large Hadron Collider (LHC) is utilized to measure the pro-

duction yield of K∗0 and K∗± mesons in pp and Pb–Pb collisions at √𝑠NN = 5.02 TeV,

respectively. Data from the years 2015 and 2018, collected under a magnetic field strength

of B = 0.5 T, are employed for this analysis. Details regarding the ALICE detector and its

performance are documented in [2, 3]. Events of interest are selected via a minimum-bias

trigger requiring at least one hit in both forward scintillator detectors V0A (2.8< 𝜂 < 5.1)

and V0C (−3.7< 𝜂 < −1.7) [4]. Pileup removal entails analyzing hits in the SPD detector,
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correlating cluster numbers in the ITS and TPC detectors, identifying multiple vertices

with the SPD detector, and leveraging the correlation between the SPD and V0M detectors.

Beam-induced background and pileup events are excluded through an offline event selec-

tion process, as detailed in Refs. [2, 5]. Results for pp collisions are based on the “INEL >

0” event class, a subset of inelastic collisions where at least one charged particle is emitted

in the pseudorapidity interval |𝜂 | < 1 [6]. Additionally, selected events must possess one

primary collision vertex reconstructed using the two innermost layers of the Inner Tracking

System (ITS) and located within ±10 cm along the beam axis from the nominal center of

the ALICE detector. Measurements for K∗0 and K∗± production yields utilize 100 × 106

and 120 × 106 minimum-bias pp and Pb–Pb collision events, respectively. The selected

events are categorized into distinct classes based on their centrality in heavy-ion colli-

sions or multiplicity in proton–proton collisions, using percentiles of the hadronic cross

section. Event class categorization is achieved by analyzing the signal deposited in both

V0 detectors, termed the “V0M amplitude”, which is proportional to the charged-particle

multiplicity. Various measured observables, such as the transverse momentum (𝑝T) spec-

trum, transverse-momentum-integrated yield (d𝑁/d𝑦), mean transverse momentum (⟨𝑝T⟩),

yield ratios of resonances to stable particles, kinetic freeze-out temperature (𝑇kin), and nu-

clear modification factor (𝑅AA), are presented for different multiplicity (or centrality for

heavy-ion collisions) classes as a function of pseudorapidity density (d𝑁ch/d𝜂) [7, 8].

In Pb–Pb collisions, the measurements of K∗± are conducted in five different centrality

classes: 0–10%, 10–20%, 20–40%, 40–60%, and 60–80%. On the other hand, in pp

collisions, the measurements of K∗0 are performed in nine different multiplicity classes,

as listed in Table 4.1, with class I having the highest multiplicity and class IX having the

lowest multiplicity [9].

Charged tracks within a selected event are reconstructed using the Inner Tracking
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Table 4.1: Analyzed multiplicity classes in pp collisions at

√
𝑠= 5.02 TeV

V0M (%) 0–1 1–5 5–10 10–20 20–30 30–40 40–50 50–70 70–100
Multiplicity classes I II III IV V VI VII VIII IX

System (ITS) [10] and the Time Projection Chamber (TPC) [11] detectors, situated within

a solenoid providing a homogeneous magnetic field. Tracks originating from the primary

collision vertex are chosen with a minimum transverse momentum (𝑝T) of 0.15 GeV/𝑐 and

within a pseudorapidity (|𝜂 |) range of less than 0.8. These selected tracks must register

at least one hit in the two innermost layers of the ITS and traverse a minimum of 70

out of a total of 159 rows along the transverse readout plane of the TPC. Additionally,

the maximum 𝜒2 per space point in both the TPC and ITS from the track fit must not

exceed 4 and 36, respectively. To mitigate the contribution of secondary charged particles,

the distance of closest approach in the transverse plane of reconstructed tracks to the

primary vertex (DCAxy) is required to be less than 7 times the standard deviation (𝜎) of

the DCAxy resolution. The resolution of DCAxy is found to be dependent on 𝑝T and is

parameterized as 𝜎 = 0.0105 + 0.0350/(𝑝T)1.1 cm. Furthermore, the longitudinal DCA is

constrained to be less than 2 cm. Identification of selected charged particles is performed

using information from the TPC and the Time-Of-Flight (TOF) [12] detectors, based on

their specific ionization energy loss (d𝐸/d𝑥) in the TPC and their flight time measured

in the TOF. Pions (𝜋) and kaons (K) are identified with specific energy loss lying within

2 standard deviations (𝜎TPC) (for 𝑝 > 0.4), 4𝜎TPC (for 0.3 < 𝑝 < 0.4), and 6𝜎TPC (for

𝑝 < 0.3) from their expected d𝐸 /d𝑥, where 𝜎TPC denotes the d𝐸/d𝑥 resolution (typically

around 5% of the measured d𝐸/d𝑥 value) of the TPC. Additionally, if a track has a hit in

the TOF, its measured time of flight must fall within 3𝜎 of the expected value for each

particle species [13].

The secondary particle, K0
S, is reconstructed based on weak decay topological crite-
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ria [14]. The selection criteria for K0
S reconstruction are outlined in Table 4.2. Firstly,

two oppositely charged tracks within the acceptance window of |𝜂 | < 0.8 are identified as

pions (daughters of K0
S) using a 4𝜎TPC selection criterion. The distance of closest approach

(DCA) between negatively and positively charged tracks is required to be less than 0.8 cm.

Additionally, the DCAs of charged tracks to the primary vertex must be greater than 0.1

cm, and the DCA of the V0 particle to the primary vertex in the transverse plane should

be less than 0.3 cm. The cosine of the pointing angle, defined as the angle between the

V0 momentum and the line connecting the secondary to the primary vertex, must exceed

0.98. Only V0 candidates with a reconstructed secondary vertex radius larger than 1.6 cm

are selected. Moreover, K0
S candidates exhibiting a proper lifetime, calculated as 𝐿𝑀K0

S
/𝑝,

where 𝐿 represents the linear distance between the primary and secondary vertex, 𝑀K0
S

is the mass of K0
S, and 𝑝 indicates the total momentum of K0

S, exceeding 15 cm are re-

moved to reduce the presence of combinatorial background originating from interactions

with the detector material. To enhance the signal-to-background ratio beneath the K0
S

peak, a criterion is imposed on the asymmetry of pion momenta (Armenteros parameter),

(𝑝𝜋− − 𝑝𝜋+)/(𝑝𝜋− + 𝑝𝜋+), allowing only pairs of pions with an Armenteros parameter value

exceeding 0.2 to be considered. Finally, the invariant mass of 𝜋+𝜋− is required to be within

2𝜎 of the K0
S nominal mass, where 𝜎 represents the detector mass resolution, found to be

approximately ∼5 MeV/𝑐2 with a very weak dependence on collision centrality and particle

momentum. Along with these topological criteria, only K0
S candidates with |𝑦 | < 0.5 are

included in the analysis. Figure. 4.1 shows the K0
S invariant mass distribution which con-

stitutes the K∗(892)± signal in the 0.4-0.8 𝑝T interval for the 0-10% centrality class. With

our selection criteria, we observe a very clean signal for K0s, with a mass of approximately

493 MeV/𝑐2 and a width of about 5 MeV/𝑐2.
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Figure 4.1: Invariant mass distribution of K0
S for K∗(892)± in the 𝑝T interval of 0.4 to 0.8 GeV/𝑐.

Table 4.2: Selection criteria for K0
S.

Selection criteria Value Variations
Crossed rows >70 60, 80
Acceptance window of pions (|𝜂 |) < 0.8 -
Pion dE/d𝑥 (𝜎) <4 3, 5
DCA V0 daughters < 0.8 cm 0.4, 0.5 cm
DCA of V0 daughters to PV > 0.1 cm -
DCA of V0 particle to PV < 0.3 cm 0.4, 0.5 cm
V0 cosine pointing angle > 0.98 0.985, 0.995
V0 radius > 1.6 cm 1 cm
Proper lifetime < 15 cm 12, 20 cm
Armenteros parameter > 0.2 -
K0

Smass window (𝜎) ± 2 -

4.2 Analysis details

The short-lived resonance particles K∗0 and K∗± are reconstructed via their hadronic decay

channels: K∗(892)0 → K±𝜋∓ and K∗± → K0
S𝜋

±, respectively, with branching ratios (BR)
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of 66% and 33%, as reported by the Particle Data Group [15]. For K∗0, oppositely charged

kaons and pions within the same event are paired to reconstruct the resonance signal, while

for K∗±, the reconstructed K0
S and 𝜋± candidates are paired within the same events. The

resulting invariant-mass distribution of unlike-sign charge K𝜋 pairs and K0
S𝜋 pairs contains

a signal along with significant combinatorial background, which is estimated using the

mixed-event method [16]. In the mixed-event invariant mass distribution, kaons (for K∗0)

and K0
S (for K∗±) from one event are combined with oppositely charged pions from five

other events. Only events with similar topologies, such as an absolute difference in the

𝑧-coordinate of their collision vertex less than 1 cm, and the difference in centrality (for

Pb–Pb) or multiplicity percentile (for pp) less than 5%, are mixed. The mixed-event

background is scaled to match the foreground distribution in the invariant mass range of

1.3–1.4 GeV/𝑐2. The left panel of Fig. 4.2 illustrates the invariant-mass distribution of K0
S𝜋

pairs from the same event alongside the rescaled mixed-event background in 2.5<𝑝T< 3.0

GeV/𝑐 for Pb–Pb collisions at √𝑠NN = 5.02 TeV. The invariant mass distribution of K0
S𝜋

pairs with the mixed-event background subtracted is depicted in the right panel of Fig. 4.2.

This combinatorial background-subtracted invariant mass distribution comprises the K∗±

signal and a residual background of correlated pairs. The correlated background pairs may

stem from sources like jets, decays of resonances with misidentified daughters, and decays

with multiple daughters. To characterize this distribution, a fitting procedure is employed,

involving a combination of a non-relativistic Breit–Wigner distribution and a product of an

exponential function and a second-order polynomial (only a second-order polynomial for

K∗0).

The fit function is defined as
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Figure 4.2: (Left panel): Invariant mass distribution of K0
S𝜋

± pairs in same (black marker) and
mixed events (red marker). (Right panel): Invariant mass distribution of K0

S𝜋
± pairs

after the subtraction of normalized mixed-event background distribution [17]. The solid
red curve is the fit function defined by Eq. 4.1, with the dotted blue line describing the
residual background distribution given by Eq. 4.2.

d𝑁
𝑑𝑀

=
𝑌

2𝜋
Γ0

(𝑀 − 𝑀0)2 + Γ2
0/4

+ Res.bkg, (4.1)

where 𝑀0 and Γ0 are the mass and width of K∗±(K∗0), 𝑀 is invariant mass of the

K0
S𝜋

±(K𝜋) pair, and the parameter 𝑌 is the normalization constant. The mass resolution

of the detector for reconstruction of K∗± and K∗0 is negligible as compared to the vacuum

width of the K∗±(0.0514 ± 0.0009) GeV/𝑐2 and K∗0(0.047 ± 0.0005) [15], hence it is not

included. The last term in Eq. 4.1 is a residual background function (Res.bkg) and for K∗±

signal extraction it is taken as

Res.bkg = [𝑀 − (𝑚𝜋± + 𝑀K0
S
)]nexp(A + B𝑀 + C𝑀2), (4.2)

where 𝑚𝜋± and 𝑀K0
S

are the mass of the pion, and K0
S, respectively, and A, B, C, and n
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are the fit parameters. The width of K∗± and K∗0 is kept fixed to its vacuum value (0.050

and 0.047 GeV/𝑐2, respectively) in the fit procedure to estimate the signal, whereas it is

allowed to vary freely to estimate the systematic uncertainty. The significance of the K∗±

signal presented in Fig. 4.2 is 23. Finally, raw yields of K∗± and K∗0 in each 𝑝T interval

and event or multiplcity class is obtained from the integral of the Breit–Wigner distribution

as done in Ref. [18, 19]. Individually, the yields of particle and anti-particle are found to

be consistent with each other within uncertainties.

The raw yields (𝑁 raw) extracted from the data are subjected to corrections for detector

acceptance and reconstruction efficiency (𝐴 × 𝜖rec), as well as the branching ratio (BR) of

the decay channel. To estimate 𝐴 × 𝜖rec, dedicated Monte Carlo (MC) event generators

are utilized: PYTHIA8 [20] for pp collisions and HĲING [21] for Pb–Pb collisions.

