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Abstract

The Chiral Magnetic Effect (CME) has been extensively studied in heavy-ion colli-
sions. In non-central collisions, P-odd meta-stable states are formed, and the strong
magnetic field generated by highly energetic spectator protons leads to the separa-
tion of oppositely charged particles along the system’s angular momentum direction

and perpendicular to the reaction plane.

To probe the existence and properties of the CME, extensive theoretical and
experimental efforts have been made, particularly by experimental collaborations at
the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC).
These experiments involve analyzing azimuthal correlations of 2- and 3-particle cor-

relations to search for charge separation patterns indicative of the CME.

This thesis focuses on exploring the charge separation effect and investigating
potential events displaying characteristics similar to the CME. A novel method called
the Sliding Dumbbell Method (SDM) has been developed to identify potential CME-
like events with higher back-to-back charge separation on an event-by-event basis in
heavy-ion collisions. The SDM scans the azimuthal plane of each event, calculating

the maximum value of the fractional charge separation across the dumbbell (fpycg)-

Two- and three-particle correlators, denoted as 0 and ~, respectively, are an-
alyzed using different charge separation classes (or fpycg bins). The Q-cumulant
method is used to compute these correlators and the elliptic flow. To extract the
fractional CME signal in the top fp,cg bins, two types of backgrounds were consid-
ered. The Charge Shuffle background (ChS) involved random shuffling of charges

while keeping their momenta unchanged, providing insight into the level of charge

vil
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correlations that can occur by chance. The correlated background involved recov-
ering correlations among particles from the original events within a specific fppog
bin.

To validate the SDM, a CME-like signal is externally injected by flipping
charges of particles in an event generated by the AMPT model. The percentage
of the externally injected signal varies across different collision centralities. The
AMPT events, both with and without injected CME-like signals, are analyzed in
a similar way as the experimental data, including the consideration of background

effects.

The AVFED model is also analyzed for different collision systems, such as
Au+Au, Ru+Ru, and Zr+Zr, for 30-40% collision centrality at the center of mass
energy 200 GeV per nucleon with different levels of CME signal injection (i.e., dif-
ferent values of ns/s) with 33% LCC (local Charge Conservation). The fraction of
CME contributions (foysg) is calculated by computing A+ using the top fpycg bins

while also taking into account above mentioned backgrounds.

In the experimental study using the STAR detector in Au+Au collisions, ap-
proximately 465 million minimum bias events were obtained after event and track
selection cuts. The values of § and ~ correlators in the top fp,cg bins showed a
significant increase compared to the average values in a given centrality. Same-sign
charge pairs exhibited negative v correlators and positive § correlators in the top
bins, while opposite-sign charge pairs displayed the opposite trend. Out-of-plane
correlations were observed for both same-sign and opposite-sign charge pairs due
to the out-of-plane charge separation, indicating the potential CME-like nature of
events in the top fpycg bins. The charge shuffled background exhibited a similar
trend with reduced magnitude, while the correlated background had approximately
the same values for all fp,-g bins within each centrality. Glimpses of fractional
CME were observed in the top 20% charge separation across the dumbbell in the

given centrality range of 10-50% collision centralities.

For the isobaric collisions (Ru+Ru and Zr+Zr ~1.7B events each), no signifi-
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cant differences were observed when comparing the background-scaled Ay between
the two collision systems in the top 20% fpycs bins. However, CME-like events were
observed in the top 20% fpycg bins in both isobars, representing approximately 2-5%
CME signal individually. The expected enhancement in Ru+Ru collisions due to the
increased magnetic field may not be distinguishable due to the small multiplicities

(or not enough increase in the magnetic field) in these isobar systems.

Overall, the research described in the thesis aims to understand and identify
the CME phenomenon in heavy-ion collisions, develop methods for detecting CME-
like events, and utilize theoretical models to study the effects of the magnetic field

and axial charge density on the QGP’s evolution.
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Chapter 1

Introduction

The field of High-Energy Physics (HEP) focuses on investigating the fundamen-
tal constituents of matter and their behavior at both the smallest and the largest
scales. Researchers in HEP aim to make discoveries that span from understanding
the tiniest particles to unraveling the mysteries of the vast cosmos. This field of
study is essential not only for our understanding of matter on Earth but also for

comprehending the nature of the universe itself.
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Figure 1.1: A timeline of the universe’s evolution, from the big bang through present
day [6].

The study of elementary particles lies at the core of High-Energy Physics

(HEP), as these particles are regarded as the fundamental constituents of matter.



Chapter 1

Through research in this field, scientists have gained insights into the dense and
hot state of matter that existed shortly after the Big Bang. Over time, various
particles that we are familiar with today emerged from this primordial soup. The
expansion and cooling of the universe led to phase transitions, resulting in the
formation of hadrons (bound states of quarks and gluons), atoms, and molecules |1
5| as illustrated in the Fig. [6]. Despite decades of efforts, many fundamental
rules in particle physics are still not fully understood. To probe the matter in
the early moments after the Big Bang, enormous particle accelerators have been
constructed. These accelerators simulate the conditions of the universe’s matter at

increasingly smaller time scales.

Experimental investigations of high-energy heavy-ion collisions have the pri-
mary goal of studying the fundamental properties of matter and radiation. Matter
is composed of molecules, which, in turn, consist of atoms. Atoms comprise a nu-
cleus at the center and electrons are orbiting around it. Protons [7] and neutrons [§]
were later discovered to be components of the nucleus, providing an explanation
for various nuclear properties. Deep Inelastic Scattering experiments revealed the
composite nature of protons and the presence of fractionally charged quarks known
as partons [9,[10]. Quarks, due to the interquark potential, are not considered free

particles but are confined within hadrons.

The discovery of gluons [11] in 1979 confirmed their role in strong interactions.
According to current scientific theories, all components of matter can be broken
down into their constituent quarks and leptons, which are elementary particles. The
Standard Model [12] of particle physics is a well-established theoretical framework
that explains the interactions between these elementary particles. It describes the
exchange of bosons, such as photons, W and Z bosons, and gluons, to explain these
interactions. The Standard Model has made predictions about the existence of these
bosons, and experimental evidence has verified these predictions. The discovery of
the Higgs boson confirmed one of the most important predictions of the Standard
Model, as it provides mass to other particles through their interactions with it [13-

15].



The Standard Model of particle physics incorporates various quantum num-
bers associated with the particles, such as spin, charge, baryon number, lepton
number, and others. The Standard Model includes both matter particles (quarks
and leptons) and force-carrying particles (bosons). Figure illustrates a schematic

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
| Il 1l]
mass  =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c? 0 =124.97 GeV/c2
charge ' % % % 0 0
spin | % U ¥ C ¥ t 1 Q (o] H
up charm top gluon higgs
> o’ o\ ——
=4.7 MeV/c2 =96 MeV/c? =4.18 GeV/c2 0
- - - 0
% d % S % b 1 y
down strange bottom photon
» > )\ ——
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
-1 =, =, 0
% e % u % T 1 ;
electron muon tau Z boson
) —
<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c?
0 0 0 +1
Yo Ve Yo V"‘l Yo VT 1 W
electron muon tau
neutrino neutrino neutrino | W boson

Figure 1.2: A summary of Standard Model particles. Three columns list quarks
and leptons. A colored background shows gauge boson pairings with fermions |12].

representation of the particles in the Standard Model, showing the quarks, leptons,
and bosons that make up this theoretical framework. Quarks and leptons are both
classified as fermions with a spin of 1/2, but they have distinct properties. The
lepton family comprises three charged particles (electron, muon, and tau) and three
neutral particles (electron neutrino, muon neutrino, and tau neutrino). Leptons and
their antiparticles have opposite quantum numbers, although they have the same
mass. Quarks are categorized into six flavors: up, down, charm, strange, top, and
bottom. The up, charm and top quarks have a charge of %e, while the down, strange,
and bottom quarks have a charge of _?le. Quarks carry color charges, which come in

three varieties: red, green, and blue. Each quark has one of these colors, and their
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combinations lead to the formation of color-neutral particles such as protons and
neutrons. Anti-quarks have corresponding anti-colors, such as anti-red, anti-green,
and anti-blue. The bosons in the Standard Model are responsible for mediating
the fundamental interactions. The photon is the mediator of the electromagnetic
interaction, while gluons mediate the strong interaction. The W and Z bosons are
responsible for the weak interaction. Additionally, the model includes the Higgs

boson, which is a spin-0 particle.

1.1 Quantum ChromoDynamics and Quark-

Gluon Plasma

LHC Experiments

iEar/y Universe The Phases of QCD

Temperature

155 MeV Crossover

Critical Point /_

Hadron Gas

Superconductor

; Nuclear
| P Vacuum Matter Neutron Stars
0 MeVm®™—— Y I
0 MeV 900 MeV
Baryon Chemical Potential

Figure 1.3: A schematic illustration of the QCD phase diagram .

QCD [16-19] is a gauge field theory of the strong interaction that describes the

interactions between quarks and gluons, with the latter being distinguished from the
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former by their color quantum numbers. Mesons and baryons are colorless subatomic
particles that are made up of both quarks and gluons. Each baryon is made up of
three quarks (gqq) while each meson is made up of a pair of a quark and an antiquark
(qq). T.D. Lee [20], suggested in 1974 that dense nuclear matter with asymptotically
unbound quarks and gluons may be created by applying a high nucleon density across
a large volume. A nuclear state with such a high density is referred to as the “Quark-
Gluon Plasma” (QGP) [21,22]. The experimentally observed state of matter known
as QGP is described as “a (locally) thermally equilibrated state of matter in which
quarks and gluons are deconfined from hadrons, such that color degrees of freedom
become manifest over nuclear, rather than just nucleonic volume”. Calculations
using QCD (Latice-QCD) may also be used to estimate the QGP state at high

temperatures [23-26).

A phase diagram, similar to the one used for water, can be used to map the
different phases of QCD matter. This diagram indicates at what value of tempera-
ture (T) and the baryon chemical potential (ug), a transition occurs from a normal
hadron phase into a deconfined QGP phase. The several phases of QCD matter
are depicted in the figure [27]. Tt is possible for quarks and gluons to exist in a
deconfined form when the temperature is high and the pg value is low. Quarks and
gluons are contained within hadrons when the temperature is low and the up value
is low. At high T and low pup, Lattice-QCD calculations predict that the transition
from the hadronic to the QGP phase will be a smooth one, but at high ug, the phase
transition is anticipated by numerous models to be a first-order phase transition.
The energy ranges covered by the RHIC at BNL (i.e., Beam Energy Scan-1 & II)
and the LHC at CERN, which corresponds to ug, are suitable for the investigation
of QGP as well as the phase transition from hadrons to QGP.

1.2 Relativistic Heavy-Ion Collisions

The experiments, such as the STAR [28] experiment at RHIC (Relativistic Heavy
Ion Collider) at Brookhaven National Laboratory (BNL) and the ALICE [29] ex-
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Year Accelerators Location Species snN Energy(GeV)
1986 AGS BNL 160, 288i 5.4

1992 197 Ay 4.8

1986 SPS CERN 160, 329 19.4
1994 208p, 174
2000 RHIC BNL 7Au 130

2001 197 Ay 200

2003 d+197Au 200

2004 197 Au 200, 62.4
2005 63Cu 200, 62.4, 22.4
2007 200 Ay 200

2008 d+197Au 200, 62.4
2010 197 Ay 200, 62.4, 39, 11.5, 7.7
2011 197 Ay 200, 19.6, 27
2012 238y 193

2012 63Cu+197Au 200

2014 197 Ay 200, 14.6
2014 3He+197Au 200

2015 p+197Au 200

2015 p+197Al 200

2016 197 Au 200

2016 d+197Au 200, 62.4, 19.6, 39
2017 197 Ay 54

2018 967y 9%Ru 200

2018 197 Au 27

2010 LHC CERN 208p, 2760
2011 208pp, 2760
2013 p+2%8Pb 5020
2015 208p, 5020
2016 p+2%8Pb 5020, 8160
2017 129% e 5440
2018 208py, 5020

Table 1.1: Summary of relativistic heavy-ion collisions .
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periment at the LHC (Large Hadron Collider) at CERN; are designed to create and
study the Quark-Gluon Plasma (QGP). These experiments involve the collision of
two relativistic heavy ions, aiming to simulate the conditions that prevailed shortly
after the Big Bang, leading to the formation of QGP. This unique state of matter is
often referred to as the “Little Bang” [30,31] as it mimics the high-energy and dense
environment of the early universe. These experiments allow scientists to investigate
the properties of QGP, such as its temperature, density, and collective behavior. By
studying the QGP, researchers hope to gain insights into the fundamental properties
of matter and the strong nuclear force that binds quarks and gluons within hadrons.
The experiments involve sophisticated detectors and analysis techniques to measure
various observables, such as particle yields, momentum distributions, and correla-
tions. The data collected from these experiments provide valuable information for
understanding the behavior of matter under extreme conditions and testing theoret-
ical models, such as the Standard Model of particle physics. The heavy-ion collision

experiment’s timeline is displayed in table |1.1][32].

1.2.1 Space-Time Evolution

The hypothesis of the Quark-Gluon Plasma (QGP) suggests that it was present in
the early universe shortly after the Big Bang. To study and understand this state
of matter, scientists conduct experiments involving relativistic heavy-ion collisions.
These collisions generate extremely hot and dense matter that evolves through dif-

ferent stages.