These generators simulate the passage of particles through a model of the ALICE detector

constructed using GEANT3 [22]. The evaluated detector acceptance and reconstruction

efficiencies for K∗± (K∗0) in different centrality (multiplicity) intervals of Pb–Pb (pp)

collisions at √𝑠NN = 5.02 TeV are shown in Fig. 4.3.

A weighting procedure is then applied to 𝐴 × 𝜖rec to address variations over the width

of a 𝑝T interval in the measured spectrum and discrepancies in the shape between data

and MC simulation [23]. An iterative procedure is performed to determine the correct

weighting and therefore the correct 𝐴 × 𝜖rec.

• 𝐴 × 𝜖rec is calculated from MC generated and reconstructed 𝑝T spectrum in similar

𝑝T binning as used in data.

• 𝐴 × 𝜖rec is used to correct the measured 𝑝T spectrum.

• 𝐴 × 𝜖rec corrected 𝑝T spectrum is fitted with Levy-Tsallis function [24].



106
CHAPTER 4. SYSTEM SIZE DEPENDENCE OF HADRONIC RESCATTERING

EFFECT AT LHC ENERGIES

0 5 10 15
)c (GeV/

T
p

0.0

0.1

0.2

0.3

0.4

0.5

re
c

∈×
A  = 5.02 TeV NNsPb −Pb

| < 0.5 y , |
±*

K

ALICE simulation

10%− 0
20%− 10
40%− 20

60%− 40

80%− 60

0 5 10 15
)c (GeV/

T
p

0

0.2

0.4

0.6

0.8

re
c

∈×
A

ALICE 
 = 5.02 TeV spp 

 < 0.5 y, 0K*

  I    II    III

  IV    V    VI

  VII    VIII    IX

V0M Multiplicity Event Classes

Figure 4.3: The acceptance times efficiency correction for K∗± (left) and K∗0 (right) as a function
of 𝑝T for different centrality/ multiplicity intervals [17].

• MC simulated spectra are again extracted in smaller 𝑝T bins. Levy-Tsallis fit of

measured spectrum is used to weight the MC generated spectrum. A 𝑝T dependent

weight is applied to the generated spectrum so that it follows the fit. The same weight

is also applied to the reconstructed spectrum.

• Now this weighted simulated spectra are used to calculate the 𝐴 × 𝜖rec in a similar

𝑝T binning as used in data.

• Above mention procedure is repeated until the change between 𝐴 × 𝜖rec in two

successive iteration becomes < 0.1 %. It is observed that two iterations are usually

sufficient for this procedure to converge.

The weight factor for K∗± and K∗0 in different centrality and multiplicity classes are

shown in Fig. 4.4. This weight factor is multiplied with original 𝐴 × 𝜖rec to obtain the

resultant or corrected 𝐴 × 𝜖rec.
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Subsequently, the yields are normalized by the number of accepted events (𝑁acc
event) to

derive the corrected 𝑝T spectrum for different event classes. For measurements in pp

collisions, additional corrections are made for event loss and signal loss, assessed through

MC simulations. The event loss correction factor is applied in order to normalize to the

true number of INEL> 0 pp collisions in a given multiplicity bin where the signal loss

accounts for the losses K∗0 mesons due to trigger and event selection criteria, which do

not select the full sample of INEL> 0 collisions [5]. The signal loss correction (fSL) for

K∗0 is determined for each multiplicity class by comparing the simulated K∗0 𝑝T spectrum

before and after applying trigger and event selection criteria. Particularly in the 70–100%

multiplicity class, fSL reaches a maximum value of 22% and is most significant at low 𝑝T.

The event loss correction (fev) represents the fraction of INEL > 0 events that fail to meet

the event selection criteria, and its value, ranging from 0.99 in the 0–1% multiplicity class

to 0.71 in the 70–100% multiplicity class, is not contingent on particle type or 𝑝T. Fig. 4.5
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shows the event and signal loss correction factors as a function of 𝑝T in various multiplicity

classes.
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Figure 4.5: The event and signal loss factors for K∗0 in pp collisions at
√
𝑠= 5.02 TeV.

The corrected 𝑝T spectrum can then finally be mathematically expressed as:

1
𝑁event

d2𝑁

d𝑦d𝑝T
=

1
𝑁acc

event

d2𝑁 raw

d𝑦d𝑝T

fevfSL

(A × 𝜖rec)BR
, (4.3)

where 𝑁 is the number of K∗0 or K∗± produced in a given transverse momentum (d𝑝T)

and rapidity (d𝑦) interval.

4.3 Systematic uncertainties

The systematic uncertainties affecting the measured yields of K∗± and K∗0 stem from

several sources, encompassing the signal extraction technique, track selection, criteria for

particle identification, the methodology employed for matching track segments in the Inner

Tracking System (ITS) with those in the Time Projection Chamber (TPC), as well as uncer-



4.3. SYSTEMATIC UNCERTAINTIES 109

tainties related to the material budget and interaction cross-section. These uncertainties are

assessed by repeating the entire analysis chain while incorporating the variations outlined

below. The resulting variations in the yields of resonances for each 𝑝T and centrality (or

multiplicity) interval are treated as systematic uncertainties. Table 4.3 provides a compre-

hensive overview of the systematic uncertainties associated with the measured K∗± yields

in Pb–Pb collisions and K∗0 yields in pp collisions. The uncertainties listed in the table

are averaged across all centrality/multiplicity classes and presented separately for low- and

high-𝑝T intervals.

Table 4.3: Systematic uncertainties on measured K∗0 and K∗± yields in pp and Pb−Pb collisions
at √𝑠NN = 5.02 TeV, respectively. The systematic uncertainties are shown for different
sources for a low- and a high-𝑝T interval.

Systematic variation pp [𝑝T (GeV/𝑐)] Pb–Pb [𝑝T (GeV/𝑐)]
0–0.4 10.0–14.0 0.4–0.8 12.0–16.0

Signal extraction (%) 7.4 9.6 7.4 5.6
Primary track selection (%) 1.9 5.0 5.0 4.7
Particle identification (%) 1.4 5.5 3.7 3.2

Global tracking efficiency (%) 2 negl. 3 2.2
Material budget (%) 1.8 negl. 3.1 0.5

Hadronic interaction (%) 2.6 negl. 1.0 negl.
Total (%) 8.7 12.3 12.0 9.6

To assess the uncertainty associated with signal extraction, various parameters are

adjusted, including fitting ranges, the region for rescaling the mixed-event background, the

functional form used to model residual background, and the method employed for yield

extraction. In the default scenario, invariant mass distributions are fitted with fixed-width

fits based on the background shape. To quantify the systematic uncertainty, the boundaries

of the fitting ranges are shifted by 20 MeV/𝑐2 on both sides. The rescaling of the mixed-

event background distribution is shifted to different ranges to gauge its impact. The residual

background is characterized using a third-order polynomial to analyze systematic effects.



110
CHAPTER 4. SYSTEM SIZE DEPENDENCE OF HADRONIC RESCATTERING

EFFECT AT LHC ENERGIES

For the primary track selection, the criteria are modified following the protocol outlined

in Ref. [16]. The uncertainty in K0
S reconstruction is evaluated by varying the topological

selection criteria listed in Table 4.2. Uncertainties associated with the identification of

primary daughter tracks are assessed by adjusting the selection criteria in the TPC and

TOF. Additionally, uncertainties related to the material budget and hadronic cross-section

are derived from Ref. [16]. The total uncertainty, obtained by combining the uncertainties

from each source in quadrature, is averaged over all centrality/multiplicity classes. For K∗0

in pp collisions, the total uncertainty ranges from 6.5% to 12.3%, while for K∗± in Pb–Pb

collisions, it ranges from 8.8% to 12%.

4.4 Results

The corrected 𝑝T distributions for K∗± mesons at midrapidity across various centrality

intervals (0−10%, 10−20%, 20−40%, 40−60%, and 60−80%) are depicted in Fig. 4.6.

Additionally, the K∗0 𝑝T spectra in pp collisions at
√
𝑠= 5.02 TeV for different multiplicity

classes, following all corrections outlined in Section 4.2, are illustrated in the upper panel of

Fig. 4.7. Meanwhile, the lower panel of Fig. 4.7 displays the ratios of the K∗0 𝑝T spectra in

various multiplicity classes to the spectrum obtained from multiplicity-integrated (INEL>0)

pp collisions. A clear increase in the inverse slopes of the 𝑝T spectra is observed from

low to high multiplicity for 𝑝T < 4 GeV/𝑐. However, at higher 𝑝T, the spectra in different

multiplicity classes exhibit the same shape, suggesting that low 𝑝T processes primarily

drive the change in the shape of the 𝑝T spectra from low to high multiplicity classes.

The corrected 𝑝T distributions for K∗0 in four distinct centrality classes of Xe–Xe

collisions at √𝑠NN = 5.44 TeV are depicted in the left panel of Fig. 4.8. In the right panel

of Fig. 4.8, a comparison of the K∗0 𝑝T spectrum between Xe–Xe and Pb–Pb collisions
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is presented, alongside the K∗± 𝑝T spectrum in Pb–Pb collisions with a similar final-state

charged-particle multiplicity. Notably, at comparable multiplicity values, the K∗0 and K∗±

𝑝T distributions in Xe–Xe and Pb–Pb collisions exhibit consistency within uncertainties.

This suggests that the physics processes, such as hadronic rescattering and radial flow,

which influence the shape of the 𝑝T distribution in heavy-ion collisions, exert a similar

effect on the K∗0 and K∗± 𝑝T spectra regardless of the size of the colliding nuclei.

Figure 4.9 presents a comparison of the transverse momentum distributions of K∗± and

K∗0 mesons in Pb−Pb collisions at √𝑠NN = 5.02 TeV for the 0−10% and 40−60% centrality

intervals. The lower panels of Fig. 4.9 depict the ratio of K∗± to K∗0. Statistical and

systematic uncertainties on the ratio are derived by propagating the corresponding statistical

and total systematic uncertainties on the K∗0 and K∗± 𝑝T spectra. Within uncertainties, the



112
CHAPTER 4. SYSTEM SIZE DEPENDENCE OF HADRONIC RESCATTERING

EFFECT AT LHC ENERGIES

0 5 10 15
)c (GeV/

T
p

10−10

5−10

1

510

1010-1 )c
) 

(G
eV

/
yd

T
p

/d
N2

)(
d

ev
t

N
(1

/

ALICE 
 = 5.02 TeV spp 

 < 0.5 y, 0K*

)   9  I (x10 )8   II (x10 )7   III (x10

)   6  IV (x10 )5   V (x10 )4   VI (x10

)   3  VII (x10 )2   VIII (x10 )1   IX (x10

V0M Multiplicity Event Classes

0 5 10 15
)c (GeV/

T
p

1−10

1

10

R
at

io
 to

 IN
E

L>
0

Figure 4.7: Upper panel: The 𝑝T spectra of K∗0 in various multiplicity classes of pp collisions at√
𝑠 = 5.02 TeV. Lower panel: The ratios of the multiplicity-dependent 𝑝T spectra to the

multiplicity-integrated INEL> 0 spectra. The statistical and systematic uncertainties
are shown as bars and boxes, respectively. The figure is taken from [25].

ratio is consistent with unity. This alignment of the spectra for K∗± and K∗0 is consistent

with previous observations made in pp collisions [14].

The transverse momentum integrated yields of K∗0 and K∗± , denoted as d𝑁/d𝑦, and

their average transverse momentum (⟨𝑝T⟩) are determined from the measured 𝑝T spec-

trum, with extrapolation to unmeasured regions facilitated by a blast wave function [23].

In pp collisions, where K∗0 is measured down to 𝑝T = 0 GeV/𝑐, no low-𝑝T extrapolation

is necessary for extracting d𝑁/d𝑦 and ⟨𝑝T⟩. The impact of extrapolation on the extracted

d𝑁/d𝑦 for K∗± is approximately 8% (12%) in central (peripheral) Pb–Pb collisions. Sys-

tematic uncertainties on d𝑁/d𝑦 and ⟨𝑝T⟩ are assessed by randomly varying the data points

within their systematic uncertainties to obtain spectra with the softest and hardest behav-
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iors. In Pb–Pb collisions, an additional systematic uncertainty on K∗±, attributed to the 𝑝T

spectrum extrapolation to 𝑝T = 0 GeV/𝑐, is evaluated by employing different fit functions

(Levy–Tsallis, Boltzmann, and Bose-Einstein) for the extrapolation [24, 26].

Figure 4.10 illustrates the behavior of d𝑁/d𝑦(left panel) and ⟨𝑝T⟩(right panel) for

K∗0 and K∗± across various collision systems, where ⟨d𝑁ch/d𝜂⟩1/3
|𝜂 |<0.5 serves as a measure

proportional to the linear (radial) path traversed through the produced matter. A consistent

trend of d𝑁/d𝑦 with ⟨d𝑁ch/d𝜂⟩1/3
|𝜂 |<0.5 is observed across all collision systems, implying that

the production of K∗0 and K∗± is primarily influenced by the final-state charged-particle

multiplicity, utilized as an indicator of the system size [27]. The ⟨𝑝T⟩ of both K∗0 and

K∗± exhibits a rise with increasing ⟨d𝑁ch/d𝜂⟩1/3
|𝜂 |<0.5 across all collision systems, indicating

a heightened radial flow velocity from low- to high-multiplicity event classes. However,
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in contrast to d𝑁/d𝑦, the intensive variable ⟨𝑝T⟩ demonstrates a pronounced dependence

on the colliding system and does not scale uniformly with charged-particle multiplicity

across all systems. Specifically, the increase in ⟨𝑝T⟩ is steeper in small collision systems

compared to heavy-ion collisions. For ⟨d𝑁ch/d𝜂⟩1/3
|𝜂 |<0.5 > 2, the ordering of ⟨𝑝T⟩ for a

fixed multiplicity is observed as follows: ⟨𝑝T⟩ (pp) > ⟨𝑝T⟩ (p–Pb) > ⟨𝑝T⟩ (Xe–Xe) ∼

⟨𝑝T⟩ (Pb–Pb). In the context of the blast wave fit, where the fit parameters are interpreted

in terms of collective expansion, it is noted that small collision systems exhibit a greater

pressure gradient and faster expansion of produced matter compared to heavy-ion collisions

with similar charged-particle multiplicity [28, 29]. Moreover, the comparable ⟨𝑝T⟩ of K∗0

in Xe−Xe and Pb−Pb collisions at similar ⟨d𝑁ch/d𝜂⟩1/3
|𝜂 |<0.5, along with K∗± , suggests a

similar dynamical evolution of the system resulting from collisions involving large and

medium-sized nuclei at LHC energies.
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and systematic uncertainties, respectively.

The left panel of Fig. 4.11 presents the comparison of 𝑝T-integrated K∗/K yield ra-

tio in Pb–Pb [17, 23], Xe–Xe [25], p–Pb [30] and pp collisions [25] as a function of

⟨d𝑁ch/d𝜂⟩1/3
|𝜂 |<0.5 at akin center-of-mass energies. In the case of pp collisions at

√
𝑠 = 5.02

TeV, the kaon yields are extrapolated from measurements at
√
𝑠 = 13 TeV [28] and

√
𝑠 = 7

TeV [31] utilizing a first-order polynomial fit to the yields as a function of ⟨d𝑁ch/d𝜂⟩1/3
|𝜂 |<0.5.

The uncertainty in the yield estimation is evaluated by constructing Gaussian distributions

for each data point, where the mean corresponds to the data point value and the standard

deviation (𝜎) represents the associated statistical or systematic uncertainty. For each data

point, random values are sampled from the respective Gaussian distribution under the as-

sumption of uncorrelated data points with multiplicity. Subsequently, linear fits are applied

to these randomly sampled values, iterated thousands of times to generate multiple linear

fits. The standard deviation of the fitting values obtained from these repetitions is then
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considered as the yield uncertainty for a given multiplicity. Across various collision sys-

tems, the K∗/K yield ratio exhibits a smooth evolution with ⟨d𝑁ch/d𝜂⟩1/3
|𝜂 |<0.5 and remains

consistent regardless of the collision system at comparable final-state charged-particle

multiplicity. This consistency underscores the smooth evolution of hadron chemistry, as

observed for other light-flavor hadrons [32]. Notably, the K∗/K yield ratio diminishes

with increasing event multiplicity, attributed to rescattering of K∗ meson decay daugh-

ters within the hadronic phase [19]. The significance of suppression of K∗±/K reaches

a level of 9.3𝜎 [17], comparable to that observed for K∗0/K (6.02𝜎) [19]. Comparisons

with EPOS3 model calculations, with and without the hadronic phase [33], are conducted,

alongside examination against the canonical ensemble-based thermal model 𝛾s CSM [34]

and the Hadron Resonance Gas (HRG) model incorporating partial chemical equilibrium

(PCE) [1]. EPOS3 stands as an event generator utilizing a 3+1D viscous hydrodynamic
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evolution, commencing from flux tube initial conditions generated within the Gribov-

Regge multiple scattering framework [35]. Each individual scattering event is identified

as a Pomeron, represented by a parton ladder that ultimately manifests as flux tubes or

strings. The reaction volume is segmented into a core and a corona part [36]. The core

serves as the initial condition for the Quark-Gluon Plasma (QGP) evolution, where vis-

cous hydrodynamics is applied, while the corona is comprised of hadrons resulting from

string decays. Post-hadronization of the fluid (core part), these hadrons, along with the

corona hadrons, are incorporated into UrQMD [37], a model describing hadronic inter-

actions on a microscopic level. The chemical and kinetic freeze-outs take place within

this phase. While the EPOS3 generator, particularly with the inclusion of the hadronic

phase, qualitatively reproduces the multiplicity dependence of the K∗/K yield ratio, the

𝛾s CSM does not capture this dependency satisfactorily. Conversely, the HRG-PCE cal-

culation accurately describes the measured data points, highlighting the influence of the

hadronic phase on the K∗/K yield ratio. Additionally, the K∗/K yield ratio serves as an

estimator for the lower bound of the hadronic phase lifetime (𝜏), representing the duration

between chemical and kinetic freeze-out [19]. This relationship is expressed by the formula

[K∗/K]kinetic = [K∗/K]chemical×𝑒−𝜏/𝜏𝐾∗ , where 𝜏𝐾∗ denotes the vacuum lifetime of K∗ [15].

The ratio of [K∗0/K] in the 70–100% multiplicity class of pp collisions at
√
𝑠 = 13 TeV is

utilized as a substitute for [K∗/K]chemical. Simultaneously, the measured K∗/K yield ratios

across various multiplicity or centrality classes of pp, p–Pb, Xe–Xe, and Pb–Pb collisions

serve as representative of [K∗/K]kinetic. This methodology aims to estimate the lower limit

of 𝜏 under the assumption of no K∗ regeneration in the hadronic medium. The resulting

hadronic phase lifetimes, obtained through this simplified model, undergo further scaling

by a Lorentz factor
√︃

1 + ( ⟨𝑝T⟩
mass of K∗ )2. The extracted 𝜏 values are depicted in the right

panel of Fig. 4.11 as a function of ⟨d𝑁ch/d𝜂⟩1/3
|𝜂 |<0.5. The evolution of the hadronic phase
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lifetime exhibits a smooth trend with multiplicity. The lifetimes in Xe–Xe and Pb–Pb

collisions align consistently at comparable charged-particle multiplicities. To investigate

the 𝑝T dependence of the rescattering effect, the 𝑝T-differential yield ratios are examined.

The upper panels of Fig. 4.12 illustrate the 𝑝T-differential yield ratios of K∗±/K (a) and

K∗±/pion (b) in Pb−Pb collisions at √𝑠NN = 5.02 TeV for centrality intervals 0−10% and

60−80%, compared with pp collisions at the same energy [14]. The bottom panels (c and d)

present the double ratios. At low 𝑝T (< 2 GeV/𝑐), the double ratios (K∗±/K)PbPb/(K∗±/K)pp

and (K∗±/𝜋)PbPb/(K∗±/𝜋)pp exhibit suppression by up to a factor of five. This suppression

is more pronounced in central collisions compared to peripheral ones due to a stronger

rescattering effect in the larger system formed in central collisions. For 𝑝T (> 5 GeV/𝑐), the

double ratios are consistent with unity for both central and peripheral collisions, indicating

that the rescattering effect primarily manifests at low 𝑝T. The lower panels of Figure 4.12

(c and d) depict the comparison of results for K∗± and K∗0 [23] in the 0–10% centrality

interval, demonstrating their consistency. In the intermediate 𝑝T range (3–5 GeV/𝑐), both

double ratios (c and d) display an enhancement in central Pb−Pb collisions compared to

peripheral and pp collisions. This enhancement, particularly pronounced for the K∗/𝜋

yield ratio, aligns with the notion of larger radial flow in the most central Pb–Pb collisions

relative to peripheral Pb–Pb and pp collisions [28].

The duration of the hadronic phase is inferred from the temperature discrepancy between

chemical and kinetic freeze-out. The kinetic freeze-out temperature is derived using the

HRG-PCE model [1], fitting it to the experimentally measured yields of 𝜋, K, p, 𝜙, K∗0,

and K∗± in Pb−Pb collisions at √𝑠NN = 5.02 TeV. The parameters in the fit include the

baryon chemical potential, chemical freeze-out temperature, kinetic freeze-out temperature,

and freeze-out volume of the system. At LHC energies, the baryon chemical potential and

chemical freeze-out temperature are held fixed at 0 and 155 MeV, respectively [38–41]. The
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Figure 4.12: The 𝑝T-differential particle yield ratios K∗±/K (a) and K∗±/𝜋(b) in pp (black marker)
and Pb−Pb collisions at √𝑠NN= 5.02 TeV for 0−10% (red marker) and 60−80% (blue
marker) centrality intervals. The bottom panels (c) and (d) show the ratios of Pb−Pb
to pp results, compared with 0−10% K∗0 results [23]. Statistical uncertainties are
shown by bars and systematic uncertainties by boxes. The statistical and systematic
uncertainties on the data points are obtained by propagating the statistical and total
systematic uncertainties of the measurements. The figure is taken from [17]

fitting procedure employing the HRG-PCE model to the data is incorporated in THERMAL-

FIST [42], which is a C++ package designed to compute HRG observables for a specified

configuration. The configuration encompasses particle lists, particle interaction types,

thermal parameters, conservation laws constraints etc. The calculations presented in this

chapter are conducted in the Grand-Canonical ensemble. The kinetic freze-out temperature
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is estimated for five distinct centrality intervals: 0−10%, 10−20%, 20−40%, 40−60%, and

60−80%, as presented in Table 4.4, and is compared with blast-wave fit results of 𝜋±, K±,

and p(p) [43]. The fitting of 𝑝T spectra within the blast-wave model relies on assumptions

regarding the flow velocity profile and the freeze-out hypersurface. Conversely, the HRG-

PCE model operates without such assumptions. Table 4.4 demonstrates that outcomes from

the HRG-PCE model align within uncertainties with the blast-wave model results [43].

Table 4.4: HRG-PCE model fits results in Pb−Pb collisions at √𝑠NN = 5.02 TeV. Numbers in
brackets show the published kinetic freeze-out temperatures obtained using blast-wave
fits to 𝜋±, K±, p(p) spectra [43].

Centrality (%) 𝑇kin (MeV) 𝜒2/Ndf
0−10 95 ± 3 (91 ± 3) 2.25
10−20 104 ± 4 (94 ± 3) 2.17
20−40 109 ± 5 (99 ± 3) 1.48
40−60 116 ± 6 (112 ± 3) 0.77
60−80 124 ± 8 (138 ± 6) 1.63

The extracted kinetic freeze-out temperature increases from 95 MeV in 0−10% Pb−Pb

collisions to 124 MeV in 60−80% Pb−Pb collisions. The results indicate the presence

of the hadronic phase of a finite lifetime in heavy-ion collisions, longer lived in central

collision and shorter in peripheral collision.

The left panel of Fig. 4.13 illustrates the species-specific behavior of 𝑅AA for 0−10%

Pb−Pb collisions at √𝑠NN = 5.02 TeV, encompassing species ranging in mass from 0.139

GeV/𝑐2 for pions to 1.020 GeV/𝑐2 for the 𝜙 meson, considering both baryons and mesons.