Figure illustrates the space-time evolution resulting from heavy-ion colli-
sions [33]. At the moment of collision (t, z) = (0, 0), where “t” represents time and
“z” represents space, two nuclei collide. Due to their relativistic speeds, the nuclei
are Lorentz-contracted. To facilitate the analysis of relativistic heavy-ion collisions,
it is useful to utilize kinetic variables that maintain a simple form or remain invariant

under Lorentz transformations. One such variable is the proper time of particles,

denoted by 7, which is defined as 7 = v/t* — 2°. In Figure , regions where
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V1? — 2% < 0 are referred to as space-like regions, while regions where /> — 2% > 0
are referred to as time-like regions. Particle production predominantly occurs in the

top half of the time-like region.

During the collision, the overlapping region of the approaching nuclei experi-
ences compression, leading to a significant amount of kinetic energy being expelled
within a confined space for a short period of time. If the energy density is high
enough, the quarks and gluons become deconfined after the collision. However, the
resulting state may not be in thermal equilibrium immediately after deconfinement.
It takes approximately 1 femtosecond (1 fm/c) for the matter to reach local ther-
mal equilibrium, forming what is commonly known as the QGP. This time is often

referred to as the pre-equilibrium stage. Throughout this process, the matter be-

K p, .. time /‘
+
/

Mid Rapidity

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)
a) without QGF’// \\ b with QGP z
A B

Figure 1.4: Schematic of heavy-ion collision space-time evolution, plotted as a func-
tion of t and z, considering a scenario without (left panel) and with (right panel)

the creation of a QGP .

haves like a fluid, and the characteristics of a plasma are assumed to apply to the
QGP. In the QGP, the pressure gradient plays a crucial role in the expansion of

the matter. As the QGP expands, it undergoes a cooling process. At a critical
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temperature (T = T,,), the quarks and gluons present in the QGP undergo a process
called hadronization or hadron freeze-out. During hadronization, the quarks and
gluons combine to form a hadron gas composed of various types of particles, such
as protons, neutrons, pions, and other hadrons. As the hadron gas continues to
expand, it reaches a temperature known as the chemical freeze-out temperature (T
= T,,). At this temperature, the inelastic interactions between the hadrons cease.
This means that the abundance and chemical composition of the particles remains
unchanged beyond this point. In other words, the relative ratios of different types of
particles are frozen, and no new particle production or changes in the composition

occur.

However, elastic interactions between the hadrons can still occur below the
chemical freeze-out temperature. These elastic interactions continue until the system
reaches the freeze-out temperature (7%,). The freeze-out temperature is the point at
which the mean free path of the hadrons becomes large compared to the dynamical
size of the system. At this stage, the hadrons are no longer strongly interacting
with each other, and they flow freely without further significant interactions. This
process of expansion, hadronization, and freeze-out is an important aspect of the
evolution of the QGP and helps in understanding the transition from the deconfined

quark-gluon matter to the hadronic phase.

1.2.2 Relativistic kinematics

In a typical collider, the coordinate system is designed in such a way that the beam
axis is aligned parallel to the Z-axis. The term “primary vertex” refers to the point
at where the two nuclei come into contact with one another. The primary vertex of
the collision can be determined by using the tracking information that is provided

by the data.
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1.2.2.1 Transverse Momentum

The particle’s total momentum can be split into two distinct components: the lon-
gitudinal component (p,), which describes the part of the momentum parallel to the
beam direction, and the transverse component (py), which describes the part of the
momentum perpendicular to the beam direction. The Z-axis is often the direction of

the beam in heavy-ion collisions. Therefore, the value of the transverse momentum

pr = \/P: + b} (1.1)

where, p, and p, are components of total momentum along the X and Y direction.

(pr), can be calculated as:

The p is Lorentz invariant quantity.

1.2.2.2 Rapidity

The dimensionless quantity known as rapidity (y), is defined in terms of the particle’s

energy, E, and its longitudinal momentum, p,. The rapidity is defined as:

1l E+p,
= —n
y 2 E-—p,

(1.2)

In the non-relativistic limit, the rapidity is equivalent to the particle’s velocity where
the momentum (p) has a value comparable to or smaller than its mass (mg) under
the Lorentz transformation, rapidity possesses the advantageous property of ad-
ditivity, providing a distinct benefit in analysis and calculations. In high-energy
particle physics, the rapidity (y) of a particle serves as a measure of its relativistic
velocity [34H36]. However, at the relativistic limit, the concept of velocity no longer

maintains an additive nature.

1.2.2.3 Pseudorapidity

Particle identification is essential for measuring a particle’s rapidity, which requires

knowledge of its energy and longitudinal momentum. In cases where only the an-
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gle relative to the beam axis can be measured, pseudo-rapidity serves as a useful
approximation of rapidity. Pseudorapidity can be defined independently of parti-
cle mass and momentum, enabling analyses of angular distributions in high-energy

experiments [34-36]. Thus, pseudo-rapidity () can be defined as:

1 P Dy 6
_ — 1.

where 6 is the angle between the direction of the created particle and the beam.

1.2.2.4 Collision centrality

participants

before collision after collision

Figure 1.5: A geometric view of relativistic heavy-ion collision with impact parame-
ter. The spectator nucleons remain unaffected while particle production takes place
in the participants’ zone .

The initial geometric overlap of two heavy ions meeting at a particular collision
energy dictates the initial energy density and geometry of the medium created in a
collision, hence determining the evolution of the medium and their interactions with
the particles produced in the collisions . Typically, the initial collision geometry
is described by three geometrical factors (or centrality variables): the impact pa-
rameter (b), the number of participating nucleons (N,,,), and the number of binary
nucleon-nucleon collisions (N,,;). The impact parameter (b) is the distance between

the centers of two heavy ions that are colliding in a plane that is perpendicular to

the direction of the beam, as demonstrated in Fig. . However, these geomet-
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rical variables cannot be directly measured by experiments; rather, they are derived
by mapping to other observable physics quantities, notably the number of charged
particles produced in a collision, which increases monotonically with the occurrence
of more central collisions. Under the centrality determination framework of Glauber

Model simulations [39H41], this mapping is realizable. Figure depicts the rela-
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Figure 1.6: An illustration of the relationship between charged particle multiplicity

Ny, impact parameter b, average participating nucleons N, and centrality in

percentage .

tionship between the measured charged particle multiplicity N, the average impact
parameter b, the average number of participating nucleons N,,,, and the percentage
centrality in Au+Au collisions at /syy = 200 GeV ﬂ4_2]] The average value of b and
Npare 1s used because they are obtained by averaging inside a particular centrality
bin (e.g., 0-5%, 5-10%, ...). The lowest value of N, (i.e., large impact parameter b)
corresponds to the most peripheral collisions, whereas increasing N, corresponds

to semi-peripheral, semi-central, and central collisions (which have a small impact

parameter), respectively.
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1.3 Signatures of QGP

Experiments conducted at the Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC) have aimed to investigate and characterize the high energy
density state of matter, known as the Quark-Gluon Plasma (QGP), which is ex-
pected to be formed in heavy-ion collisions. In these experiments, the particles that
emerge from the collision zone are measured and analyzed to infer the presence of
the QGP. However, it’s important to note that direct detection of the QGP phase
during a high-energy physics experiment is not possible due to various interactions
that occur during and after the freeze-out process. Instead, the existence of the
QGP is inferred indirectly through the observation of specific signatures or signals
that are believed to be associated with its formation. These signals serve as evidence

for the existence and properties of the QGP.

Some of the conventional and significant QGP signals that have been studied
and observed in experiments include elliptic flow, jet quenching, strangeness en-
hancement, direct photons, and dilepton radiation. These are just a few examples
of the various signals and observables that have been studied to characterize the
QGP. Each of these signals contributes to our understanding of the properties and
behavior of the QGP and helps to build a comprehensive picture of the high-energy
density state of matter created in heavy-ion collisions. It’s important to note that
the field of heavy-ion physics is continuously evolving, and new experimental tech-
niques and observables are being explored to further enhance our understanding of

the QGP. Some of the signatures are discussed below:

1.3.1 Azimuthal Anisotropy

It is expected that the azimuthal distribution of the particles created in heavy-ion
collisions would give information regarding the reaction dynamics and the equation
of state (EOS) at extremely high temperatures and energy densities. There is a vac-

uum surrounding the heavy-ion collision system. This creates a pressure gradient
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Figure 1.7: A representation of initial-state anisotropy being converted into mo-
mentum anisotropy in the overlap zone of a collision geometry with non-central
collisions.

from the dense center to the system’s periphery. For head-on heavy-ion collisions,
this pressure gradient is radially symmetric and boosts all newly generated parti-
cles radially outward. The spectra of heavy particles’ transverse momentum are
influenced by this. The shape of the interaction region for non-central collisions is
influenced significantly by the collision’s impact parameter. As seen in figure [1.7]

the reaction volume has an elliptical shape immediately following the collision.

The almond-shaped spatially asymmetric zone is generated in the case of non-
central collisions due to the partial overlap of target and projectile nuclei. Due to
the non-zero impact parameter, the flow of particles is anticipated to occur along the
transverse plane (x-y plane), where the convention takes the beam’s (longitudinal)
direction to be along the z-axis. The x-z plane is described as a reaction plane
formed by the impact parameter vector and the beam direction. Multiple collisions
occur due to the spatial asymmetry, and as a result of a larger pressure gradient
along the minor axis, the spatially asymmetric distribution transforms to momentum

anisotropy. The geometry of non-central heavy-ion collisions is shown in figure

Fourier harmonics have been utilized to characterize different patterns
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of anisotropic flow.

AN 1 d°N
E—s = (1+ 2v,, cos(n + 2a,, sin(n(¢p— ¥ 1.4
" 3 prddy Z (¢~ Vre)) Z wp))) (1.4)

where E, p, p;, ¢, v, and Wgip correspond to the energy, momentum, transverse
momentum, azimuthal angle, rapidity, and the reaction plane angle. Because the
sine term vanishes due to reflection symmetry with respect to the reaction plane, the
above equation only includes the cosine term. The flow coefficients can be written

as,

vy = (cos(n(¢ — Wgp))) (1.5)

where, v,, is the n'™ harmonic coefficient. The angle brackets denote the average
over all particles in a given event, followed by the average over all events. The var-
ious harmonics of Fourier coefficients represent various types of flow. The first two
harmonics, i.e., n=1 and 2, play a significant role in anisotropic flow and are referred
to as “Directed Flow (v;)” and “Elliptic Flow (v, = (cos(2(¢ — ¥rp))))” [45,/46].
vy and v, are “Triangular Flow” and “Quadrilateral Flow” [45], respectively, and
are associated with the early heterogeneities. Flow analysis sheds light on numer-
ous characteristics, including beginning circumstances, EOS, thermal equilibrium,

system evolution, and freeze-out properties.

1.3.1.1 Elliptic flow

The measurements of the elliptic flow (v,) constrain the equation of state and trans-
port parameters of QGP. The magnitude of v, is related to the initial anisotropy in
the geometry of the colliding system and also depends on the characteristics of the
medium that it is interacting with. Since it is anticipated that elliptic flow will arise
at an early time and persist until hadronization, the measurement provides informa-
tion on the partonic and hadronic level interactions. RHIC and LHC determined v,
and compared the results to hydrodynamic models. The results demonstrated that

the QGP was generated during the initial stages of the interaction and behaves as
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Figure 1.8: Transverse momentum p; dependence of vy in Pb-Pb collisions at |/syy
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an ideal fluid. Numerous approaches have been developed to examine elliptic flow,
including the event-plane method [47,48], the Q-cumulant method [49], the proba-
bility p(v,) [50], etc. The v, has been measured by the STAR [51,52], PHENIX [53],
PHOBOS [54], and ALICE [55,/56] using different approaches and for different sys-
tems.

During the first run of heavy ions at LHC, the ALICE collaboration measured
elliptic flow in Pb-Pb collisions at /sy = 2.76 TeV [55]. Using the 2- and 4-particle
cumulant method [49], the p, differential elliptic flow as a function of collision cen-

trality has been estimated. Figure (top) depicts vy(p;) for 40-50% centrality, and
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22253
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Figure 1.10: Measurements of elliptic anisotropy (vy) employing a variety of meth-
ods in isobar collisions at /sy = 200 GeV using TPC and EPD detectors as a
function of the collision centrality [58].

the shaded area reflects the STAR measurement for the same centrality in Au+Au

collisions at /syy = 200 GeV [57]. For both ALICE and STAR, the vy(p,) values
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do not vary within uncertainties. Figure|1.8|(bottom) compares v,{4}(p;) produced
using cumulant technique for three different centralities at LHC with STAR results

at RHIC. In both measurements, a reasonable degree of consistency is seen.

Additionally, the energy dependence of integrated v, has been investigated.
The calculations of the ideal hydrodynamic model projected a rise in vy with in-
creasing beam energy. Figure demonstrates a consistent rise in vy as energy
increases, showing an increment of 10-30% when energy increases from /sy = 200
GeV (at RHIC) to 2.76 TeV (at LHC). A rise in the mean py ((py)) of charged
hadrons is responsible for the bigger integrated v, at the LHC.