At low 𝑝T(< 2 GeV/𝑐), K∗± and K∗0 exhibit the smallest 𝑅AA values among the listed

hadrons, aligning with expectations based on the rescattering effect. In the intermediate

momentum range of 2-7 GeV/𝑐, 𝑅AA shows species dependence with an evidence of

baryon-meson splitting. Influences such as radial flow, parton recombination, enhanced

strangeness production, steepness of particle 𝑝T spectra in reference pp collisions, etc.,
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Figure 4.13: Left panel shows the 𝑅AA comparison of various light-flavored hadrons [23, 44,
45], and the right panel shows the 𝑅AA of K∗± for different centrality intervals both
as a function of 𝑝T in Pb−Pb collisions at √𝑠NN = 5.02. Statistical (systematic)
uncertainties are shown by bars (shaded boxes). The shaded bands around unity
reprsents the normalisation uncertainty on 𝑅AA. The figure is taken from [17].

contribute to 𝑅AA measurements in this 𝑝T range, presenting challenges in disentangling

their individual effects from 𝑅AA measurements alone. For 𝑝T > 8 GeV/𝑐, all particle

species exhibit similar 𝑅AA values within the uncertainties. Both light quark suppression

and gluon suppression contribute to the charged hadrons 𝑅AA [46]. This observation also

suggests that the suppression of various light-flavored hadrons is independent of their quark

content and mass. This finding constraints models that address fragmentation and energy

loss mechanisms. The right panel of Fig. 4.13 portrays the evolution of 𝑅AA values with

centrality for K∗±. The smallest 𝑅AA is observed in the most central collisions, gradually

increasing towards more peripheral collisions, similar to other light hadrons. These findings

are consistent with centrality-dependent energy loss of partons in the medium.
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4.5 Summary

The inaugural measurement of the K∗± (K∗0) resonance in Pb−Pb (pp) collisions has been

conducted at √𝑠NN = 5.02 TeV using the ALICE detector. The transverse-momentum

spectra are presented at midrapidity up to 𝑝T = 16 GeV/𝑐 (14 GeV/𝑐) in different cen-

trality (multiplicity) intervals. A notable consistency is observed between the presented

K∗± results and the previously published K∗0 measurements in Pb–Pb collisions. The 𝑝T-

integrated K∗ yield and K∗/K yield ratio exhibit a smooth evolution with ⟨d𝑁ch/d𝜂⟩1/3
|𝜂 |<0.5,

irrespective of the colliding nuclei’s size. This confirms a universal scaling of hadron

chemistry or relative abundance of hadron species with final-state charged-particle multi-

plicity at LHC energies. However, the ⟨𝑝T⟩, dependent on the radial expansion velocity of

the produced matter, rises more sharply in smaller collision systems compared to heavy-

ion collisions. This implies a more rapid expansion of matter in small collision systems.

The K∗/K ratio decreases with increasing final-state charged-particle multiplicity, pointing

towards the rescattering of K∗ decay daughters in the hadronic phase. Additionally, the

𝑝T-differential yield ratio K∗/K supports the dominance of rescattering effects at low 𝑝T.

The kinetic freeze-out temperature, determined in different centrality intervals using the

HRG-PCE model fit to the experimental data at a fixed chemical freeze-out temperature,

suggests a longer-lived hadronic phase in central collisions compared to peripheral colli-

sions. These results align with predictions from blast-wave fits to pion, kaon, and proton

𝑝T spectra. Examining the nuclear modification factor (𝑅AA) for K∗ reveals values below

unity across all centralities, consistent with parton energy loss in the hot and dense medium.

𝑅AA values are smaller in more central collisions, gradually increasing towards peripheral

collisions, with no observed species dependence at high 𝑝T.
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The resonance is reconstructed at midrapidity (|𝑦 | < 0.5) via the hadronic decay channel

𝑓1 → K0
SK∓𝜋±. Key observations include the determination of its mass, transverse mo-

mentum integrated yield, and average transverse momentum. Furthermore, the ratio of

the transverse momentum integrated yield of 𝑓1(1285) to that of pions is compared with

calculations from the canonical statistical thermal model. The thermal model calculation,

assuming zero total strangeness content for 𝑓1(1285), demonstrates consistency with the

data within a deviation of 1𝜎, providing insights into the quark composition of 𝑓1(1285).

These measurements in proton-proton collisions establish a valuable foundation for ex-

ploring the partial restoration of chiral symmetry and conducting a systematic analysis of

hadronic rescattering effects in heavy-ion collisions.

5.1 Analysis details

5.1.1 Data sample, event and track selections

The dataset, collected during the years 2016, 2017, and 2018 under a magnetic field strength

(B) of 0.5 T, is obtained via a minimum bias (MB) trigger, which necessitates simultaneous

signals in both the V0A and V0C detectors. Selected events are ensured to possess a

primary collision vertex within ±10 cm along the beam axis from the ALICE detector’s

nominal center. Offline event selection processes outlined in Refs. [1, 2] are employed to

remove beam-induced background and pileup events. After applying all event selection

criteria, around 1.5 billion minimum-bias events are subjected to analysis.

Due to the short-lived nature of the 𝑓1(1285) meson, its reconstruction is executed

via the hadronic decay channel, 𝑓1 → K0
SK∓𝜋±, considering a branching ratio (BR) of

(2.25±0.001)% [3]. This encompasses all potential combinations of kaons and pions,

with a 0.5 probability for a K0 to be reconstructed as K0
S. The analysis covers a transverse
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momentum range from 1 GeV/𝑐 to 12 GeV/𝑐. At low-𝑝T (< 1 GeV/𝑐), the 𝑓1(1285) signal is

not statistically significant due to the presence of substantial background. Primary charged

tracks within a selected event are reconstructed utilizing the ITS [4] and TPC [5] detectors.

A set of track selection criteria, in line with previous studies [6, 7], is applied to ensure high

track quality. Charged tracks originating from the primary collision vertex are chosen with

a minimum 𝑝T of 0.15 GeV/𝑐 and |𝜂 | < 0.8. These selected tracks must register at least

one hit in the two innermost layers of the ITS and traverse a minimum of 70 out of the total

159 rows along the transverse readout plane of the TPC. The maximum 𝜒2 per space point

in the TPC and ITS, derived from the track fit, is stipulated to be 4 and 36, respectively. To

mitigate the influence of secondary charged particles, the distance of the closest approach

in the transverse plane of reconstructed tracks to the primary vertex (DCAxy) is kept to

be smaller than 7𝜎, where 𝜎 signifies the DCAxy resolution. The 𝑝T-dependent DCAxy

resolution is modeled as 𝜎 = 0.0105 + 0.0350/(𝑝T)1.1. The DCA in the longitudinal

direction is ensured to be smaller than 2 cm. Identified charged particles are discerned

utilizing information from the TPC and TOF [8] detectors based on their specific ionization

energy loss (d𝐸/d𝑥) in the TPC and flight time measured in the TOF. Pions (𝜋) and kaons

(K) are identified by ensuring their specific energy loss falls within 2 standard deviations

(𝜎TPC) from the expected d𝐸 /d𝑥 values, where 𝜎TPC denotes the TPC’s d𝐸/d𝑥 resolution,

typically around 5% of the measured d𝐸/d𝑥 value. Additionally, if the track registers a hit

in the TOF, the measured time of flight must be within 3𝜎 of its expected value for each

particle species [9].

The reconstruction of the K0
S proceeds through its weak decay topology (V0 topol-

ogy) [10], where it decays into two oppositely charged pions (K0
S → 𝜋−𝜋+) with a branching

ratio of (69.2 ± 0.05)% [3]. Detailed selection criteria for K0
S reconstruction are outlined

in Table 5.1. Pions (the daughters of K0
S) are identified as two oppositely charged tracks
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within the acceptance window |𝜂 | < 0.8, employing a 4𝜎TPC selection criterion. The

distance of closest approach (DCA) between negatively and positively charged tracks must

be less than 1.0 cm. Additionally, the DCA of charged tracks and the V0 to the primary

vertex must be greater than 0.06 cm and less than 0.3 cm, respectively. The cosine of the

pointing angle, representing the angle between the V0 momentum and the line connecting

the secondary to the primary vertex, must be greater than 0.97. Only K0
S candidates with

a radius of the reconstructed secondary vertex larger than 0.5 cm are considered. More-

over, candidates with a proper lifetime exceeding 15 cm, calculated as 𝐿𝑀K0
S
/𝑝, where 𝐿

denotes the linear distance between the primary and secondary vertex, 𝑀K0
S

is the mass

of K0
S and 𝑝 indicates the total momentum of K0

S, are excluded to reduce the presence

of combinatorial background from interactions with the detector material. Competing V0

rejection is also implemented: the V0 mass is recalculated assuming that one of the pions

is a (anti-)proton, and the V0 candidates are rejected if their mass is compatible with the

Λ mass within ± 0.0043 GeV/𝑐2, which is approximately three times the typical mass

resolution for the reconstructed Λ in ALICE [11]. Finally, the invariant mass of 𝜋+𝜋− must

be compatible within 6𝜎 of the K0
S nominal mass, where 𝜎 represents the detector mass

resolution, approximately equal to ∼5 MeV/𝑐2. Following all these topological criteria,

only K0
S candidates with |𝑦 | < 0.8 are included in the analysis.

5.1.2 Signal extraction

Initially, the reconstruction of K0
S involves utilizing the weak decay topology described

in Section 5.1.1. Following this, the reconstructed K0
S is paired with charged kaons to

form a K0
SK pair. Subsequently, this pair is combined with oppositely charged pions in

the same event to reconstruct the 𝑓1(1285) resonance. An invariant mass selection, MK0
SK

< 1.04 GeV/𝑐2, is imposed on the K0
SK pair to enhance the significance of the f1(1285)
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Table 5.1: Selection criteria for K0
S.

Selection criteria Value Variations
Crossed rows >70 -
Acceptance window of pions (|𝜂 |) < 0.8 -
Pion dE/d𝑥 (𝜎) <4 5
DCA V0 daughters < 1.0 cm 0.8 cm
DCA of V0 daughters to PV > 0.06 cm 0.08 cm
DCA of V0 to PV < 0.3 cm -
V0 cosine pointing angle > 0.97 0.98
V0 radius > 0.5 cm 0.8 cm
Proper lifetime < 15 cm 12 cm
Competing V0 rejection > 0.0043 GeV/𝑐2 -
K0

S mass window (𝜎) ± 6 -

signal. The resulting invariant mass distribution of unlike-sign K0
SK𝜋 pairs comprises

three resonances ( 𝑓1(1285), 𝑓1(1420), and 𝜂(1475)) amidst a considerable combinatorial

background. This combinatorial background is estimated using uncorrelated like-sign

K0
SK𝜋 pairs, extracted from the same event [6, 12]. Like-sign pairs are preferred over

mixed-event pairs for a more accurate representation of the combinatorial background.

The left panel of Fig. 5.1 illustrates the invariant-mass distribution of unlike-sign K0
SK𝜋

pairs from the same event, along with the like-sign background, in the transverse momentum

range 3< 𝑝T <4 GeV/𝑐 in inelastic pp collisions at
√
𝑠= 13 TeV. The right panel of Fig. 5.1

presents the invariant mass distribution of unlike-sign K0
SK𝜋 pairs after subtracting the like-

sign background. This combinatorial background-subtracted invariant mass distribution

includes the three resonances ( 𝑓1(1285), 𝑓1(1420), and 𝜂(1475)) along with a residual

background of correlated pairs.

The correlated background pairs may originate from various sources, including jets,

decays of resonances with misidentified daughters, and decays with multiple daughters [12].

The invariant mass distribution after subtracting the combinatorial background is then fitted
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Figure 5.1: In the left panel, the invariant mass distribution is presented for both unlike (black
markers) and like-sign (red markers) K0

SK𝜋 pairs originating from the same events.
Meanwhile, the right panel displays the invariant mass distribution of K0

SK𝜋 pairs after
subtracting the like-sign background. The solid red curve is the fit function defined
by Eq. 5.1, with the dotted blue line describing the residual background distribution is
given by Eq. 5.2.

using a sum of three non-relativistic Breit–Wigner distributions [12, 13] (described by

Eq. 5.1) and a combination of an exponential function and a second-order polynomial [13]

(described by Eq. 5.2). These three Breit–Wigner distributions correspond to the signals of

the 𝑓1(1285), 𝑓1(1420), and 𝜂(1475) mesons, respectively, while the residual background

is modeled using a combined function of an exponential and a second-order polynomial.