Figure shows latest results of elliptic flow (v,) from isobaric (35 Ru 453 Ru
and §0Zr 459 Zr) collisions at VSnn = 200 GeV [58]. The upper panel of Fig. m
presents a summary of the v, results obtained by several analysis groups employing
a variety of techniques. The v, ratio for collisions between Ru+Ru and Zr+Zr are
displayed in the lower panels of Fig. [1.10] The ratios are greater than one by 2% to
3% for the mid-central collisions, but they begin to decrease as they move toward
the central and peripheral collisions, with the exception of the top 5% centrality
bin, in which the ratio is greater than one. It may be concluded from these v, ratios
that the Chiral Magnetic Effect (CME) backgrounds in the two isobar systems are
different.

1.3.2 Jet quenching

Parton hard scattering produces highly energetic particles that lose energy by radi-
ating gluons in the hot dense matter created in heavy-ion collisions, resulting in the
suppression of high transverse momentum particles. This is known as jet quenching.
This energy loss provides fundamental information about the medium’s thermody-
namic and transport properties [59]. During the traversal of these energetic partons
through the dense medium, it is expected that the energy loss is proportional both
to the initial density of gluons [60,61] and to the lifetime of dense matter. The jet

quenching is characterized by an observable known as Nuclear Modification Factor
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(Ra4) 62|, which is defined as the ratio of high p; hadronic yield in AA collisions
to nucleon-nucleon (e.g. pp) collisions scaled by the number of elementary nucleon-

nucleon collisions.
AA = .

where Ty 4 = (Nyin)/ oM and the o2y are the number of binary collisions and the
inelastic cross-section, respectively. Jet quenching is observed at both RHIC and
LHC energies. Hard scattering produces back-to-back di-jets due to momentum

conservation. There is a possibility that a jet can be produced at the edge of the
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Figure 1.11: The R 44 yield for central Pb-Pb collisions at LHC at ,/syy = 2.76
TeV is compared to the same measurement at RHIC in Au+Au collisions at /Syn
= 200 GeV and observed a strong suppression at LHC energy [65].

medium, called the “near-side jet”, but due to momentum conservation, another jet
will be produced inside the medium, called the “away-side jet”. Due to its greater
propagation through the medium, the away-side jet would be quenched more than

the near-side jet.

The STAR [63] and PHENIX [64] experiments at RHIC reported the results of
R 44 measurements in more central (0-5% and 0-10%) Au+Au collisions at /Syy =
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200 GeV. They observed strong suppression of high pr hadron yields. ALICE also
measured the nuclear modification factor R4, for charged hadrons in central Pb-Pb
collisions at /syy = 2.76 TeV [65] and compared the results to those of STAR and
PHENIX in figure According to the results, R 44 is less than unity. At pp =
6-7 GeV/c, a smaller drop in the R 44 value is seen for ALICE than for RHIC. When
compared to RHIC, a strong suppression at LHC suggests that a lot of energy is lost
at LHC. For high p (> 7GeV/¢), a significant increase in R 44 is seen, which shows

that high p; hadrons lose a small amount of energy. Another tool for measuring jet
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Figure 1.12: Jet azimuthal correlations for pp, d+Au and Au+Au collisions at
V/SnN = 200 GeV measured with STAR experiment [66].

quenching in heavy-ion collisions is the dihadron angular correlation measurement.
The STAR measured the dihadron angular correlations for Au+Au, d+Au, and p+p
collisions at /syy = 200 GeV. The upper plot in Fig. depicts the jet azimuthal
correlation distributions for central and minimum bias d+Au collisions, whereas
the bottom plot depicts the correlation for central Au+Au and minimum bias pp
collisions. From the figure it is observed that in Au+Au collisions the away side
peak (around 3.14 radians) is suppressed with respect to the near side peak (around

0 radians). The away side correlations in Au+Au data are quenched, indicating
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significant suppression, but no away side quenching effect has been observed in
d+Au and pp collision systems [66,67]. This suggests that jet-quenching effects are

absent in small collision systems.

1.3.3 Strangeness enhancement

Enhanced formation of strange particles in heavy-ion collisions is considered to be
a primary sign of QGP production [68-70]. At first, there are no strange (s) quarks
because the nuclei that are colliding only have “u” and “d” quarks. This reveals
that strange quarks are generated by the process of thermalization in a hot and
dense medium during the strong interaction. The production of strange quarks is
mainly due to two types of processes, gg — s5 and g§ — s5, whose dominance
depends on whether the QGP medium is gluon rich or quark rich. Since QGP
has a high gluon density, the formation of the ss pair from the channel gg — ss
dominates the annihilation of light quarks (¢¢ — s5). In pp collisions, where the
QGP medium formation is not expected, the strange quarks are mainly produced
through annihilations of light quarks. The strangeness enhancement factor (E) is
defined as the ratio of yield of a strange particle per participating nucleon in the

heavy-ion collisions to that in pp collisions.

b (Yield/Nygpe) ™ )
(Yield/Npgr)™™

Where N, corresponds to the number of participants in a collision. If the value
of “E” is greater than unity, it can attribute to strangeness enhancement. The
strangeness enhancement factor (E) in Cu+Cu and Au+Au collisions at |/syy =
62.4 and 200 GeV for K, ¢, A and = particles is shown in Fig. [71-74]). The
observation of an enhanced ¢ meson production in Cu+Cu and Au+Au collisions in-
dicates a formation of a dense partonic medium, which is responsible for strangeness
enhancement. The observed enhancement in the strange hadron production is likely
to be the result of similar effects rather than only the results of canonical suppres-

sion. Different systems and energies have also been investigated by NA57 [75,76],
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STAR [77H79], and ALICE [80]. Figure (a, b) shows the enhancement for the
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Figure 1.13: Strangeness enhancement factor (E) as a function of < N, > for K,
¢, A and E in Cu+Cu and Au+Au collisions at ,/syny = 200 GeV measured with
STAR experiment .

strange particles =7, 27, Q" +Q%, in Pb-Pb collisions at \/sSyy = 2.76 TeV, as a
art)) . The enhancements are

function of the mean number of participants ((V,,
larger than the unity for all the particles. The enhancement increases with an in-
crease in the strangeness content of the particle, which is already observed for lower
energies and is consistent with enhanced s5 pair production in a hot and dense par-
tonic medium. The hyperon-to-pion ratios =/m (2/7) for A+A and pp collisions
both at LHC and RHIC energies, are shown in Fig. [1.14] (c¢) as a

function of (N,

art)- 10 pp collisions, strangeness is produced at a higher rate than in

low-energy collisions. The figure demonstrates a considerable increase in strangeness
production relative to pp, rising with centrality up to around (N,,,;) ~150 and seem-
ingly reaching a saturation point thereafter. For the most central collisions, a little

decrease in the ratio is seen. Recent thermal model estimates are found to be con-
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Figure 1.14: (a), (b) Enhancements in the rapidity range | y |< 0.5 as a function of
the (Np4,), displaying data from the ALICE (solid symbols), RHIC, and SPS (open
symbols). The statistical and systematic uncertainties on the pp or p—Be reference
are shown by the boxes on the dashed line at unity. (c¢) The ratio of hyperons to
pions in A4+A and pp collisions at the LHC and RHIC energies, expressed as a
function (N,4¢) [80].

sistent with these ratio values for central collisions [86]. The enhancement increases
with an increase in the strangeness content of the baryon and its centrality rise as

compared to pp.

1.3.4 J/4) suppression

Suppression of quarkonia (forms of c¢ and bb mesons) is an anticipated signal of
the QGP. The J/¢ (c¢) meson is a bound state formed by the coupling of a charm
quark and its antiquark. Due to the large charm mass, charm quarks are almost
exclusively created during hard partonic scattering processes [87]. Because quarko-
nia survive for such an extended period of time, they experience all phases of the
medium’s development after collisions [88]. On the other hand, the presence of
a QGP medium has the potential to have an impact on the hadronization of the
quark-antiquark pairs. In the presence of a dense material that has been deconfined,
the bonding between quarks and anti-quarks weakens. As a direct consequence of

this, the quarkonium contained within the QGP dissociates, which causes a reduced
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yield after nuclei collide with one another [89]. Figure shows the Nuclear Mod-

E' Inclusive J/y — e*e”, Pb-Pb y/iy = 276 TeV,
2T and Au-Au VSnn = 0.2TeV
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Figure 1.15: Nuclear Modification Factor (R ) of J/1 at mid-rapidity as a function
of < Npu¢ > in Pb-Pb collisions at /syy = 2.76 TeV, compare with PHENIX

measurement at ,/syy = 200 GeV .

ifiaction Factor (R, ) of J/¢ meson as a function of (V) in Pb-Pb collisions at
V5nn = 2.76 TeV in ALICE experiment at the LHC [90-92]. These measurements
are compared with PHENIX , results at the RHIC energies. From the plot, it
is clear that the (Ra4) is less than unity, which refers to the suppression of J/1 at
both RHIC and LHC energies. The suppression is increasing at PHENIX as

art) (peripheral collisions) to higher (N, ...} (central collisions).

we go from lower (V. b

p
In the case of R, at LHC energy, no centrality dependence is found. The measured
J /1 suppression is decreased (i.e., Rya value increased) from RHIC to LHC ener-
gies. At LHC energy, these observations support the formation of a QGP medium

that suppresses J /1 production while a fraction of ¢¢ pairs combine and enhances

J /1 production.
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1.4 Direct Photons and dileptons

The creation of prompt photons is one of the direct signatures of the plasma phase
that is created as a result of ultra-relativistic heavy-ion collisions. The term “direct
photon” refers to photons that emerge directly from a particle collision. This is
different from “decay photons”, which emerge out as the daughters of long-lived

secondaries that decay electromagnetically, like 7 — vy or £° — A~y [95].

B
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Figure 1.16: A visual representation of the many different mechanisms that can
result in the production of direct photons during hadron collisions [95].

Figure m shows different mechanisms for direct photon production i.e., (A)
Scattering between the incoming partons; (B) Photons radiated by outgoing scat-
tered partons, as part of the jet fragmentation process; (C) Scattering between glu-
ons and quarks from a multi-collisional quark/gluon system; (D) Scattering between
hadrons from a hadron system [95]. The dominant processes for photon production
in QGP are the annihilation (¢¢ — g7v) and Compton processes (q(q) — q(q)y [96].
However, the disadvantage with direct photons is the substantial background from

various processes (thermal and non-thermal).

The question is: “What dominates the photon spectra — QGP radiation or
hadronic sources?”. This can be addressed experimentally by investigating the cen-

trality dependency of the photon yield. It is anticipated that the QGP contribution
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Figure 1.17: The centrality dependence of the direct photon pp spectra for 0-20%,
20-40%, 40-60%, and 60-92% for Au+Au collisions at /syny = 200 GeV (model
predictions versus the PHENIX data) [97].

will diminish as one move from central to peripheral collisions, which are char-
acterized by a dominance of hadronic channels. Figure shows the centrality
dependence of the direct photon pp-spectra for 0-20%, 20-40%, 40-60%, 60-92%
for Au+Au collisions at /s = 200 GeV [97]. The solid dots stand for the recent
PHENIX data [98,/99] whereas the lines indicate the model predictions: solid line
— PHSD (denoted as ‘Linnyk et al.”) [100], dashed and dashed—dotted lines (‘Shen
et al. (KLN)” and ‘Shen et al. (MCGib)’) are the results from viscous (2+1)D
VISH2+1 and (3+1)D MUSIC hydro models. For the central collisions, the mod-
els vary from the data and from each other by up to a factor of 2, because of the
varying dynamics and included sources. On the other hand, for the (semi-) periph-
eral collisions, the PHSD findings which are dominated by meson-meson (mm) and
meson—Baryon (mB) bremsstrahlung are more consistent.

Dileptons (lepton pairs, e"e” and p*p~) have an advantage over direct pho-

tons because it is possible to determine the mass of the meson that decayed into

the lepton pair. It was proposed [101] that with the presence of quark matter, there
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would be an enhancement of dileptons of approximately an order of magnitude in the
mass region between 200 MeV and 600 MeV. Different hadronic sources of dileptons
in pp, p+A, and A+A collisions are given as follows: (i) For low invariant masses
(M<1 GeV/c): the Dalitz decays of baryons and mesons (7°, 7, A,...) and the direct
decay of vector mesons (p, w, ¢). (ii) For intermediate invariant masses (1<M<3
GeV/c): leptons from correlated D + D~ pairs. (iii) For high invariant masses
(M>3 GeV/c): The direct decay of vector mesons (J/W¥, W) and quark—antiquark
annihilation into dileptons (¢ + ¢ — I™ +17). Also, “Thermal” QGP dileptons are
emitted from the partonic interactions in heavy-ion A+A collisions, and they are
the primary contributors to the intermediate masses (i.e., “thermal” ¢g annihila-
tion and Compton scattering). At SPS energies, the CERES [102] and NA60 [103]
Collaborations have conducted measurements in recent decades to determine the
production of dileptons from heavy-ion collisions. The PHENIX Collaboration has
successfully measured the dileptons, which consist of pairs of e™e™ particles for pp

and Au+Au at /s = 200 GeV [104].