The resulting fit function can be expressed as:

d𝑁𝑐

dM
=

3∑︁
𝑖=1

𝑌𝑖

2𝜋
Γ𝑖

(𝑀 − 𝑀𝑖)2 + Γ2
𝑖
/4

+ Res.bkg, (5.1)

where the index 𝑖 traverses the three resonances ( 𝑓1(1285), 𝑓1(1420), and 𝜂(1475)).

𝑀𝑖, Γ𝑖, and 𝑌𝑖 represent the masses, widths, and normalization constants of these three

resonances, respectively. 𝑀 denotes the invariant mass of the K0
SK𝜋 pair (𝑀K0

SK𝜋). Since
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the mass resolution of the detector for reconstructing 𝑓1(1285) is negligible compared to its

vacuum width (0.022 ± 0.001) GeV/𝑐2 [3], it is not accounted for in the fit function. The

final term in Eq. 5.1 represents a residual background function (Res.bkg) and is specified

as [13].

Res.bkg = [𝑀 − (𝑚𝜋 + 𝑀K0
SK)]nexp(−A𝑀 − B𝑀2), (5.2)

where 𝑚𝜋 and 𝑀K0
SK are the masses of pion, and K0

SK pair, respectively. Here A, B, and

n are the fit parameters. In the default fitting scenario, the width parameters of the three

resonances, denoted as Γ𝑖, are held constant at their vacuum values [3], which are 0.022,

0.054, and 0.090 GeV/𝑐2, respectively. The masses, indicated by 𝑀𝑖, are left unconstrained.

The significance of 𝑓1(1285) signal presented in Fig. 5.1 is 7.54. Finally, the raw yields

of 𝑓1(1285) within each 𝑝T interval are derived from the integral of the Breit–Wigner

distribution, following the procedure outlined in Refs. [6, 14].

The initially extracted raw yields (𝑁 raw) undergo further adjustments for detector ac-

ceptance and reconstruction efficiency (𝐴 × 𝜖rec) as well as the branching ratio (BR) of the

decay channel. The estimation of 𝐴 × 𝜖rec involves employing an injected Monte Carlo

(MC) event generator, PYTHIA8 [15], where particles are propagated through a simulation

of the ALICE detector using GEANT3 [16]. The 𝐴 × 𝜖rec as a function of 𝑝T is shown in

Fig. 5.2.

Furthermore the simulated resonance spectra used in the 𝐴 × 𝜖rec calculation may have

different shapes than the measured resonance spectra and 𝐴 × 𝜖rec may vary significantly

over the width of a 𝑝T bin in the measured spectrum at low 𝑝T. Therefore, a re-weighting

procedure of simulated and measured 𝑝T spectra is carried out to consider the shape of

the simulated 𝑝T distribution as well as the change in 𝐴 × 𝜖rec over the width of a 𝑝T bin

at low 𝑝T. Figure. 5.3 shows the generated and reconstructed 𝑓1(1285) spectrum plotted
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Figure 5.2: Efficiency times acceptance of 𝑓1(1285) as a function of transverse momentum in
inelastic pp collisions at

√
𝑠= 13 TeV.

along with the measured (𝐴 × 𝜖rec corrected) 𝑓1(1285) spectrum. An iterative procedure is

performed to determine the correct weighting and therefore the correct 𝐴 × 𝜖rec.

• 𝐴 × 𝜖rec is calculated from MC generated and reconstructed 𝑝T spectrum in similar

𝑝T binning as used in data.

• 𝐴 × 𝜖rec is used to correct the measured 𝑝T spectrum.

• 𝐴 × 𝜖rec corrected 𝑝T spectrum is fitted with Levy-Tsallis function.

• MC simulated spectra are again extracted in smaller 𝑝T bins. Levy-Tsallis fit of

measured spectrum is used to weight the MC generated spectrum. A 𝑝T dependent

weight is applied to the generated spectrum so that it follows the fit. The same weight

is also applied to the reconstructed spectrum.

• Now this weighted simulated spectra are used to calculate the 𝐴 × 𝜖rec in a similar

𝑝T binning as used in data.
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• Above mention procedure is repeated until the change between 𝐴 × 𝜖rec in two

successive iteration becomes < 0.1 %. It is observed that two iterations are usually

sufficient for this procedure to converge.

The ratio between original 𝐴 × 𝜖rec and weighted 𝐴 × 𝜖rec is the re-weighted factor and is

shown in Fig. 5.4. Final corrected yield is obtained with the weighted 𝐴 × 𝜖rec.
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Figure 5.3: Generated, reconstructed and experimental data 𝑝T spectras in both unweighted and
reweighted case for the 𝑓1(1285) meson in inelastic pp collisions at

√
𝑠 = 13 TeV.

Ultimately, the yields are normalized by the number of accepted events (𝑁acc
event) to

obtain the corrected 𝑝T spectrum. The measurements undergo additional corrections for

both event loss (fev) and signal loss (fSL), which are generally determined through MC

simulation. Recognizing that a simulation incorporating injected 𝑓1(1285) signals may not

provide a truly realistic assessment of correction factors, these factors are borrowed from

Ref. [7]. In summary, the corrected 𝑝T spectrum can be formally expressed as

1
𝑁evt

d2𝑁

d𝑦d𝑝T
=

1
𝑁acc

event

d2𝑁 raw

d𝑦d𝑝T

fevfSL

(A × 𝜖rec)BR
, (5.3)
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Figure 5.4: Ratio between original 𝐴×𝜖rec and weighted 𝐴×𝜖rec for the 𝑓1(1285) meson in inelastic
pp collisions at

√
𝑠 = 13 TeV.

where 𝑁 is the number of 𝑓1(1285) produced per 𝑁evt inelastic events in a given rapidity

(d𝑦) and transverse momentum (d𝑝T) interval.

5.2 Systematic uncertainties

The measured yields of 𝑓1(1285) are subject to various sources of systematic uncertainties,

which include factors such as the signal extraction method, selection criteria for primary

and secondary tracks, particle identification procedures, the strategy for matching track

segments in the ITS with those in the TPC, as well as uncertainties associated with the

material budget and interaction cross section. To assess these systematic uncertainties,

variations and corrections are applied throughout the entire analysis chain, and the result-

ing changes in the 𝑓1(1285) yields for each 𝑝T bin are observed. Table 5.2 provides a

summary of the systematic uncertainties affecting the measured 𝑓1(1285) yields, reporting

the uncertainties for both low- and high-𝑝T intervals.



5.2. SYSTEMATIC UNCERTAINTIES 139

Table 5.2: Systematic uncertainties on measured 𝑓1(1285) yield in pp collisions at
√

s = 13 TeV.
The systematic uncertainties are shown for different sources for a low- and a high-𝑝T
interval.

Systematic variation 𝑝T (GeV/𝑐)
1.0–2.0 8.0–12.0

Signal extraction (%) 12.74 14.46
Primary track selection (%) 3.90 4.97

Secondary track selection (%) 9.24 6.46
Particle identification (%) 3.58 0.07

Global tracking efficiency (%) 2 2
Material budget (%) 1.8 negl.

Hadronic interaction (%) 1.8 negl.
Total (%) 16.92 16.73

To comprehensively evaluate the uncertainty in signal extraction, several factors un-

dergo variation, encompassing adjustments to fitting ranges, residual background fit func-

tions, and variations in the mass and width parameters for the three resonances under

consideration ( 𝑓1(1285), 𝑓1(1420), and 𝜂(1475)). Specifically, in the evaluation of fitting

ranges, boundaries are expanded by 20 MeV/𝑐2 on both sides compared to the default

scenario, which involves fixed-width fits of resonances to the invariant mass distributions.

In the systematic analysis, the widths of all resonances are left unconstrained, and the

resulting differences in their yields are factored into the systematic uncertainty assessment.

Additionally, the mass of 𝑓1(1420) is held fixed (rather than being allowed to vary freely

in the default case) during the systematic uncertainty evaluation to gauge its impact on the

𝑓1(1285) yield estimation. The residual background is further characterized using both

second and third-order polynomials to explore potential systematic effects. Regarding pri-

mary track selection, the selection criteria which undergoes variation are listed in Table 5.3.

The uncertainty in K0
S reconstruction is estimated through modifications to the topological

selection criteria outlined in Table 5.1. The uncertainties associated with the identification

of primary daughter tracks are assessed by varying the selection criteria in the TPC and
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TOF from |n𝜎TPC | < 2, |n𝜎TOF | < 3 to |n𝜎TPC | < 2, |n𝜎TOF | < 4. Additionally, uncertain-

ties linked to the material budget, hadronic cross section, and global tracking efficiency

are derived from Ref. [7]. The total uncertainty is computed by summing the uncertainties

from each source in quadrature, resulting in a range of approximately 17-18% across the

measured 𝑝T intervals and is shown in Fig. 5.5.

Table 5.3: Selection criteria for primary pions.

Selection criteria Value Variations
Crossed rows >70 80
𝜒2
𝐼𝑇𝑆

<36 4
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Figure 5.5: Systematic uncertainty for the 𝑓1(1285) meson in inelastic pp collisions at
√
𝑠 = 13 TeV.

5.3 Results

The mass of the 𝑓1(1285) resonance, indicated by the fit parameter 𝑀0 as derived from

Eq. 5.1, is depicted in Fig. 5.6. The systematic uncertainties affecting the measured
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mass are assessed using procedures akin to those outlined in Sections 5.2. The measured

mass demonstrates agreement with its theoretical vacuum value [3] within the range of

uncertainties considered.
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Figure 5.6: Measured 𝑓1(1285) mass at midrapidity (|𝑦 | < 0.5) in inelastic pp collisions at
√

s =

13 TeV. The statistical and systematic uncertainties are shown as bars and boxes,
respectively. The blue dotted line represents the vacuum mass of 𝑓1(1285).

Figure 5.7 presents the transverse momentum (𝑝T) spectra of the 𝑓1(1285) resonance

in proton-proton (pp) collisions at a center-of-mass energy of 13 TeV, incorporating all the

corrections outlined in Section 5.1.2. To extend the spectra to unmeasured 𝑝T regions,

including down to zero 𝑝T, the 𝑝T distribution is fitted with a Levy-Tsallis function, which

is a combination of an exponential and a power-law function [17]. The low-𝑝T section

of the spectrum is described by an exponential function, while the high-𝑝T region (> 6

GeV/𝑐) is characterized by a power law. Since there are only two 𝑝T bins above 6 GeV/𝑐

with a large bin width, the Levy-Tsallis fit is performed in the range of 0< 𝑝T < 6 GeV/𝑐.
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This fitting approach facilitates the extraction of the 𝑝T-integrated yields (d𝑁/d𝑦) and

the average transverse momentum (⟨𝑝T⟩) of the 𝑓1(1285) resonance, utilizing both the

measured and extrapolated distributions. Approximately 41% of the total 𝑓1(1285) yield

is encompassed by the extrapolation to low-𝑝T (< 1 GeV/𝑐), while the contribution from

high-𝑝T extrapolation is found to be negligible.

The ⟨𝑝T⟩ is determined by evaluating the mean value of the fit function within each

𝑝T bin, weighted by the measured yield in that bin. The systematic uncertainties in the

𝑝T spectra, stemming from various sources, also contribute to the systematic uncertainties

in d𝑁/d𝑦 and ⟨𝑝T⟩. Different parameterizations, such as the Boltzmann-Gibbs blast wave

function [18], Bose-Einstein distribution, and mT exponential [7], are employed in addition

to the Levy-Tsallis function. The resulting variations in d𝑁/d𝑦 and ⟨𝑝T⟩ are integrated into

the systematic uncertainties. The uncertainty for the extrapolation is approximately 25%

for d𝑁/d𝑦 and around 15% for ⟨𝑝T⟩. The resulting per-event 𝑝T-integrated yield (d𝑁/d𝑦)

and ⟨𝑝T⟩ values are provided in Table 5.4. The yield is compared with calculations from

the Canonical ensemble-based Statistical Model (𝛾SCSM) [19]. The 𝛾SCSM employs an

ideal Hadron Resonance Gas (HRG) in thermal and chemical equilibrium at the chemical

freeze-out stage. In this model, the values of three Abelian charges: baryon number

(B), electric charge (Q), and strangeness (S) are fixed and conserved precisely across the

designated correlation volume VC. The multiplicity dependence of hadron production

in this model is influenced by the canonical suppression of these three Abelian charges.