1.5 Event-by-Event net charge Fluctuations

It is anticipated that the fluctuations of conserved variables within a finite phase
space window, such as the system’s net charge, will be one of the most sensitive
indications of QGP production and phase transition. Furthermore, these fluctua-
tions may provide additional insight into strong interactions. While the particles in a
hadron gas (HG) have a unit charge, the charge carriers in the QGP phase are quarks
with fractional charges. The oscillations in the system’s net—charge are related to the
squares of the particles’ charges. As a consequence of this, the net—charge variations
that occur during the QGP phase are noticeably less pronounced in comparison
to those that occur during the HG phase [105]. At the same time, if the initial
phase of the QGP is strongly dominated by gluons, the fluctuations per entropy
may be reduced even further; this is because the hadronization of gluons raises the

entropy [106]. Thus, the net-charge fluctuations are heavily influenced by the phase
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they originate from.

The charge ratio is used to reduce the influence of uncertainty produced by
volume fluctuations, R = N, /N_, where N and N_ are the number of positive and
negative charge particles, respectively. The term “v,_ 4,,” is used to quantify the

resulting net charge variations, and it is defined as follows:

(Vo (N, = 1)) (No(N_—1)) (N_N,.)

Vo = TN )2 N N

(1.8)

This v _ 4, is related to the quantity “D” which is the variance of ratio of NV, and

N_ scaled by the total charged particle multiplicity, as follows:

ALICE studied net charge fluctuations for Pb-Pb collisions at /syy = 2.76 TeV

0:_ Pb-Pb pp HIJING PYTHIA _:4
I ®© A A An=1.0 Hadron Gas 7
I HE X -4 * An=1.6 QGP ]
05 =3.5
- Eé e = I bE LEEEE SEPEEEE b LTI prenannn e, + E
S -1 +%§ #3
= -?,_ Y\ Sk Shbhbh  Shhibia | LT G Y ]
Q + o i
%7 5[ * BH J250
I :
\Z/ -2 r __2
251 1.5
iy 1
0 50 100 150 200 250 300 350 400
(N
part

Figure 1.18: (N,) v 4, (left axis) and D (right axis) as a function of the number
of participants for An = 1 and 1.6 in Pb-Pb at ,/syy = 2.76 TeV and pp colli-
sions at /s = 2.76 TeV along with results from the HIJING and PYTHIA event
generators [107].

and pp collisions at /s = 2.76 TeV [107] along with event generators i.e., HIJING
and PHYTHIA [107,]108]. Figure shows (N,) v 4, (left axis) and D (right

axis) dependence on the number of participants along with theoretical prediction
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for QGP and hadron gas. Net charge fluctuations are also studied in reference [107]
with dependence on the collision energy, with PHENIX and STAR energies (Au+Au
at 200, 130, 62.4 and 19.6 GeV) [109,/110] along with ALICE energies.

The measurements from the net charge fluctuation v{”',; ,, (corrected for charge
conservation and finite acceptance effect) for pp and Pb-Pb collisions at the same
center—of-mass energy (y/s = 2.76 TeV) are found to be in agreement with hadron
gas prediction. Negative values of v{”";,, show dominance from the correlation
of positive and negative charges. A decreasing trend in fluctuations and D (charge

fluctuation per entropy) is observed while going from peripheral to central collisions.

1.6 Thesis Motivation

In the context of high-energy heavy-ion collisions, the primary objective is to create
and study the Quark-Gluon Plasma (QGP), a state of matter that is believed to
have existed in the early universe just after the Big Bang. This QGP is formed
at extremely high energy densities and temperatures and subsequently undergoes
expansion and cooling, eventually transitioning into a gas of hadrons. To better
understand the properties and characteristics of the QGP, researchers also conduct
experiments with asymmetric collision systems, such as proton-nucleus (p+A) and
deuteron-nucleus (d+A) collisions. These collisions serve as control experiments
where the formation of the QCD medium (which includes the QGP) is not expected.
By comparing the results obtained from nucleus-nucleus (A+A) collisions, where the
QGP is formed, with those from p+A and d+4A collisions, it becomes possible to
isolate and investigate the effects of cold nuclear matter (nuclear effects) separately

from the hot and dense matter produced in A+A collisions.

In the specific context of the mentioned thesis work, the focus is on study-
ing the event-by-event charge separation effect that occurs in heavy-ion collisions.
This effect is investigated through the analysis of charge-dependent multi-particle
azimuthal correlations. By examining the correlations between particles with dif-

ferent charges and their azimuthal angles, we can gain insights into the collective
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behavior and the properties of the QGP, as well as the mechanisms that lead to the

separation of positive and negative charges in the collision system.

This analysis technique allows for the investigation of charge-dependent ob-
servables that are sensitive to the presence of the QGP and related phenomena.
By studying these correlations on an event-by-event basis, our objective is to un-
derstand the origin and dynamics of charge separation in heavy-ion collisions and

further contribute to our understanding of the QGP and its properties.

1.6.1 Chiral Magnetic Effect

When heavy ions collide, there is an interesting prospect that regions may temporar-
ily form in which the charge-parity (CP) and parity (P) symmetries will be locally
violated by the strong interaction. This would result in an imbalance in the number
of right-handed and left-handed (anti-)quarks. It has been demonstrated that the
net effect would be a separation of charges along the direction of the magnetic field
if a sufficiently strong (electro-)magnetic field exists in such a region (as it may be
in off-center heavy-ion collisions, generated principally by the protons in the two

nuclei), known as the Chiral Magnetic Effect (CME) [111-115].

In this thesis, a new technique for investigating the CME called the Sliding
Dumbbell Method (SDM) has been developed. This approach looks at each indi-
vidual event to determine the back-to-back charge separation. The SDM facilitates
the selection of events corresponding to various charge separations (fpycg) across
the dumbbell. The events with back-to-back charge separation of CME kind are

isolated and analyzed.

1.7 Organization of Thesis

The thesis is organized as follows:
Chapter 1: Introduction

Provides an introduction to the field of high-energy heavy-ion collisions and the
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study of the Quark-Gluon Plasma (QGP). It offers an overview of the thesis’s mo-
tivation and objectives.

Chapter 2: Experimental Set-up

In this chapter, the experimental set-up, particularly the STAR detector at RHIC
(Relativistic Heavy Ion Collider), is described in detail.

Chapter 3: Chiral Magnetic Effect and Development of Sliding Dumbbell
Method

This chapter focuses on the Chiral Magnetic Effect and the development of the Slid-
ing Dumbbell Method as a tool for analysis.

Chapter 4: Testing on Monte Carlo Models: AMPT and AVFD

The application of the sliding dumbbell method on Monte Carlo models (AMPT
and AVFED) is discussed. The results obtained from applying the method to these
models are presented.

Chapter 5: Chiral Magnetic Effect in Au+Au collisions at ,/syy = 200
GeV using SDM

The sliding dumbbell method is applied to experimental data from Au+Au collisions
at a center-of-mass energy of \/syy = 200 GeV. This chapter describes the experi-
mental setup, data acquisition, and data analysis procedures. The results obtained
from applying the method to the experimental data are presented.

Chapter 6: Chiral Magnetic Effect in isobaric collisions at /sy = 200
GeV using SDM

The sliding dumbbell method is applied to experimental data from isobaric collisions
(Ru+Ru and Zr+Zr) at a center-of-mass energy of /55y = 200 GeV. This chapter
describes the experimental setup, data acquisition, and data analysis procedures
specific to the isobaric collisions. The results obtained from applying the method to

the experimental data from isobaric collisions are presented.
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Chapter 2

STAR experiment at RHIC

To study the formation of the Quark Gluon Plasma (QGP), Brookhaven National
Laboratory (BNL) which is situated at Long Island, New York, USA, set up the
Relativistic Heavy-Ion Collider (RHIC) [1] to collide heavy-ions, ranging from pro-
tons to gold nuclei at relativistic energies. The energy density of the matter made
by these collisions is expected to be ten times higher than that of normal nuclear
matter. In the sense of a quark matter phase transition, RHIC reverses the process
that happened a few microseconds after the Big Bang, when quarks and gluons were
in a free state and turned into ordinary nuclear matter. One of this accelerator’s
strengths is its ability to collide a variety of nuclear species (i.e., gold (Au), uranium
(U), copper (Cu), isobar (Ru and Zr), and deuterons) as well as polarized protons at
a range of different center-of-mass energies. The research for this thesis was carried

out at the RHIC.

2.1 The Relativistic Heavy Ion Collider (RHIC)

The Relativistic Heavy Ion Collider (RHIC) [1,2] began its operations in 2000, while
another operational collider facility is the Large Hadron Collider (LHC) at CERN [3],
which started operating in 2010. It is currently the sole spin-polarized proton col-

lider. The research carried out at RHIC captivates the attention of physicists from
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all over the world, particularly those working in the fields of nuclear physics, particle
physics, astrophysics, cosmology, and condensed matter physics. One of the most
significant goals of RHIC is to investigate the features of Quark Gluon Plasma [4,5]
in order to better understand how matter behaved in the early stages of our uni-
verse following the Big Bang. Table provides an overview of the different kinds
of particle collisions that are carried out at the RHIC [6].

Particle species Total particle energy (GeV /nucleon)
Polarized p + p 31.2 —254.9
Polarized p + 27Au'3* 103.9 + 98.7
Polarized p + *"Au™+ 103.9 + 98.6
d + YTAu™F 9.9 + 9.8 - 100.7 4 100.0
SHe?t + 197Au™+ 103.5 4+ 100.0
BCu®t 4 BCu®* 11.2 - 100.0
G3Cu2* 4 97Au+ 99.9 + 100.0
96740+ 4 967,40+ 100.0
BRM+ 1+ IR+ 100.0
97T Au™+ 4 197 Ay™+ 3.85 —100.0
7Au™* + 97 Ay (fixed target) 3.85 — 31.2
2387J92+ 4 2387792+ 96.4

Table 2.1: Summary of RHIC operations [6]

2.1.1 Different stages of particle acceleration

The RHIC accelerator complex shown in Fig. consists of different components
in order to accelerate ions up to a maximum energy of 100 GeV per nucleon or
protons up to a maximum energy of 250 GeV [§]. The essential subsystems include

the Electron Beam Ion Source (EBIS) accelerator, the LINAC (Linear Accelerator),
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the Boosters, the Alternating Gradient Synchrotron, the beamline, and the RHIC

rings.
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Figure 2.1: Major components of the RHIC accelerator complex, as well as the
supporting infrastructure [7].

2.1.1.1 EBIS

Electron Beam Ion Source (EBIS) []g]] is a pre-injector system for heavy-ion acceler-
ation in which any element can be used to produce highly charged ion beams. EBIS
removes electrons from nuclei using kinetic scattering with electron beams, hence it
is not limited by the atom’s electronegativity and can offer any stable ion species
from deuterons to uranium. EBIS generates +32 charged Au ions with an energy of

2 MeV /nucleon.
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2.1.1.2 LINAC

The 200 MeV linear accelerator (LINAC) [10] is made up of nine accelerator ra-
diofrequency cavities, nine ion sources, and a radiofrequency quadrupole. It supplies
RHIC experiments with energetic and/or polarised proton beams. Afterwards, the

proton beams from the LINAC are transferred to the booster synchrotron.

2.1.1.3 Booster synchrotron

A synchrotron is a type of circular accelerator that has its accelerating voltage
synchronized with the period of circulation of the particles that are being accelerated.
The Booster has an extremely high vacuum, which makes it feasible to accelerate
heavy ions all the way up to uranium. At the point of exit from the booster, gold
ions experience an acceleration that results in a nucleon-specific energy of 100 MeV

and a charge of +77. After that, the beam is injected into the ring of the AGS.

2.1.14 AGS

Tons are collected by the Alternating Gradient Synchrotron (AGS) [11], which also
increases the beam’s energy to a maximum of 8.86 GeV /nucleon (or about 99.7%
the speed of light) in preparation for RHIC injection. At the exit, any electrons that

are still present are removed as given in table [2.2

2.1.1.5 AGS to RHIC

At the beginning of the AGS-to-RHIC transfer line [12], a foil removes the final two
electrons from the gold ions. Using the switching magnets [13] at the end of the
line, the bunches are directed either clockwise to the left or counterclockwise to the

right in the RHIC ring.
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Accelerator name Incoming Ion Outgoing Ton
charge | speed | charge | speed
EBIS +32 2MeV
Booster Synchrotron | +32 2MeV +77 | 100MeV
AGS +77 | 100MeV | +79 | 8.86GeV
RHIC storage ring +79 | 8.86GeV

Table 2.2: Ton movement summary [14].

Accelerator name | Incoming P speed | Outgoing P speed
OPPIS 750KeV
Linac 750KeV 200MeV
Booster 200MeV 2.35GeV
AGS 2.35 24.3GeV

RHIC Ring 24.3GeV

Table 2.3: Technical information for pp run [14].

2.1.1.6 RHIC ring

The ions are then fed into RHIC after their electrons have been removed. This
procedure is repeated for each of the two RHIC rings. As soon as the two rings are
filled with ion beams, the beams are accelerated to their maximum working energy
of 100 GeV /nucleon per beam, resulting in a maximum center-of-mass energy of 200

GeV /nucleon-pair. Table lists a summary of ion movement in the RHIC.