The model incorporates a correlation volume spanning three units of rapidity and includes

the incomplete equilibrium of strangeness through the strangeness saturation parameter

𝛾S (denoted as 𝛾SCSM), successfully reproducing a broad range of multiplicity-dependent

hadron-to-pion ratios, including the multiplicity dependence of the 𝜙/𝜋 ratio [19]. Thermal

fits to the yields of various particles, including 𝜋, K, p, K*0, Λ, Ω, K0
S, Ξ, and 𝜙 mesons, as
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measured by the ALICE Collaboration in pp collisions at 13 TeV [7], have been conducted.

The fit parameters include the freeze-out temperature, radius of the produced fireball,

correlation volume (VC), and 𝛾S. It is assumed that the baryon chemical potential is

zero [20]. The thermal model calculations for the 𝑝T-integrated yield of 𝑓1(1285) are

carried out for two different scenarios: one with |S| = 0 (indicating the presence of no

strange or anti-strange quarks within 𝑓1(1285)) and another with |S| = 2 (representing a

total strangeness content of 2 within 𝑓1(1285)). The yield obtained with |S| = 0 calculation

is consistent with ALICE data within 1𝜎.

Table 5.4: The 𝑝T-integrated yield and mean transverse momentum of the 𝑓1(1285) meson in
proton-proton collisions at a center-of-mass energy of 13 TeV. The integrated yield
obtained from experimental data is compared with the thermal model (𝛾S-CSM) calcu-
lations.

Variable of interest ALICE data Thermal model predictions
|S|=0 |S|=2

d𝑁/d𝑦 0.034 ± 0.004 (stat) ± 0.009 (sys) 0.025 0.014
⟨𝑝T⟩ 1.52 ± 0.10 (stat) ± 0.23 (sys) - -

Furthermore, in Fig. 5.8, the mean transverse momentum of 𝑓1(1285) is compared

with that of all other light-flavor hadrons [7] at midrapidity (|𝑦 | < 0.5) in proton-proton

collisions at
√

s = 13 TeV. Two distinct linear trends emerge, one for mesons and the

other for baryons. Interestingly, 𝑓1(1285) follows the same linear trend as other mesons.

For particles with comparable masses (K*0, p, 𝜙, Λ, 𝑓1, Ξ−), mesons exhibit a higher

mean transverse momentum compared to baryons. This discrepancy in ⟨𝑝T⟩ defies the

mass ordering typically observed and is commonly attributed to the disparity in 𝑝T spectra

between mesons and baryons [7].

To probe the valence quark composition of the 𝑓1(1285) meson, the 𝑝T-integrated yield

ratio of 𝑓1/𝜋 in proton-proton collisions at
√

s = 13 TeV is contrasted with predictions

from the 𝛾SCSM, as depicted in Fig. 5.9. The 𝛾SCSM computes the 𝑓1/𝜋 ratio under two
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Figure 5.7: Transverse momentum spectra of 𝑓1(1285) measured at midrapidity (|𝑦 | < 0.5) in
inelastic pp collisions at

√
s = 13 TeV. The statistical and systematic uncertainties are

shown as bars and boxes, respectively. The data points are fitted using a Levy-Tsallis
function shown by the red dotted line.

scenarios: firstly, assuming a total strangeness content of 𝑓1(1285) to be zero (|S| = 0,

represented by the blue dotted line), and secondly, assuming a total strangeness content of

𝑓1(1285) to be two (|S| = 2, represented by the magenta dotted line). The measured 𝑓1/𝜋

ratio deviates by 1.0𝜎 from |S| = 0 and by 2.11𝜎 from |S| = 2, indicating that the 𝛾SCSM

calculations with |S| = 0 align better with the ALICE data than those with |S| = 2.

Additionally, as a reference test for this approach, the 𝜙/𝜋 ratio is examined. The 𝜙 meson,

being a neutral particle composed of a strange quark-antiquark pair, has a net strangeness

of zero and is unaffected by precise strangeness conservation in the canonical suppression

scenario. However, in the context of strangeness nonequilibrium, the 𝜙meson is considered

as a double-strange particle [19]. Hence, the experimental data is compared with 𝛾SCSM
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Figure 5.8: Average transverse momentum of light-flavor hadrons as a function of hadron mass
at midrapidity (|𝑦 | < 0.5) in inelastic pp collisions at

√
s = 13 TeV. The statistical and

systematic uncertainties are shown as bars and boxes, respectively.

calculations in Fig. 5.9 for |S| = 0 (indicating a total strangeness content of 𝜙 to be zero,

depicted by the yellow dotted line) and |S| = 2 (indicating a total strangeness content of

𝜙 to be two, represented by the black dotted line). Notably, while adjusting |S| for the 𝜙

meson, |S| for the 𝑓1(1285) meson remains constant, and vice versa. Consistent with the

strangeness nonequilibrium perspective, the 𝛾SCSM calculation for the 𝜙/𝜋 ratio with the 𝜙

meson having |S| = 0 demonstrates a significant deviation of 9.15𝜎 from the experimental

measurements, while |S| = 2 is in close agreement with the experimental data within 0.5𝜎.

Hence, this investigation indicates that 𝑓1(1285) is more likely to lack a strange quark

content than to consist of a combination of a strange and an anti-strange quark.
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5.4 Summary

We report the inaugural measurement of the exotic 𝑓1(1285) meson in inelastic proton-

proton collisions at a center-of-mass energy of 13 TeV. This measurement covers a broad

transverse momentum range from 1 to 12 GeV/𝑐 at midrapidity (|𝑦 | < 0.5). The measured

mass of 𝑓1(1285) aligns with its expected vacuum value within the associated uncertainties.

Notably, the mean transverse momentum of 𝑓1(1285) follows a linear trend with other

mesons but exhibits a higher value compared to baryons of similar masses. Additionally,

the 𝛾SCSM calculation for the 𝑓1/𝜋 𝑝T-integrated yield ratio, assuming the absence of

strange quarks within 𝑓1(1285), closely agrees with the ALICE data, showing a deviation

of only 1𝜎. This weakens the tetraquark hypothesis of 𝑓1(1285). This study establish a
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crucial foundation for future investigations into the partial restoration of chiral symmetry

and the systematic exploration of hadronic rescattering effects in heavy-ion collisions.
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Conclusions

In the heavy-ion collisions at the Large Hadron Collider (LHC) facility, a unique state

of matter known as quark-gluon plasma (QGP) emerges, resembling conditions seen in

the early Universe. Investigating this novel form of matter is the focus of a Large Ion

Collider Experiment (ALICE). The space-time evolution of ultra-relativistic heavy-ion

collisions mainly has three stages:i) initial stage ii) intermediate stage: QGP formation

and hydrodynamics expansion of the medium, and iii) final stage: hadronization, late stage

hadronic dynamics. The initial stage of the collision is influenced by two significant fac-

tors: (a) large transient magnetic fields, generated by rapidly moving spectator protons,

and (b) substantial angular momentum. The persistence of the magnetic field depends

on the medium’s conductivity. These conditions lead to various chiral currents within

the QGP, including the Chiral Magnetic Effect (CME), Chiral Separation Effect (CSE),

Chiral Magnetic Wave (CMW), and Chiral Vortical Effect (CVE). These currents result in

the formation of parity-odd domains in the QCD vacuum, potentially causing local parity

violation in strong interactions. With this motivation, this thesis delves into studying the

CMW phenomenon in Pb–Pb collisions at √𝑠NN = 5.02 TeV. CMW induces a measurable
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finite electric quadrupole moment through charge-dependent elliptic flow measurements,

𝑣2. Specifically, the normalized difference of 𝑣2 between positive and negative charges

(𝑟Norm
2 ) is expected to show a positive slope (𝑟Norm

2 > 0) with respect to the asymmetry

(𝐴ch) in particle charges per event. However, non-CMW mechanisms like Local Charge

Conservation (LCC), coupled with collective flow, can also contribute to a similar slope.

To discern this background, measurements of 𝑣3 need to be performed, as 𝑣3 is unaffected

by CMW signal. Our measurements of the charge-dependent anisotropic flow coefficients

(𝑣2 and 𝑣3) in Pb–Pb collisions at √𝑠NN = 5.02 TeV reveal a positive slope (𝑟Norm
2 > 0)

for Δ𝑣2/⟨𝑣2⟩, indicating the influence of CMW. Additionally, a non-zero slope is observed

for Δ𝑣3/⟨𝑣3⟩ (𝑟Norm
3 > 0). Within large uncertainties, 𝑟Norm

3 is comparable in magnitude to

𝑟Norm
2 across most centrality ranges, with no noticeable particle dependence. The resem-

blance in magnitudes of 𝑟Norm
2 and 𝑟Norm

3 for all particles suggests their primary influence

by the LCC background. These findings align with CMS measurements for the same

collision system and energy. Furthermore, comparing 𝑟Norm
2 with blast wave LCC model

calculations underscores a significant background contribution. As the signal observable

for CMW closely resembles the background observable, we extract an upper limit of 26%

for the fraction of CMW signal at a 95% confidence level.

In principle, various identified particles can behave distinctly in response to novel QCD

processes due to differences in quark content and masses [1]. However, significant uncer-

tainties in the measurements of 𝑟Norm
2 and 𝑟Norm

3 from the limited event statistics in Run 2

data prevented a clear indication of flavor dependence at LHC energy. Additionally, the

upper limit extracted in Run 2 also suffered from significant statistical and systematic un-

certainties, with the latter primarily driven by DCA variation. With the increase in statistics

in Run 3 data and the improved resolution of ITS [2–4], it is now feasible to investigate the

flavor dependence of the CMW phenomenon at LHC energies and provide more stringent
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constraints on the upper limit of CMW contribution.

In the second part of the thesis, we delved into the late-stage evolution of heavy-

ion collisions by examining K∗ (K∗0 and K∗±) resonances in pp and Pb–Pb collisions at
√
𝑠NN = 5.02 TeV, respectively. Our findings reveal that the results for K∗± are in good

agreement with previously published results for K∗0 in Pb–Pb collisions at the same energy.

Given that K∗ resonances have lifetimes comparable to that of the hadronic phase, they

undergo rescattering and regeneration effects that alter their yields. We investigated the

dependence of K∗ production and these effects on decay products in the hadronic phase

by comparing results across various collision systems (pp, p–Pb, Xe–Xe, and Pb–Pb)

at similar charge particle multiplicities. Our analysis shows that the 𝑝T-integrated K∗

yield and K∗/K yield ratio exhibit a consistent trend with ⟨d𝑁ch/d𝜂⟩1/3
|𝜂 |<0.5, regardless of

the size of the colliding nuclei. However, we observed a more pronounced increase in

⟨𝑝T⟩ in smaller collision systems compared to heavy-ion collisions, indicating a faster

expansion of matter in these smaller systems. Furthermore, we found that the K∗/K yield

ratio in central Pb–Pb collisions is suppressed relative to pp collisions and peripheral Pb–

Pb collisions, indicating significant rescattering of K∗ decay daughters in the hadronic

phase. This observation is further supported by the 𝑝T-differential yield ratio K∗/K, which

suggests the predominance of rescattering effects at low 𝑝T. Moreover, the extraction of

the kinetic freeze-out temperature, using the HRG-PCE model fit to experimental data at

a fixed chemical freeze-out temperature, suggests a longer-lived hadronic phase in central

collisions compared to peripheral collisions. The comparison of 𝑅AA between light flavor

hadrons signifies the energy loss of hadrons independent of their quark content and masses.