The Optically Pumped Polarized Ion Source, abbreviated as OPPIS, is utilized
to produce protons. After then, ions or protons are grouped together in a bunch. In
a bunch, there are approximately 10” ions or 10'" protons. In each storage, there are
a number of these bunches that are being accelerated to the target energy of collision
with a gap of only a few nanoseconds between each bunch. Technical information for
pp run is mentioned in table As soon as they reach the target energy (for ions
or protons), a collision will take place in either the STAR or the PHENIX detector.

Once a collision has occurred, the newly formed particles hit or pass through a
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number of different sub-detectors. A “.daq” file is used to store information that
corresponds to certain data, such as the amount of ionization energy lost, the number
of hits, and momenta, etc. There is a dead period of the detector on the order of a

nanosecond between every set of events that are recorded.

As seen in Fig. [2.1] there are two distinct rings, the “Blue Ring (clockwise)”
and the “Yellow Ring (counterclockwise)”. The RHIC accelerator measures 2.4
miles (3.8 km) in circumference and features six “interaction sites” (IRs) where
the counter-circulating beams intersect. The RHIC collisions were recorded and
analyzed by the four experimental detectors positioned around the ring: STAR
(Solenoidal Tracker At RHIC), PHENIX (Pioneering High Energy Nuclear Interac-
tion experiment), PHOBOS, and BRAHMS (Broad Range Hadron Magnetic Spec-
trometers Experiment). The STAR [15] is positioned at 6 o’clock near the AGS
to RHIC injection stations and PHENIX [16] at 8 o’clock. The PHOBOS (10
o’clock) [17] and BRAHMS (2 o’clock) [18] experiments are already decommissioned
in 2005 and 2006, while PHENIX (retired in 2016) is now undergoing a thorough re-
design as sSPHENIX [19]. The STAR detector is specifically designed for the tracking
and detection of charged hadrons that traverse a broad solid angle at mid-rapidity in
a solenoidal magnetic field [20]. The PHENIX experiment was designed to measure
the direct probes of the impact by employing a partial coverage detector system
while operating in a superconductively produced axial magnetic field [16]. The
PHOBOS detector was designed specifically to monitor the bulk particle multiplic-
ities and has the widest pseudo-rapidity coverage |17]. The BRAHMS experiment
was developed with the intention of investigating the physics of small-x through the

use of momentum spectroscopy [18].

For high-energy heavy ion collisions, specialized detectors are necessary to
detect a wide variety of particles and maintain sensitivity to low-energy particles
emitted in the collisions. Historically, four main experiments/detectors have been

commissioned at RHIC, however at present, only STAR is operational.
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2.2 The Solenoidal Tracker At RHIC (STAR)

One of the four experiments at the RHIC complex is called the STAR, which stands
for Solenoid Tracker at RHIC . It consists of many sub-detector systems, with
excellent particle identification capabilities, where each detector is specialized in

detecting certain kinds of particles or recording kinematic information. These sub-

The “olenoid 'racker /'t "HIC (STAR)

\\\\
© Maria & Alex Schmah

Figure 2.2: STAR detector’s three-dimensional view.

detectors of STAR are capable of collecting crucial characteristics of the number of
particles created in each heavy-ion collision. The purpose of STAR is to measure
the production of hadrons over a big solid angle. Tracking with a high degree of
precision, analysis of momentum, and quick identification of particles at the center
of mass rapidity are all made possible by the STAR detectors’ sub-systems. It is
the only experiment at RHIC that can detect the whole azimuth and track particles
with energies ranging from 100 MeV/c to 20 GeV /¢ [15]. The event-by-event charac-
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terization of heavy-ion collisions is particularly well suited for STAR in this regard.

Figure [2.2| depicts the three-dimensional schematic structure of the STAR detection

5 g
o = l’; =

Figure 2.3: A cross-sectional schematic illustration of the STAR detector, high-
lighting its several sub-detectors .

system. As illustrated in Fig.[2.2land Fig. STAR is made up of over ten separate
detector subsystems that are used to analyze a wide range of physical observables.
Some of the sub-detector systems (TPC: Time Projection Chamber, TOF: Time-
of-Flight detector, BEMC: Barrel Electromagnetic Calorimeter, EEMC: End-cap
Electromagnetic Calorimeter, MTD: Muon Telescope Detector, HFT: Heavy Flavor
Tracker, BBC: Beam Beam Counter, VPD: Vertex Position Detector) are discussed

below.

RICH (Ring Imaging CHerenkov detector) [22], CTB (Central Trigger Barrel),
FTPC (Forward TPC) [23], SVT (Silicon Vertex Tracker) [24], and PMD (Photon
Multiplicity Detector) are among the few detectors that have been employed in
the past. Indian group was responsible for the fabrication and maintenance of the

Photon Multiplicity Detector (PMD). The PMD was a pre-shower gas detector that
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detects the photon multiplicity in the forward region. It was installed away from

the magnet system at a distance of 550 centimeters from the center of the TPC.

2.2.1 The Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) [26], commonly known as the “heart” of the
STAR experiment, is the principal detector utilized in the STAR experiment. The
TPC provides good tracking, momentum, and ionization energy loss information of
particles. It covers a pseudo-rapidity range of || < 1.8 in the center-of-mass frame

with entire azimuthal coverage (¢ = 27). Particle momenta can be measured from

Sectors

Outer Field Cage
& Swupport Tube
Inner
Field
Cage

Sector
Support—Wheel

Figure 2.4: A schematic drawing of the Time Projection Chamber |\

100 MeV /¢ to 30 GeV/¢, and successful particle identification can be achieved for
tracks with momenta from 100 MeV/c to 1 GeV/c. The TPC, shown in Fig. 2.4
measures a length of 4.2 meters and a diameter of 4 meters as listed in Table [2.4]
Differently charged particles captured by the TPC in Au+Au collisions are shown
in Fig. 2.5l This detector is capable of both the reconstruction of the particle
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Item Dimension Comment
Length of the TPC 420 cm Two halves, 210 cm long
Outer Diameter of the Drift Volume 400 cm 200 cm radius
Inner Diameter of the Drift Volume 100 cm 50 cm radius
Dist. between Cathode and
Ground Plane 209.3 cm Each side

Cathode
Cathode Potential
Drift Gas
Pressure
Drift Velocity
Transverse Diffusion (o)
Longitudinal Diffusion (o)
Number of Anodes Sectors
Number of Pads
Signal to Noise Ratio
Electronic Shaping Time
Signal Dynamic Range
Sampling Rate
Sampling Depth
Magnetic Field

400cm diameter
28 kV
P10
Atm. + 2mbar
5.45 cm/ps
230 um/+/em
360 um/+/em
24
136,608
20: 1
180ns
10 bits
9.4 MHz
512 time buckets
0, £.25T, £.5T

At the center of the TPC
Typical
10% methane, 90% argon
Regulated at 2mbar above Atm.
Typical
140 V/em & 5 T
140 V/cm
12 per end

FWHM

380 time buckets typical

Solenoidal

Table 2.4: STAR TPC technical parameters .
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trajectories (with a 0.5 T magnetic field directed parallel to the beam) and the
identification of particles (PID) by observing the energy loss per unit length (dE/dx)
in the detection medium. STAR uses the P10 gas because of the high drift velocity of
electrons and ions, which consists of 90% argon (Ar) and 10%methane (C'Hy) [2§].

The Argon gas has a very low affinity for free electrons, while the methane gas

Figure 2.5: Charged particles from central Au+Au collisions at RHIC, captured by
the TPC [7].

has the ability to quench the propagation of ultraviolet photons. When a charged
particle passes through a TPC gas, it will ionize the TPC gas atoms around every
few tens of a millimeters along its route, and it will also leave behind a cluster of
electrons. An external electric field, which is supplied by the field cage and the high-
voltage central membrane, will act as a driver for these electron clusters, causing
them to move toward the anode plane. The field cage includes the outer field cage
and inner field cage , which could provide a perfect uniform electric field (approx.
135 V/cm) to drift electrons. Any distortions of the electric field will result in a
distortion of the recorded trajectories of these charged particles. The field cage also
helps to prevent the TPC gas from being contaminated by the outside air. The high
voltage Central Membrane (CM) is placed in the middle of the TPC, perpendicular
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to the Beamline, held at a high voltage of ~28 kV. At the end of TPC are the
anode and pad planes as shown in Fig. 2.6, where the pads are held at ground
potential . Tonization of the gas molecules occurs whenever a charged particle
passes through the TPC. The electrons that are liberated in the gas as a result of
a high-voltage cathode (operating at 28 kV) are guided through the electric field
toward the endcaps, where they are collected by multi-wire proportional counters
(MWPC). The TPC is divided into 24 sectors, and each sector has two sub-sectors,
one inside and one outside. One TPC sector is depicted in Fig. together with

Outer Pads Inner Pads
6.2 mm x 19.5 mm 2.85 mmx 11.5 mm
Total of 3,942 Pads Total of 1,750 Pads

Row 1 thru 8 on 48 mm Centers
6.7 x 20 mm Centers Row 8 thru 13 on 52 mm Centers

Cross Spacing 3.35 mm

/ 600.00 mm from DETECTOR CENTER
[ P ~— r -
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/
/
/
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\

52.00 mm

6.70 mm CROSS SPACING
(7 x 48) + (5 x 52) = 596.00 mm ~
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— 31 x 20 = 620.00 mm —=

Figure 2.6: A schematic depiction of a TPC anode plane sector highlighting the
inner and outer sub-sectors and padrows .

its one outer sub-sector and one inner sub-sector component. The outer sub-sector
is made up of 3,942 big pads that are continually placed in order to offer a high
resolution for the energy loss measurement (i.e., dE/dx). The inner sub-sector, which
is located at a larger pseudo-rapidity where track density is significantly higher, is

made up of 1,750 tiny pads that provide improved two-hit resolution.

The geometries of the inner and outer sectors are slightly distinct from one

another, to emphasize two-track separation at small radii, as well as good dE/dx
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and a reasonable channel count at large radii . There are 13 pad rows in each
inner sector, whereas there are 32 pad rows in each outer sector; hence, a track may
provide a maximum of 45 hits. There are three wire planes in the readout chambers:
a gated grid, a ground plane, and anode wires. When charged particles come into
contact with TPC gas and ionize a significant number of atoms, then electrons and
positive ions will get free along the path of these charged particles. These electrons
will eventually make their way to the end cap, where they will be gathered by the
Multi-Wire Proportional Chamber (MWPC), which is made up of a pad plane, three

wire planes (the gating grid, ground plane, and anode wires). When the electrons
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Figure 2.7: The truncated mean of the ionization energy loss, dE/dx, against the
rigidity, p/q (where p is the momenta and q is the charge), of various particles
determined by TPC in Au+Au collisions at ,/syy = 200 GeV .

reach the region of the MWPC with the strong electric field, an avalanche will be set
off, which will result in the production of more electrons, which will subsequently
cause a signal to be induced on the readout plane. These generated signals are used
to determine the paths traveled by charged particles and the location of ionization
clusters along those paths. The distribution of induced signals on the pads are used

to calculate the x and y coordinates, while the z coordinate is derived by taking
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the product of the drift velocity and the drift duration of the cluster as it moves
from the ionization point to the anode.Using the Kalman filter technique [30}31],
the whole path traveled by a particle is reconstructed. These tracks are known as
“global tracks”. After the reconstruction of the tracks, we will be able to determine
the transverse momenta (pr) of particles by using the curvatures of the tracks in
conjunction with the magnetic field within the TPC volume. Those global tracks
that were reconstructed with more than 10 hits are used to fit the initial primary
vertex. It is possible to compute the Distance of Closest Approach, often known as
DCA, of each global track in relation to the fitted primary vertex. When a new fit
is applied to those tracks with a DCA of less than 3 centimeters, another primary
vertex position is determined. The above process is repeated until the position of
the fitted vertex converges. Finally, the tracks with DCA < 3cm away from the
primary vertex have been designated as primary tracks, and the momentum that is
connected with these tracks has been re-fitted while taking into account the primary
vertex point. The primary vertex resolution is proportional to 1/v/Ny et (Niracr 18
the total number of available tracks for the fitting), and events with ~1000 tracks

may reach a resolution of 350 pm.

One can calculate the ionization energy loss by integrating the induced elec-
trical signal amplitude of each cluster or hit. It is possible to accomplish particle
identification using the information obtained from the observed ionization energy
loss (dE/dx) of the tracks. This is possible due to the fact that each type of par-
ticle exhibits a distinctive pattern of energy loss while interacting with TPC gas.
Figure provides for instance the truncated mean of the ionization energy loss
(represented by dE/dx) vs the stiffness (represented by p/q) of various particles as
determined by TPC for Au+Au collisions.

2.2.2 The Time of Flight (TOF) Detector

As shown in Fig. and Fig. the barrel Time-of-Flight (TOF) detector [33],
which comprises 120 trays, is positioned directly outside of the STAR TPC. A
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pseudo-rapidity range of up to one unit (Jn| < 1) is covered by the barrel TOF
detector with a full azimuthal angle. Fach tray of the TOF detector covers one unit
of n and an azimuthal angle (¢) of six degrees. There are 32 Multi-gap Resistive
Plate Chamber (MRPC) modules on each TOF tray [34,[35]. The VPD detectors

RHIC beam pipe

Figure 2.8: In connection to STAR TPC and RHIC beam pipe, the TOF detec-

tors .
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Figure 2.9: The relationship between the inverse velocity 1/ and the rigidity p/q in
Au+Au collisions at /syn = 200 GeV, as observed by the STAR TOF detector .

and the barrel TOF detector are the two components that make up the entire TOF
system. The barrel TOF detector is responsible for measuring the “stop time, ¢,”,

while the VPD detector is responsible for measuring the “start time, ¢,”. The
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time period known as the “time-of-flight” may be calculated by using the formula
At = t; — ty. Thereafter, the impacts that were recorded on the barrel TOF trays

are compared to the tracks that were constructed using TPC.

It is possible to compute the inverse velocity 1/ by using the knowledge of
momentum p and track length A. It is possible to determine the mass of this charged
particle by using the formula m = 24/1/ 3% — 1. Therefore, the TOF detector
is capable of facilitating particle identification (PID) based on mass. However,
as the momentum of a particle grows very high, its velocity will reach extremely
near the speed of light; hence, the PID becomes more difficult to implement at
larger momentum. In Fig. the inverse velocity 1/ recorded by the STAR TOF
detector is plotted against the rigidity p/q in Au+Au collisions. As one can see, the

individual particles produce curves that are clearly differentiated from one another.

2.2.3 Barrel Electromagnetic Calorimeter (BEMC)

Figure 2.10: The depiction of the Barrel Electromagnetic Calorimeter (BEMC) at

STAR .

The Barrel Electromagnetic Calorimeter (BEMC) [36] is located on top of the
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TOF detector and inside the aluminium coils that form the STAR solenoid. BEMC
matches the TPC tracking acceptance perfectly since it has a pseudo-rapidity range
that goes up to 1 and it covers the complete azimuthal angle. Figure provides
a diagrammatic representation of the BEMC. BEMC is made up of a total of 120
calorimeter modules, and each module can be segmented into 40 towers, subtending
6° in azimuthal angle and 1 unit of pseudo-rapidity. Additionally, each module has
two towers in the azimuthal direction and twenty towers in the direction of n. There

are a total of sixty modules that fall into the ranges of n >0 and n <0. Figure [2.11
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Figure 2.11: The side view (left) and end view (right) of a single BEMC module .

shows the side view of a BEMC module on the left panel, and the end view of a
BEMC module on the right panel. The full BEMC modules are segmented into 4,800
towers (120 x 40), each of which is pointing to the center of the interaction region.
The plastic scintillators are installed in a structure known as a “megatile”, of which
the 21°" specimen is depicted on the left side of Fig. m Each module includes a
lead scintillator stack in addition to a Barrel Shower Maximum Detector (BSMD).
Although BEMC towers demonstrate a good energy resolution for electromagnetic
showers, the much larger size of a tower compared to the size of an electromagnetic
shower does not allow for a good spatial resolution for these showers. Because the
BSMD is capable of providing a significantly improved spatial resolution (a few

millimeters), it is of great assistance in the process of identifying electrons, 7°’s, and
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direct photons.

BEMC is employed as a triggering detector at STAR because its readout re-
sponse rate is quite high; this allows it to keep up with the RHIC collision rate,
which is approximately 9.35 MHz. BEMC is able to trigger events that contain par-
ticles with high transverse energy, making it a very valuable tool for pre-selecting

events throughout the process of collecting online data.

2.2.4 Endcap Electromagnetic Calorimeter (EEMC)

B, SS hub
i /‘/
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Figure 2.12: A representation, in schematic form, of the tower construction and
layers of the Endcap Electromagnetic Calorimeter placed at STAR [37].

The Endcap Electromagnetic Calorimeter (EEMC) [37] is a lead-scintillator
sampling calorimeter that consists of 60 azimuthal segments and 12 radial segments.
It enables measurements to be taken in the forward direction, with 1 < n < 2, with
full azimuthal coverage for high p; photons, electrons, positrons, and electromagnet-
ically decaying mesons (7, 7°). A scintillating-strip shower-maximum detector (also

known as an SMD) along with pre-shower and post-shower layers make up the core
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elements of an EEMC. The detector annulus is divided into two parts and one-half
of the detector annulus is depicted in Fig. The scintillating-strip SMD pro-
vides assistance in distinguishing between ~ and 7°. Additionally, the pre-shower
and post-shower layers contribute to the differentiation of electrons and charged
hadrons. EEMC’s triggering efficiency and coverage are of critical importance for

the spin physics program of polarized pp collisions.

2.2.5 Vertex Position Detector

Figure 2.13: On the left is a schematic front view of a VPD assembly and on the
right is a photograph of the two VPD assemblies .

The Vertex Position Detector (VPD) [38] is able to measure the primary vertex
position along the beam direction as well as the “start time” of a collision with
high accuracy. The VPD is made up of two different assemblies, both of which
are positioned in a symmetrical manner 5.7 meters distant from the center of the
interaction region (or center of TPC). The pseudo-rapidity range covered by each of
these assemblies is 4.24 < |n| < 5.1. The VPD detector as a whole can achieve timing
resolutions of 30 picoseconds on the event start time and a position resolution of 1
cm on the primary collision vertex along the beam direction for Au+Au collisions at

V/Snn = 200 GeV. There are 19 channels in each VPD assembly, one of them is shown
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in Fig. m (Right). VPD is completely integrated into the STAR experiment’s
trigger system and offers critical information for the minimum-bias trigger in heavy-
ion collisions.Additionally, information on the Z component of the primary vertex
may be obtained from the VPD. The timing resolution of the VPD is significantly
higher than that of the BBC detector.

2.2.6 Beam Beam Counter

STAR Beam-Beam Counter Schematic
Front View

Version 4/16/01- 2
Updated 2/25/02

Figure 2.14: Schematic view of STAR Beam Beam Counter (BBC) with inner and
outer hexagonal tiles .

The Beam Beam Counter (BBC) [39] is positioned on either side of the TPC,
encompassing the whole azimuthal angle, and with a pseudo-rapidity range 2.1 <
In| < 5.0. This array of hexagonal scintillators is positioned around the beam pipe at
a distance of 3.7 m (along the beam direction) from the center of TPC. The schematic
view of STAR BBC is shown in Fig. with inner and outer hexagonal tiles. It

is necessary to have at least one pair of coincidental hits between the BBC East
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and BBC West detectors in order to generate a minimum bias (MB) trigger. This
coincidence is also used to exclude occurrences involving beam gas. The difference
in time between the BBC is utilized to pinpoint the position of the collision vertex.
Additionally, the tiny BBC tiles may be utilized to recreate the first-order event
plane for flow measurements. In addition to the MB trigger, the relative positions
of the particles that are detected by the BBC give important information that is
used to estimate the polarizations of proton beams. As a result, this information
can be highly helpful for the study of proton spin structure. Internally, each ring is
further subdivided into two distinct sub-rings, each consisting of either six or twelve
tiles |[40]. A BBC coincidence is constituted when a signal from any of the 18 tiles
on the east side coincides with a signal from any of the 18 tiles on the west side of

the normal interaction region [41].

2.2.7 Zero Degree Calorimeter

The two ZDC detectors [42] are hadronic calorimeters that are placed on both sides
of TPC at a distance of approximately 18.25 meters along the beam axis from the
center of the TPC. These detectors are designed to measure the amount of energy
that is deposited by spectator neutrons at a small angle that is relatively close to
zero degrees (6 < 2 mrad). A coincidence between the two ZDCs is necessary for
the minimum bias trigger, with the total of the signals being more than 40% of the

signal from a single neutron.

2.2.8 Trigger System

The major trigger detectors at STAR are Zero Degree Calorimeters (ZDC), Beam
Beam Counters (BBC), Vertex Position Detectors (VPD), and ElectroMagnetic
Calorimeters (EMC). Because the readout rates of the various detector subsystems
vary, these fast detectors comprise the Level-0 trigger that starts the data acquisi-
tion (DAQ) procedure. The STAR trigger system is subdivided into four hierarchic
levels. The levels 0, 1, and 2 use fast detectors, e.g. the CTB, BBC, VPD, and the
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Figure 2.15: A flowchart representation of STAR Trigger system [40].

ZDC [43]. Level-3 |44] is a software trigger that uses data from the slower detectors
TPC, SVT, and FTPC. For high-luminance beams, interaction rates at RHIC may
exceed 10 MHz [45]. Slow detectors (TPC, SVT, FTPC, EMC) operate at a rate of
200 kHz.

The STAR (Solenoidal Tracker at RHIC) experiment utilizes a trigger system
to select events for further analysis based on input from fast detectors. The trigger
system plays a crucial role in determining which events are recorded and stored for
subsequent analysis by slower tracking detectors. The fast detectors in the trigger
system are designed to quickly identify specific signals or events of interest. These
signals may be rare or have unique characteristics that make them valuable for
scientific study. By using the trigger detectors to identify and select these events, the
STAR experiment maximizes the statistics captured for such events, ensuring that a
sufficient number of them are recorded for analysis. The trigger system operates by

applying predefined selection criteria or algorithms to the data provided by the fast
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detectors. If an event meets the specified criteria, it is flagged as a trigger event and
subsequently recorded by the data acquisition system. This allows for efficient data
collection and storage, focusing on events that are most relevant to the scientific

goals of the experiment.

There are three stages that include the utilization of the fast trigger detectors
as shown in Fig. Level 0 is responsible for accepting events and receiving data
from the detectors. Level-0 takes in all the information for each bunch crossing and
sends a signal to the slow detectors (TPC, SVT, and FTPC) to start the readout.
Level-1 can abort an event in the middle of the readout (which takes 40 ms for the
TPC). After the data is read, it is converted to a digital format on the front-end
electronics. This takes approximately 10 ms for the TPC. During this digitizing
time, Level-2 can reject an event before the data is transferred to the DAQ system.
DAQ (Data Acquisition) is not informed that an event has taken place [46] until it
has first successfully completed all three levels. Instead of storing a random sample
of the available collisions, the Level-3 data analysis system has the capability to
analyze all the data up to a rate of 50 s~ (50 events per second) and utilize this
additional information to make decisions about which events should be stored for
further analysis. The Level-3 system processes and analyzes each event in real-time
or near real-time, taking into account various criteria and algorithms to evaluate the
characteristics and significance of the event. Based on this analysis, the system can
make informed decisions about the scientific value and potential of the event. Instead
of storing every single event, which could be overwhelming and computationally
expensive, the Level-3 system intelligently chooses the most relevant events, ensuring

that important scientific information is captured while optimizing storage capacity.

In summary, the Level-3 data analysis system can analyze all the available data
up to a certain rate and utilize this information to make informed decisions about
event storage. This approach allows for efficient data management while ensuring

that important scientific events are captured and available for further analysis.
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Chapter 3

Chiral Magnetic Effect and
Development of Sliding Dumbbell
Method

3.1 Introduction

The quantum chromodynamics predicts that meta-stable domains with fluctuating
topological charges can change the chirality of quarks and cause CP violation lo-
cally [1-3] at very high temperatures and/or densities in the event of quark-gluon
plasma (QGP) formation. In relativistic non-central heavy-ion collisions, an observ-
able charge separation in the direction of the magnetic field (B~ 10" T), created
by spectator protons, may arise as a consequence of local parity violation. This
phenomenon, characterized by the separation of charges along the magnetic field
direction, is commonly known as the Chiral Magnetic Effect (CME), as illustrated
in Fig. [4-7]. The formation of the CME in heavy-ion collisions requires three
essential elements i.e., an external magnetic field created by moving spectators in a
heavy-ion collision, a localized non-zero axial charge density, and QGP formation.
These prerequisites are satisfied at a very early stage in the process of heavy-ion col-

lisions. The magnetic field’s intensity and its duration are other important factors
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Figure 3.1: A schematic illustration of charge separation in non-central (nuclei
that partially overlap) heavy-ion collision. The non-overlapping regions continue
undisturbed in the plane of the collision (shown by the blue arrows), and an ex-
traordinarily powerful magnetic field, denoted by B, is formed perpendicular to the
plane of the collision. Positively charged particles (black) and negatively charged
particles (red) would be emitted from opposite regions of the overlapping zone, a
phenomenon known as the chiral magnetic effect |7].

in determining the CME [5]. It is suggested in reference [8] that the strength of the
CME signal gradually declines at higher energy as a result of the fact that the mag-
netic field develops and decays in a relatively short span of time. For the purpose
of this thesis, a significant emphasis has been placed on exploring the charge sep-
aration effect through the examination of azimuthal correlations involving two and
three particles. This analysis plays a pivotal role in identifying potential events that
exhibit characteristics similar to the chiral magnetic effect (CME). By employing
CME-sensitive methods [9-11], we aim to scrutinize and analyze the event samples

that display back-to-back charge separation on an event-by-event basis.