In the last part of the thesis, we present the pioneering measurement of the production

cross-section of the exotic 𝑓1(1285) resonance in pp collisions at a center-of-mass energy of

13 TeV. We provide insights into its mass, 𝑝T-integrated yield, and average transverse mo-
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mentum (⟨𝑝T⟩). Notably, the mass of the 𝑓1(1285) aligns with its expected vacuum value

within the reported uncertainties. Furthermore, we compare the ratio of the 𝑝T-integrated

yield of 𝑓1(1285) to that of pions with calculations derived from the 𝛾SCSM. Remarkably,

when considering the absence of strange quarks within the 𝑓1(1285) structure, the 𝛾SCSM

predictions closely match the experimental measurements obtained by ALICE, deviating

by just 1𝜎. This study weakens the tetraquark hypothesis of 𝑓1(1285).

Future investigations into the elliptic flow of 𝑓1(1285) and femtoscopy measurements

within the K*K coupled channel, utilizing the extensive statistical data from Run 3 and the

upcoming Run 4, can help discern the diquark or molecular nature of 𝑓1(1285). Further-

more, theoretical models based on K*K dynamics [5, 6] offer intriguing insights into the

nature of 𝑓1(1420) resonance, which could be explored in future studies.
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Appendix

A.1 CMW systematic uncertainties

A.1.1 Barlow check

The Barlow ratio is estimated for each bin of centrality and is defined as

𝐵 =
𝑌

𝜎𝐵
=

|𝑦𝑑𝑒 𝑓 − 𝑦𝑣𝑎𝑟 |√︃
𝜎2
𝑑𝑒 𝑓

± 𝜎2
𝑣𝑎𝑟

(A.1)

where y𝑑𝑒 𝑓 and y𝑣𝑎𝑟 are the results obtained with default and varied cuts with 𝜎 being

their statistical errors(estimated using subsampling method) respectively, ’+’sign in the

denominator is used in case of two independent samples(eg. results from different runs)

and ’-’ sign if one sample is a subset of other (eg. results obtained with tighter/looser cuts).

If B>1 for more than 33% of the total bins, contribution from that particular systematic

source has been considered for all the bins and in this case we say the systematic source

passes the Barlow test, otherwise the contribution from that source is omitted for all the

bins and we say the systematic source does not pass the Barlow test.

This analysis is done in 9 centrality bins hence if 3 out of 9 bins passes the Barlow
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test then we consider that source contribution in final systematic error calculation. A

smoothing procedure has been applied by fitting the maximum differences between default

and systematic values with pol0/pol1/pol2 and the systematic uncertainty is estimated from

the fit function. The statistical error from |𝑦𝑑𝑒 𝑓 − 𝑦𝑣𝑎𝑟 | is considered in the fitting procedure

to perform good fits.

The contribution from different sources is added in quadrature for the total systematic

uncertainty.

For protons the analysis is carried out in 4 centrality bins and if 2 out of 4 bins passes the

Barlow test then we consider that source contribution in final systematic error calculation

and uncertainty is taken from the fit function. But in this case if barlow doesn’t pass, we

follow a conservative approach and uncertainty is estimated from pol0 fit function.



A.1. CMW SYSTEMATIC UNCERTAINTIES 157

A.1.2 Systematic variation on 𝑟Norm
𝑛 due to Vz for hadrons
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Figure A.1: Left panel shows absolute systematic uncertainty for normalised v2 slope of hadrons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only.

Centrality%
0 20 40 60 80

Y

0.5−

0

0.5

1

 = 5.02 TeV 
NN

sPb −ALICE Pb

 2.0〈) c (GeV/
T

p 〈 0.4, 0.2 〉| η∆h, |

)
z

Default­Systematic(V

pol0

Uncertainties: barlow

Centrality%
0 20 40 60 80

B
σY

5−

0

5

10

 = 5.02 TeV 
NN

sPb −ALICE Pb

 2.0〈) c (GeV/
T

p 〈 0.4, 0.2 〉| η∆h, |

Figure A.2: Left panel shows absolute systematic uncertainty for normalised v3 slope of hadrons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only.

Observation: Fig A.1 and fig A.2 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to V𝑧 variation on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respectively for

hadrons. A smoothing procedure is applied i.e fiting the data points of fig A.1 with pol0
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and of fig A.2 with pol0.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.3 Systematic variation on 𝑟Norm
𝑛 due to Vz for pions

Centrality%
0 20 40 60 80

Y

0.5−

0

0.5

1

 = 5.02 TeV 
NN

sPb −ALICE Pb

 2.0〈) c (GeV/
T

p 〈 0.4, 0.2 〉| η∆, |π

)
z

Default­Systematic(V

pol0

Uncertainties: barlow

Centrality%
0 20 40 60 80

B
σY

5−

0

5

10

 = 5.02 TeV 
NN

sPb −ALICE Pb

 2.0〈) c (GeV/
T

p 〈 0.4, 0.2 〉| η∆pi, |

Figure A.3: Left panel shows absolute systematic uncertainty for normalised v2 slope of pions and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only.
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Figure A.4: Left panel shows absolute systematic uncertainty for normalised v3 slope of pions and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only.

Observation: Fig A.3 and fig A.4 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to V𝑧 variation on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respectively for

pions. A smoothing procedure is applied i.e fiting the data points of fig A.3 with pol0 and
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of fig A.4 with function 𝐴/𝑥𝐵 + C.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.4 Systematic variation on 𝑟Norm
𝑛 due to Vz for kaons
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Figure A.5: Left panel shows absolute systematic uncertainty for normalised v2 slope of kaons
and right panel shows its Barlow ratio (not passed) both as function of centrality. The
errors shown are Barlow only.
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Figure A.6: Left panel shows absolute systematic uncertainty for normalised v3 slope of kaons and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only.

Observation: Fig A.5 and fig A.6 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to V𝑧 variation on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respectively for

kaons. A smoothing procedure is applied i.e fiting the data points of fig A.5 with pol0 and
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of fig A.6 with pol0.

Inference: We see only r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one of the

source of systematic uncertainty.
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A.1.5 Systematic variation on 𝑟Norm
𝑛 due to Vz for protons
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Figure A.7: Left panel shows absolute systematic uncertainty for normalised v2 slope of protons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only.
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Figure A.8: Left panel shows absolute systematic uncertainty for normalised v3 slope of protons
and right panel shows its Barlow ratio (not passed) both as function of centrality. The
errors shown are Barlow only.

Observation: Fig A.7 and fig A.8 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to V𝑧 variation on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respectively for

protons. A smoothing procedure is applied i.e fiting the data points of fig A.7 with function
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A/x and of fig A.8 with pol0.

Inference: We see only r𝑛𝑜𝑟𝑚
Δ𝑣2

passes the Barlow test hence considered as one of the

source of systematic uncertainty. For r𝑛𝑜𝑟𝑚
Δ𝑣3

systematic uncertainty is estimated from pol0

function.
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A.1.6 Systematic variation on 𝑟Norm
𝑛 due to 𝜒2

𝑇𝑃𝐶
for hadrons
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Figure A.9: Left panel shows absolute systematic uncertainty for normalised v2 slope of hadrons
and right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.
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Figure A.10: Left panel shows absolute systematic uncertainty for normalised v3 slope of hadrons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only.

Observation: Fig A.9 and fig A.10 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of 𝜒2
𝑇𝑃𝐶

cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-

tively for hadrons. A smoothing procedure is applied i.e fiting the data points of fig A.9



166 APPENDIX A. APPENDIX

with pol0 and of fig A.10 with pol0.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.7 Systematic variation on 𝑟Norm
𝑛 due to 𝜒2

𝑇𝑃𝐶
for pions
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Figure A.11: Left panel shows absolute systematic uncertainty for normalised v2 slope of pions
and right panel shows its Barlow ratio (not passed) both as function of centrality.
The errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.
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Figure A.12: Left panel shows absolute systematic uncertainty for normalised v3 slope of pions
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only.

Observation: Fig A.11 and fig A.12 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of 𝜒2
𝑇𝑃𝐶

cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-

tively for pions. A smoothing procedure is applied i.e fiting the data points of fig A.11 with
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pol0 and of fig A.12 with function 𝐴/𝑥𝐵 + C.

Inference: We see only r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one of the

source of systematic uncertainty.
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A.1.8 Systematic variation on 𝑟Norm
𝑛 due to 𝜒2

𝑇𝑃𝐶
for kaons
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Figure A.13: Left panel shows absolute systematic uncertainty for normalised v2 slope of kaons and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.
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Figure A.14: Left panel shows absolute systematic uncertainty for normalised v3 slope of kaons and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.

Observation: Fig A.13 and fig A.14 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of 𝜒2
𝑇𝑃𝐶

cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-

tively for kaons. A smoothing procedure is applied i.e fiting the data points of fig A.13
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with pol0 and of fig A.14 with pol0.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.



A.1. CMW SYSTEMATIC UNCERTAINTIES 171

A.1.9 Systematic variation on 𝑟Norm
𝑛 due to 𝜒2

𝑇𝑃𝐶
for protons
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Figure A.15: Left panel shows absolute systematic uncertainty for normalised v2 slope of protons
and right panel shows its Barlow ratio (not passed) both as function of centrality. The
errors shown are Barlow only.
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Figure A.16: Left panel shows absolute systematic uncertainty for normalised v3 slope of protons
and right panel shows its Barlow ratio (not passed) both as function of centrality.
The errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.

Observation: Fig A.15 and fig A.16 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of 𝜒2
𝑇𝑃𝐶

cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-

tively for protons. A smoothing procedure is applied i.e fiting the data points of fig A.15
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with pol0 and of fig A.16 with pol0.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

do not passes the Barlow test hence systematic

uncertainty is estimated from pol0 fit function.
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A.1.10 Systematic variation on 𝑟Norm
𝑛 due to TPC Cluster for hadrons
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Figure A.17: Left panel shows absolute systematic uncertainty for normalised v2 slope of hadrons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.
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Figure A.18: Left panel shows absolute systematic uncertainty for normalised v3 slope of hadrons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.

Observation: Fig A.17 and fig A.18 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of TPC cluster cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3
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respectively for hadrons. A smoothing procedure is applied i.e fiting the data points of fig

A.17 with pol0 and of fig A.18 with pol0.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.11 Systematic variation on 𝑟Norm
𝑛 due to TPC Cluster for pions
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Figure A.19: Left panel shows absolute systematic uncertainty for normalised v2 slope of pions and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.
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Figure A.20: Left panel shows absolute systematic uncertainty for normalised v3 slope of pions and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.

Observation: Fig A.19 and fig A.20 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of TPC cluster cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respectively for pions. A smoothing procedure is applied i.e fiting the data points of fig
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A.11 with pol0 and of fig A.12 with function 𝐴/𝑥𝐵 + C.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.12 Systematic variation on 𝑟Norm
𝑛 due to TPC Cluster for kaons
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Figure A.21: Left panel shows absolute systematic uncertainty for normalised v2 slope of kaons and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.
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Figure A.22: Left panel shows absolute systematic uncertainty for normalised v3 slope of kaons and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.

Observation: Fig A.21 and fig A.22 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of 𝜒2
𝑇𝑃𝐶

cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-

tively for kaons. A smoothing procedure is applied i.e fiting the data points of fig A.21
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with pol0 and of fig A.22 with pol0.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.13 Systematic variation on 𝑟Norm
𝑛 due to TPC Cluster for protons
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Figure A.23: Left panel shows absolute systematic uncertainty for normalised v2 slope of protons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.
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Figure A.24: Left panel shows absolute systematic uncertainty for normalised v3 slope of protons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.

Observation: Fig A.23 and fig A.24 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of 𝜒2
𝑇𝑃𝐶

cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-
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tively for protons. A smoothing procedure is applied i.e fiting the data points of fig A.23

with pol0 and of fig A.24 with exponential+pol0.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.14 Systematic variation on 𝑟Norm
𝑛 due to |𝜂 | > 0.6 for hadrons
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Figure A.25: Left panel shows absolute systematic uncertainty for normalised v2 slope of hadrons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.
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Figure A.26: Left panel shows absolute systematic uncertainty for normalised v3 slope of hadrons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.

Observation: Fig A.25 and fig A.26 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of pseudorapidity gap on r𝑛𝑜𝑟𝑚
Δ𝑣2

and
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r𝑛𝑜𝑟𝑚
Δ𝑣3

respectively for hadrons. A smoothing procedure is applied i.e fiting the data points

of fig A.25 with pol0 and of fig A.26 with pol0.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.15 Systematic variation on 𝑟Norm
𝑛 due to |𝜂 | > 0.6 for pions
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Figure A.27: Left panel shows absolute systematic uncertainty for normalised v2 slope of pions and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.
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Figure A.28: Left panel shows absolute systematic uncertainty for normalised v3 slope of pions and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.