In heavy-ion collisions, the Fourier decomposition of particle azimuthal angle

distribution in momentum space is described as follows:

dN
— o 1+ 2v,c08(p — Ypp) + 205c082(p — Ypp) + ...

d¢ (3.1)
+ 2a,8in(p — Yrp) + 2a95102(p — Ygp) + ...

where ¢ and Ugp represent the azimuthal angle of the particles and the reaction-
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plane angle (the angle formed by the impact parameter vector and the beam axis).
The parameters, v; and vy, denote the directed flow and the elliptic flow, respectively.
Here, a; is the parity-violating parameter whose sign changes depending on the
topological charge. As a result of the random fluctuations of topological charge that
occur from event to event, < a; >= 0, which implies that the direct detection of

the parity violation effect is impossible. The up-down asymmetry of quarks (“A,”)

is defined as [11]:

A, = Np— Ny (3.2)

N + Ny,

where Ny and Ny, represent the numbers of right-handed and left-handed quarks, re-
spectively. In the presence of CP violation during hadronization, the previously un-
detected asymmetry in quarks can manifest as an observable asymmetry in charged
pions. This transition is facilitated by the restoration of CP violation and can be
quantified by relating the difference between Ny and N; to the topological charge,
denoted as Q.

The asymmetry for u antiquarks, denoted as A, isrelated to A, as A; = —A, = —

N|x

The asymmetry between u and u quarks is not directly observed, if the hadronization
process preserves P (Parity) and C'P (charge-parity) symmetry, it should result in
an observable asymmetry in the production of charged pions. Therefore, we assume
that the asymmetry in the production of charged pions, denoted as Ar™ = —An~, is
equal to A,. Considering the relationship between N, N, and Q, the asymmetry

in charged pions can be estimated as follows:

Q
A+ =—-A_~
mt i N_+

(3.3)

where N_+ represents the pions multiplicity. It is important to note that Q, the
topological charge, is a conserved quantity. On the other hand, /N, is highly fluctu-
ating, making it challenging to detect charge separation effects in all interactions.
Therefore, an expectation of A, ~ 102 is proposed [11], considering the complex

interplay between the asymmetry, the pion multiplicity, and the topological charge.
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3.2 Results from different experiments:

The primary objective of the heavy-ion physics program is to identify any experimen-
tal evidence of the chiral magnetic effect (CME). Over the past decade, significant
efforts have been made to devise new methods and observables to detect the pres-
ence of CME. Unfortunately, most of these methods have only resulted in setting
various upper limits of confidence. However, there is some hope, as a hint of the
signal was recently reported in Au+Au collisions with a center of mass energy of

200 GeV per nucleon.

The CME sensitive three particle correlator [10,12] is defined as:

v = (cos(¢o + o5 — 2V Rp))
= (c0sAP,cosApg) — (sinA¢,sinAgg) (3.4)

= V1qV1,8 — 01401

For symmetric rapidity distribution, v; and v, are zero, so one can measure the

parity-violating parameter a,. Here, ¢,, ¢5 denote the azimuthal angles of the par-

é ylab

(N

Figure 3.2: A schematic illustration of the geometry of the collisions in non-central
nuclear interactions, displaying the azimuthal angles of the particles that are gen-
erated in the transverse plane |13].
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[l

ticles “a” and “B”, respectively. Figure shows a simplified diagram of the geom-
etry of non-central collisions. Wpp is the reaction plane angle (spanned by the beam
axis and the impact parameter vector of the collision), and A¢,s) = du(s) — Yrp-
In eq. , term  (cosA¢,cosApg) represents in- plane correlations and
(sinA¢,sinA¢g) represents out-of- plane correlations, and, « is the difference be-
tween in-plane and out-of-plane correlations. These out-of-plane charge correlations
are particularly vulnerable to the CME. The angle brackets denote that the calcu-
lations were performed over the particles in an event and then over all the events.
Experimentally, the reaction plane angle (Vyp) cannot be determined. Therefore,

the event plane angle (Vpp), which is an estimation of the reaction plane angle

(¥ gp), is measured [14]. Thus, eq. can be modified as [10]:

Y= <COS<¢Q + ¢B - 2¢c)>/v2,c (35)

where, the third particle (labeled “c” above) serves to measure the event plane [10],
and, v, . represents the elliptic flow of third particle i.e., “c”. The 7 correlator
is studied for different charge combinations i.e., opposite-sign (OS, +—, —+) and
same-sign (SS, ++, ——) charge pairs. For CME, 74 is expected to be positive and
vgg to be negative. The difference between v5g and vgg i.e., Ay = 709 — Ygg 18

studied to check the CME contribution towards the charge separation.

The charge-dependent two-particle azimuthal correlator is denoted by “0, 5" and its
definition is as follows:
§ = (cos(pn — ¢p)) = (cosAp,cosApg) + (sinAd,sinAdg) (3.6)

Using v and 0 correlator from Eq. and Eq. one can calculate the in-plane and
out-of-plane correlations. The charge-dependent azimuthal correlations have been
investigated in order to search for different chiral effects in heavy-ion collisions.
Several major collaborations, such as STAR, PHENIX, ALICE, and CMS, have
studied the measurement of charge-dependent azimuthal correlations as a function

of collision centrality.
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Figure 3.3: (Left) y-correlator ((cos(¢, + ¢3 — 2¥p) for Au+Au and Cu+Cu at

snn=200 GeV as a function of centrality. HIJING predictions are shown by the
thick solid (Au+Au) and dashed (Cu+Cu) lines, respectively [13]. (Right) The
centrality dependence of the three-particle correlator for Pb-Pb collisions at ,/syy
= 2.76 TeV [17]. The circles show cumulant analysis ALICE results whereas the
star symbol displays STAR data taken from [13].

Centrality dependence: STAR collaboration at RHIC measured azimuthal
correlations of charged pairs for the first time and observed qualitative agreement
with CME expectations. STAR collaboration at RHIC measured v-correlator in
Au+Au and Cu+Cu collisions at /syy = 200 GeV in the year 2009 [13,/15,(16] for
different collision centralities. Figure (Left) shows ~-correlator for opposite-sign
(OS) which exhibits positive correlations whereas same-sign (SS) correlations are
negative, which was consistent with theoretical predictions. As expected, the signal
weakens with increasing multiplicity, but at the same centrality, the signal from

Cu+Cu collisions is larger than that from Au+Au collisions.

Figure [3.3] (Right) reports the result from ALICE (Pb+Pb at \/syy = 2.76
TeV), which indicates that a strong correlation exists between same sign charge
pairs, whereas a very weak correlation exists between the opposite-sign charge pairs.
The varying correlation magnitude depending on the charge combination could be
understood as the suppression of charge correlations when one of the particles is
emitted towards the center of the dense medium formed during a heavy-ion colli-
sion [5,[111|17]. Figure (Right) compares ALICE data to HIJING model expec-

tations. Due to the absence of collective azimuthal anisotropy in this model, the
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HIJING estimates (same and opposite charge were averaged in the figure) for three-

particle correlations are divided by the experimentally determined value of vy (i.e.

<COS(¢01 + ¢B - 2¢c)>/v2,c) [18]
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Figure 3.4: The upper and middle panels display the outcomes of scaled charge
separation across the second and third harmonic event planes (EPs) divided by the
anisotropy coefficient for Ru+Ru (solid marker) and Zr+Zr (open marker) for 0-
80% collision centrality. To enhance clarity, the upper two panels incorporate Npart
scaling. The lower panel presents the ratios of different quantities specifically for
the 20-50% centrality range, without N, scaling applied [19].

Figure illustrates the results obtained from the analysis of Av;,5/v, (CME-
sensitive) and Av;93/v5 (CME-insensitive) values, multiplied by N, for each indi-

vidual isobar species, specifically Ru+Ru and Zr+Zr collisions at /syy = 200 GeV.

The upper and middle panels present these values for the respective isobar species.

Meanwhile, the lower panel displays the ratios of these quantities specifically for the
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20-50% centrality range. It is important to highlight that these ratios do not take
N,

part IO consideration, as the values of N,,,, differ between the two isobar systems

Ru+Ru
at the same centrality. Initially, it was anticipated that the ratio % would

Y112/ V2
be greater than 1, owing to the larger magnetic field in Ru+Ru collisions compared
to Zr+Zr collisions (due to Ru having 4 more protons than Zr). However, the obser-
vation pertaining to charge separation in the 20-50% collision centralities does not

align with any of the predefined CME signatures [19].

When transitioning from /s == 0.2 TeV to 2.76 TeV, the data from both
the LHC (Large Hadron Collider) and RHIC (Relativistic Heavy Ion Collider) ex-
periments indicate minimal energy dependence for the three-particle () correlator.
This suggests that the behavior of the three-particle correlator remains relatively

consistent across this energy range, without significant changes or variations.

Energy dependence: In order to investigate the collision energy dependence
of the ~-correlator, Au+Au collisions were conducted at a range of energies, from
Vo = 17 GeV to 200 GeV. However, it should be noted that the charge separa-
tion is also influenced by the deconfinement process, suggesting the presence of a
minimum energy threshold beyond which the chiral magnetic effect (CME) becomes
either non-existent or severely limited. Figure 3.5 showcases the v-correlator for
opposite-sign (OS) and same-sign (SS) charge pairs as a function of centrality in
Au+Au collisions at various STAR BES-I energies, ranging from 7.7 GeV to 62.4
GeV. The figure reveals that the difference between the OS and SS 7-correlators is
close to zero at 7.7 GeV and remains negligibly small at 11.5 GeV, 19.6 GeV, and
up to 27 GeV. These findings indicate the absence of a CME-like effect [20]. Inter-
estingly, the y-correlator exhibits comparable sensitivity at both STAR’s 200 GeV
and ALICE’s 2.76 TeV energies, as discussed previously. This can be attributed to
the fact that while the strength of the magnetic effect increases with higher collision

energies, its duration becomes shorter.

Small systems: Due to the lower strength of the magnetic field in small

system collisions, such as p+p or p+A, compared to heavy-ion collisions (A+A), it



3.2 Results from different experiments:

79

10l 62.4 GeV 4 ¢ 39 GeV -
(%)‘ O opposite charge )
ST % samecharge T \ o iy
9o x\ "
~—~ ey e N~ "
= 0 \ O—O—0—R-%® )
o ®
P
> .5F R 4 ]
Nl | 1 1 ! ] ] ] l ] ]
N 30 _I T T T l__l I T T |_
<
+_ 27 GeV + 19.6 GeV
= E
7 2 & UrQMD + ;}( 7
o & opp charge MEVSIM
Gl 10b T [l samecharge | Q |

10% x [y

080 60
Collision centrality (% Most Central)

Figure 3.5: The three-point correlator (v), plotted as a function of centrality
for Au+Au collisions with energies ranging from 7.7 to 62.4 GeV, with charge-
independent results from the model calculations predicted by MEVSIM (grey
curves). Calculations performed using UrQMD are also represented by shaded
bands for 27 and 39 GeV [20].
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Figure 3.6: (Left) The A~ correlator in p+Au and d+Au collisions as a function of

multiplicity, compared to that in Au+Au collisions [23|. (Right) The difference of

the opposite sign and same sign three-particle correlators as a function of Ng,f;f line ,

averaged over |1, —ng| < 1.6, in p-Pb and Pb-Pb collisions at ,/5yy=5.02 TeV [24].

is expected that there will be a significant difference in the correlation values between
these two collision types [21,22]. Therefore, small systems have the potential to serve
as a baseline for studying heavy-ion collisions. The CMS experiment conducted at
the LHC and the STAR experiment at the RHIC have both investigated charge
separation in small system collisions. The STAR [23] experiment demonstrates a
consistent trend in both p+Au and d+Au systems, as well as in collisions involving
heavy ions, as shown in Fig. |3.6[ (Left). Similarly, the CMS [24] experiment exhibits
the same trend and behavior for the Av-correlator in p+Pb and Pb+Pb interactions

in regions where multiplicities overlap, as depicted in Fig. 3.6 (right).

Confidence limit: Using the Event Shape Engineering (ESE) method, the
ALICE collaboration estimated an upper limit of 26%-33% (depending on the initial-
state model) on the contribution of the CME signal in Pb+Pb collisions at /sy
= 2.76 TeV with a confidence level of 95% [25] as shown in Fig. (Left). The
CMS [26] has put an upper limit on the CME contribution to A~y of 7% in Pb+Pb
collisions at /sy = 2.76 TeV at 95% confidence level as shown in Fig. |3.7| (Right).
Recently, in another measurement of charge separation, the ALICE [27] has estab-
lished an upper limit, on the fraction of the CME signal (foasx), of 15-18%(20-24%)
at 95%(99.7%) confidence level for the 0-40% collision centralities by utilizing the
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Figure 3.7: (Left) Centrality dependence of the CME fraction extracted from the
slope parameter of fits to data and MC-Glauber, MC-KLN CGC and EKRT models,
respectively [25]. (Right) The upper limit of the fraction f,,,,.,, at 95% C.L. as a
function of event multiplicity. The combined limits from all presented multiplicities
and centralities are also shown in pPb and PbPb collisions [26].

data-driven background.