Observation: Fig A.27 and fig A.28 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of pseudorapidity gap on r𝑛𝑜𝑟𝑚
Δ𝑣2

and

r𝑛𝑜𝑟𝑚
Δ𝑣3

respectively for pions. A smoothing procedure is applied i.e fiting the data points of



184 APPENDIX A. APPENDIX

fig A.27 with pol0 and of fig A.28 with pol0.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.16 Systematic variation on 𝑟Norm
𝑛 due to |𝜂 | > 0.5 for kaons
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Figure A.29: Left panel shows absolute systematic uncertainty for normalised v2 slope of kaons
and right panel shows its Barlow ratio (not passed) both as function of centrality.
The errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.
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Figure A.30: Left panel shows absolute systematic uncertainty for normalised v3 slope of kaons and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.

Observation: Fig A.29 and fig A.30 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of pseudopaidity gap on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respectively for kaons. A smoothing procedure is applied i.e fiting the data points of fig
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A.29 with pol0 and of fig A.30 with pol0.

Inference: We see only r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one of the

source of systematic uncertainty.
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A.1.17 Systematic variation on 𝑟Norm
𝑛 due to |𝜂 | > 0.5 for protons
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Figure A.31: Left panel shows absolute systematic uncertainty for normalised v2 slope of protons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.
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Figure A.32: Left panel shows absolute systematic uncertainty for normalised v3 slope of protons
and right panel shows its Barlow ratio (not passed) both as function of centrality.
The errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.

Observation: Fig A.31 and fig A.32 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of pseudopaidity gap on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3
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respectively for protons. A smoothing procedure is applied i.e fiting the data points of fig

A.31 with function A/x and of fig A.32 with pol0.

Inference: We see only r𝑛𝑜𝑟𝑚
Δ𝑣2

passes the Barlow test hence considered as one of the

source of systematic uncertainty. Systematic uncertainty is estimated for r𝑛𝑜𝑟𝑚
Δ𝑣3

is estimated

from pol0 function.
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A.1.18 Systematic variation on 𝑟Norm
𝑛 due to PID for pions
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Figure A.33: Left panel shows absolute systematic uncertainty for normalised v2 slope of pions and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.
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Figure A.34: Left panel shows absolute systematic uncertainty for normalised v3 slope of pions and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.

Observation: Fig A.33 and fig A.34 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of PID cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-

tively for pions. A smoothing procedure is applied i.e fiting the data points of fig A.33 with
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function 𝐴/𝑥𝐵 + 𝐶 and of fig A.34 with function 𝐴/𝑥𝐵 + 𝐶.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.19 Systematic variation on 𝑟Norm
𝑛 due to PID for kaons
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Figure A.35: Left panel shows absolute systematic uncertainty for normalised v2 slope of kaons and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.
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Figure A.36: Left panel shows absolute systematic uncertainty for normalised v3 slope of kaons
and right panel shows its Barlow ratio (not passed) both as function of centrality. The
errors shown are Barlow only.

Observation: Fig A.35 and fig A.36 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of PID cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-

tively for kaons. A smoothing procedure is applied i.e fiting the data points of fig A.35
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with pol0 and of fig A.36 with pol0.

Inference: We see only r𝑛𝑜𝑟𝑚
Δ𝑣2

passes the Barlow test hence considered as one of the

source of systematic uncertainty.
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A.1.20 Systematic variation on 𝑟Norm
𝑛 due to PID for protons

Centrality%
0 20 40 60 80

Y

0.5−

0

0.5

1

1.5

2

 = 5.02 TeV NNsPb −ALICE Pb

 2.0〈) c (GeV/
T

p 〈 0.4, 0.5 〉| η∆p, |

Default-Systematic(PID)

2A/x

Uncertainties: barlow

Centrality%
0 20 40 60 80

BσY
5−

0

5

10

 = 5.02 TeV NNsPb −ALICE Pb

 2.0〈) c (GeV/
T

p 〈 0.4, 0.5 〉| η∆p, |

Figure A.37: Left panel shows absolute systematic uncertainty for normalised v2 slope of protons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.
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Figure A.38: Left panel shows absolute systematic uncertainty for normalised v3 slope of protons
and right panel shows its Barlow ratio (not passed) both as function of centrality.
The errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.

Observation: Fig A.37 and fig A.38 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of PID cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-
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tively for protons. A smoothing procedure is applied i.e fiting the data points of fig A.37

with function A/x and of fig A.38 with pol0.

Inference: We see only r𝑛𝑜𝑟𝑚
Δ𝑣2

passes the Barlow test hence considered as one of the

source of systematic uncertainty. For r𝑛𝑜𝑟𝑚
Δ𝑣3

systematic uncertainty is estimated from pol0

function.
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A.1.21 Systematic variation on 𝑟Norm
𝑛 due to DCA for hadrons
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Figure A.39: Left panel shows absolute systematic uncertainty for normalised v2 slope of hadrons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.
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Figure A.40: Left panel shows absolute systematic uncertainty for normalised v3 slope of hadrons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.

Observation: Fig A.39 and fig A.40 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of DCA cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-
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tively for hadrons. A smoothing procedure is applied i.e fiting the data points of fig A.39

with pol0 and of fig A.40 with pol0.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.22 Systematic variation on 𝑟Norm
𝑛 due to DCA for pions
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Figure A.41: Left panel shows absolute systematic uncertainty for normalised v2 slope of pions and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.
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Figure A.42: Left panel shows absolute systematic uncertainty for normalised v3 slope of pions and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.

Observation: Fig A.41 and fig A.42 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of DCA cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-

tively for pions. A smoothing procedure is applied i.e fiting the data points of fig A.41 with
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pol0 and of fig A.42 with function 𝐴/𝑥𝐵 + 𝐶.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.23 Systematic variation on 𝑟Norm
𝑛 due to DCA for kaons

Centrality%
0 20 40 60 80

Y

0

0.5

1

 = 5.02 TeV NNsPb −ALICE Pb

 2.0〈) c (GeV/
T

p 〈 0.4, 0.2 〉| η∆K, |

Default-Systematic(DCA)

pol0

Uncertainties: barlow

Centrality%
0 20 40 60 80

BσY
5−

0

5

10

 = 5.02 TeV NNsPb −ALICE Pb

 2.0〈) c (GeV/
T

p 〈 0.4, 0.2 〉| η∆K, |

Figure A.43: Left panel shows absolute systematic uncertainty for normalised v2 slope of kaons and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.
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Figure A.44: Left panel shows absolute systematic uncertainty for normalised v3 slope of kaons and
right panel shows its Barlow ratio (passed) both as function of centrality. The errors
shown are Barlow only. The systematic uncertainty is taken from fitting function.

Observation: Fig A.43 and fig A.44 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of DCA cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-

tively for kaons. A smoothing procedure is applied i.e fiting the data points of fig A.43
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with pol0 and of fig A.44 with pol0.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.
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A.1.24 Systematic variation on 𝑟Norm
𝑛 due to DCA for protons
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Figure A.45: Left panel shows absolute systematic uncertainty for normalised v2 slope of protons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.
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Figure A.46: Left panel shows absolute systematic uncertainty for normalised v3 slope of protons
and right panel shows its Barlow ratio (passed) both as function of centrality. The
errors shown are Barlow only. The systematic uncertainty is taken from fitting
function.

Observation: Fig A.45 and fig A.46 shows the absolute value of systematic uncer-

tainty(left) and Barlow ratio(right) due to variation of DCA cut on r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

respec-
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tively for protons. A smoothing procedure is applied i.e fiting the data points of fig A.45

with pol0 and of fig A.46 with pol1.

Inference: We see both r𝑛𝑜𝑟𝑚
Δ𝑣2

and r𝑛𝑜𝑟𝑚
Δ𝑣3

passes the Barlow test hence considered as one

of the source of systematic uncertainty.

A.2 BlastWave LCC model

The Blast Wave (BW) model is widely utilized in the study of heavy-ion collisions, offering

a convenient framework for understanding particle production and collective motion. It

simulates the evolution of an expanding, locally thermalized fireball, which eventually

decays into fragments and emits hadrons. The geometry of the QGP system at freeze-out

is represented by an ellipse in the transverse direction, with its major axis aligned with

the reaction plane, while boost-invariance is assumed along the beam direction. Thermal

equilibrium of the hadrons is described by the Boltzmann distribution with a kinetic freeze-

out temperature𝑇kin. The initial shape of the fireball is determined by a geometry parameter

𝑅x/𝑅y, representing its spatial asymmetry, where 𝑅x and 𝑅y denote the lengths of its major

and minor axes, respectively. The collective behavior is characterized by the radial flow

parameter 𝜌0 and the elliptic flow parameter 𝜌2 in the form of 𝜌 cos 2𝜙, with 𝜙 denoting

the boost angle. In the analysis conducted on Pb–Pb collisions at √𝑠NN = 5.02 TeV, the

BW model’s parameters are specified in the first four rows of Table A.1, which effectively

describe the ALICE measurements of transverse momentum (𝑝T) spectra and the 𝑝T-

differential v2 values for charged pions, kaons, and protons within a relative deviation of

3%.

In the study of Chiral Magnetic Wave (CMW), it is crucial to accurately match the

observable Ach distribution (charge asymmetry) to experimental data. By definition, Ach
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follows a negative binomial distribution (NBD), where higher multiplicities result in nar-

rower Ach distributions. In each centrality bin, the multiplicity is sampled event by event,

following an NBD with mean and variance extracted from ALICE results [1]. The multi-

plicity for each centrality interval is detailed in the fifth row of Table A.1. Following this

sampling, it is evident that the Ach distribution obtained in the BW model closely matches

the ALICE data, as depicted in Fig. A.47.

Table A.1: BW parameters for Pb–Pb collisions at √𝑠NN = 5.02 TeV.

Centrality 0-5% 5-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70%
Tkin 111.34 106.96 104.78 103.37 111.63 115.14 118.14 128.20

Rx/Ry 0.956 0.934 0.905 0.872 0.845 0.823 0.807 0.786
𝜌0 1.262 1.267 1.254 1.226 1.196 1.148 1.087 0.994
𝜌2 0.054 0.063 0.11 0.135 0.15 0.145 0.121 0.115
𝑁ch 2290 1858 1334 904 608 369 222 117
fLCC 0.71 0.62 0.58 0.56 0.54 0.48 0.47 0.46

Figure A.47: Comparison of 𝐴ch distribution obtained in BW-LCC model with ALICE data in
Pb–Pb collisions at √𝑠NN = 5.02 TeV for 30-40% centrality.
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Furthermore, on the basis of charge conservation, for every particle produced within a

specific phase space window, there should be a corresponding antiparticle with an opposite

charge. This phenomenon is commonly studied using the balance function [2]. Therefore, in

addition to matching the 𝐴ch distribution, it is essential to align the balance charge obtained

in the model with that observed in the ALICE data. To incorporate a local charge-dependent

conservation into the Blast Wave (BW) model (referred to as BW+LCC), particles are

emitted in pairs with conserved charge (one positively charged and one negatively charged)

at spatial points uniformly distributed within an ellipse. The momenta of particles within a

pair are independently sampled from a Maxwell-Boltzmann distribution, determined by the

system freeze-out temperature (Tkin), and then boosted together so that particles follow a

common collective velocity. For the remaining spatial points, only one particle is generated

with a random charge. The percentage of points emitting pairs, denoted as fLCC, is used

to characterize the strength of the local charge conservation. We adjust the value of fLCC

in each centrality bin to match the experimental results of the charge balance function

observed in Pb–Pb collisions at √𝑠NN = 5.02 TeV. The width of the balance function is

found to be consistent with ALICE measurements within relative deviations of 5%. The

values of fLCC for each centrality interval are provided in the sixth row of Table A.1.

Finally, with both the 𝐴ch distribution and the balance charge well reproduced in this model

compared to ALICE data, we calculated the normalized 𝑟Norm
2 slope, which is found to be

in good agreement with ALICE measurements, as depicted in Fig. 3.8.
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