3.3 Charge Separation Measurements using CME

sensitive parameter H

Separating the backgrounds driven by elliptic flow from the effects induced by the
magnetic field is currently the most significant challenge in charge separation mea-
surements. Several hypotheses have been proposed as potential solutions. One ap-
proach involves examining correlation measurements in different collision systems,
such as Cu+Au [28] or U4U [29,130] collisions, which exhibit distinct patterns of
geometric eccentricity and electromagnetic fields compared to Au+Au collisions.
Another option is to analyze and differentiate the components in the § and v cor-
relations that might indicate a direct dependence on elliptic flow (v,), as discussed
in [12]. The multi-particle correlator is considered the most effective observable for
searching for the chiral magnetic effect. The “H-correlator” technique leverages the
unique characteristics of both the 2-particle “6” correlator and the 3-particle “+”

correlator. The § and v correlators consist of two components: the flow-independent
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contribution associated with the CME and the flow-dependent correlations. By ex-
amining and separating these components, researchers can better understand and

distinguish the different contributions to the observed correlations.

Voa,B = kUQFoaﬁ - Haﬁ? (3 7)
6aﬂ = Fa,@ + Hocﬂu

In the equation F represents the flow-driven background and H represents the
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Figure 3.8: Hgg— Hpg as a function of the center of mass energy for three centrality
bins in Au+Au collisions for k=1, 1.5, and 2. Results are compared with Au+Au

collisions at 200 GeV and Pb-Pb collisions at 2.76 TeV. The results from UrQMD
are shown in the top panel for k=1 for the center of mass energies 27 and 39

GeV .

flow-independent CME contribution |12]. To account for acceptance corrections, a
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constant parameter “k” of order one is introduced. By utilizing data for ~, 4, and
Uy, it is possible to extract the F' and H signals. Figure illustrates the results for
Hgg — Hpg as a function of center-of-mass energy for different collision centrality
bins in three panels. These results are compared to UrQMD simulations (for Au+Au
collisions at \/syy = 27 GeV and 39 GeV) as well as Au+Au collisions at 200 GeV
and Pb-Pb collisions at 2.76 TeV. When investigating charge separation along the
magnetic field using ( Hpg — Hgg), a weak energy dependence is observed until
19.6 GeV, followed by a sharp decline at lower energies. At lower energies where
the hadronic phase has a more dominant role compared to the partonic phase, the

probability of CME decreases [31].

Another interesting method involves categorizing events belonging to a specific
centrality class based on the elliptic flow and observing how the charge separation
signal (comparable to the v correlator) shifts according to the assigned v, bins. This
method does not require assuming a free parameter like “k” in Eq. [3.7] This study

demonstrates a nonzero signal consistent with prior analyses [32].

Recent studies aimed at distinguishing flow backgrounds and isolating poten-
tial CME signals provide a compelling argument for the identification and quantifi-
cation of CME in heavy-ion collisions when considered collectively. To differentiate
the signal driven by the magnetic field (along with topological fluctuations) from the
background driven by the collective flow determined by collision geometry, it was
proposed to compare CME observables in 35 Ru +35 Ru and ZSZ r —1—28 Zr isobaric col-
lisions. The idea behind this proposal is that both isobaric collisions would exhibit
an identical background to CME observables due to the similar size and shape of
the colliding nuclei. However, there would be a difference in the magnetic field cre-
ated by the two isobaric systems, with Ru+Ru collisions having a higher magnetic
field intensity by approximately 10% compared to Zr+Zr collisions. This difference
in magnetic field would result in approximately a 20% variation in the CME sig-
nal in Ru+Ru collisions [19,[33+39]. In addition to the mentioned approaches, a
new method has been developed to identify back-to-back charge separation and to

identify potential events exhibiting CME-like characteristics.
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3.4 The Sliding Dumbbell Method

The previous measurements have reported the existence of the Chiral Magnetic Ef-
fect (CME) using multi-particle correlators for different collision centralities. How-
ever, it is important to recognize that not every heavy-ion collision environment
is suitable for producing the CME. Therefore, it becomes crucial to search for the
CME signal in each event individually to isolate potential events that exhibit back-
to-back charge separation. A novel method called the “Sliding Dumbbell Method”

Figure 3.9: A graphical representation of the transverse (azimuthal) plane show-
ing positive (4) and negative (-) particle hits that occur during an event. A red
dumbbell of size A¢ = 90° marked with “a” and “b” on either side is also shown.
The sliding of the dumbbell in a counterclockwise direction is denoted by the black
arrows and the dashed dumbbell that has been moved by one unit (§¢ = 1°) is also
depicted.

(SDM) [40-42] has been developed to identify potential CME-like events with higher
back-to-back charge separation on an event-by-event basis in heavy-ion collisions.
The SDM is similar to the Sliding Window Method employed by the WA98 collabo-
ration [43/|44]. In the SDM, the azimuthal plane of each event is scanned by sliding
a dumbbell shape with a size of A¢ = 90° in steps of ¢ = 1°. During the scan, the
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maximum value of the charge separation parameter Db,_ (denoted as Db} ) is

calculated for each region, with the condition that | Db, | is less than 0.25. The
dumbbell shape is imaginary and spans 90° in the azimuthal plane perpendicular to
the beam direction. Subsequently, a fine-grained scan of the entire azimuthal plane
is conducted by sliding the dumbbell in steps of d¢ = 1° counterclockwise. Db, _

and Db,,, are computed for each dumbbell setting.

Db, _ represents the charge separation parameter and is defined as follows:

Db, _ = Db% + Db*
b (3.8)

a

" a b b
n++n— 7’L+—|-n,

The value of Db, _ in the Sliding Dumbbell Method (SDM) is calculated based on
the number of positive and negative charge particles on each side of the dumbbell.
Specifically, n and n represent the number of positive and negative charge parti-
cles in the “a” side of the dumbbell (in a 90° azimuth), while nﬁ_ and n’ represent
the number of positive and negative charge particles in the “b” side of the dumbbell.
If Db, _ equals 1, it indicates that there is an equal number of positive and negative
charge particles on both sides of the dumbbell, resulting in no back-to-back charge
separation. Conversely, if Db, _ equals 2 (the maximum value), it indicates a 100%
back-to-back charge separation. In addition to Db, _, the SDM also calculates the

charge excess asymmetry across the dumbbell, denoted as Db,

Pos., — N eggaC

D basy = a b
Pos,, + Neg.,

(3.9)

The charge excess asymmetry across the dumbbell, Db,,,, is determined by the
difference between the positively charged particle excess (Posg, = nf —nZ) on side
“a” of the dumbbell and the negatively charged particle excess (Negl, = n’ — ni )
on side “b” of the dumbbell. Figure illustrates three different cases with varying

Db,, values.

e In Case-I: Pos?, is equal to Neg, resulting in | Db,s, | = 0, which represents
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an ideal scenario for a CME-like event.

e In Case-II: Figure represents an event with | Db, | = 0.25, indicating a

moderate charge excess asymmetry.

e In Case-III: there is a positive charge excess without a negative charge excess,

indicating charge excess on only one side of the dumbbell. A similar case can

occur with only a negative charge excess and no positive charge excess.
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Figure 3.10: Examples exhibiting different charge asymmetry across the dumbbell
for different events.

For the analysis, D

max :

is selected with the condition | Db,g, |< 0.25, ensuring that

_l’__

there is no significant charge excess on one side of the dumbbell. This selection helps
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identify events that are CME-like. Using Db'™", the back-to-back fractional charge

separation across the dumbbell, fp,og, is calculated as follows:
Fones = DT — 1 (3.10)

The fppcg, which represents the charge separation across the dumbbell, is quanti-
fied on a scale from 0 to 1. A value of fp,rg = 1 indicates maximum back-to-back
charge separation (100% charge separation), while a value of fp,cg = 0 corresponds
to minimum back-to-back charge separation. To assess the effectiveness of the SDM,
the fppog distributions are computed for each collision centrality. These distribu-
tions are then divided into ten percentile bins, with the first bin representing the top
10% of fpyog values (highest charge separation) and the tenth bin representing the
lowest values of fp,cg (lowest charge separation). Subsequently, the multi-particle
correlators are examined using different charge separation classes (or fp,og bins).
The Q-cumulant method is employed to analyze the multi-particle correlators, which

are extensively discussed in the subsequent section.

3.5 Multi particle Azimuthal Correlations

The main objective of this thesis is to investigate the charge separation effect induced
by the Chiral Magnetic Effect (CME) through the analysis of two- and three-particle
azimuthal correlations. Computing multi-particle correlations directly require sig-
nificant computational resources due to the need to consider all possible particle
multiplets. To overcome this challenge and mitigate numerical inaccuracies, the Q-
cumulant approach is employed as a computational technique [45]. In the analysis

of multi-particle correlations, the Q-vector is defined as:

Q=) " (3.11)
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where n represents the harmonic order (e.g., n =1, 2, 3, ...), ¢; is the azimuthal angle
of the " particle and the summation is performed over all particles in the event
with a multiplicity of M. The computation of multi-particle correlations involves two
steps:

Step-1I: The following expression can be used to define the average multi-particle

correlations for each event:

1 M

Do = prrzy 2. <Y (3.12)
T ig=1(i#))
1 M '
Bluntn = B373) > e (3.13)

i, k=1(i5#k)

M
1 )
4 =__ - E in(¢;+¢;—drp—¢r) 3.14
< >n,n\n,n P(M, 4) N . e ( )
17J7k7l:1(27é]7ék;él)

n!
(n—m)!

where P(n,m) is
Step-II: After determining the correlations for each event, the final multi-particle

azimuthal correlation is determined by taking an average across all events:

((2))npn = ‘ZN <'w 9 Z (3.15)

<<4>>n,n\n,n = Zz:ngﬁZ((i);’nnn)z (3.17)

where double brackets denote an average over all tracks and then over all “N” events.

The multiplicity weights, w,, ws, w,, are introduced to get rid of the multiplicity



3.5 Multi particle Azimuthal Correlations 89

(M) fluctuations which are defined as:

wy = M(M —1) (3.18)
w3 = M(M —1)(M — 2) (3.19)
wy=M(M —1)(M —2)(M — 3) (3.20)

Thus the Q-cumulants are defined as:

{2} = ((2)) (3.21)

cr{4} = ((4)) — 2+ ((2))’ (3.22)

In terms of flow harmonic, the cumulants can be written as,
{2} = {2} (3.23)

{4} = (—e{ap)" (3.24)

The calculation of multi-particle correlations from the Q-cumulants involves several
steps. Here are the general steps:

2-Particle Correlator: For example, the 2-particle cumulant (C,,{2}) represents
the correlation between pairs of particles, while higher-order cumulants like C,{3}
and C,{4} involve correlations among three and four particles, respectively. Two
particle azimuthal correlations are obtained for different charge combinations i.e.,
Same Sign (SS) and Opposite Sign (OS) charge pairs, which are defined as follows:

Same-Sign: | Q,, |* for same-sign is defined as:

M

| QulP= D ™o (3.25)

3,j=1
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e (i #j) i.e., the correlation between different types of particles and 2-particle

contribution is calculated as:

(2)npn * Para (3.26)

e (i =j) i.e., represents the self-correlation (auto-correlation) term which given
the contribution:

1+ M (3.27)

Thus, | Q,, |* can be written as follows:

Rearranging the above equation provides the 2-particle correlator for same-sign

charge pairs:

’ Qn ‘2 —-M
Dpin = ———— 3.29
where by using Euler’s formula (i.e., € = cosz + isinz),
| Qu |* = Qu@y, = cos® ¢+ sin” ¢.
Opposite-Sign: The opposite-sign 2-particle correlator is defined as follows:
| Q, = 4,Qr, (3.30)

where Q) represents the Q-vector for positive charge particles (group A) of multi-
plicity M, and g,, represents the Q-vector for negative charge particles (group B) of
multiplicity m. In this case, the average is taken over all possible pairs of particles,
where one particle is from group A (positive charge) and the other particle is from
group B (negative charge). By computing this opposite-sign 2-particle correlator,
one can quantify the correlation between particles of opposite charges and investi-

gate the charge separation effect caused by the Chiral Magnetic Effect (CME) in
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heavy-ion collisions. Two-particle correlator for Opposite-sign is defined as:

<2>n\n = qﬂQn

3.31
wln = T (3.31)

where ¢,Q;, = cos ¢; X cos¢; + sin@; x sin ¢;.

Three-Particle Correlator: To estimate the three-particle correlator as defined
in Eq. , we decompose the Q-vector (Q,Q,Q5,) compositions. Similar to the
2-particle correlations, we first discuss the same-sign charge pair case and then the
opposite-sign case.

Same-Sign: In the case of same-sign charge pairs, the three-particle correlator is

computed using the Q-vector defined as follows:

M

QuQn @5, = Y eteimon) (3.32)

1,7,k=1

In the three-particle correlator, denoted as (3),, ,j2,, the indices i, j, and k represent
different particles. For the same-sign case, particles i and j are from the same group
(either positive or negative charges), while particle k can be from any of the two
groups.

There are three different cases for the indices i, j, and k:

e When all the 3 indices are different i.e., (i # j # k), it represents 3-particle

correlation contribution as:

(3)nnjzn ¥ M(M — 1)(M —2) (3.33)
e When any of the two indices are different, i.e., (1 #j=k) or (i =j # k)
L (¢ + @5 - 2¢;) = (¢i-¢y) for (i # j = k)

it’s a 2-particle correlation with contribution as:

(2) pp ¥ M(M —1)2! (3.34)
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2. (¢ + ¢ - 2¢1) = (20;-2¢y,) for (i =] # k)

Similarly, this is also 2-particle correlation with contribution as:

(2)onj2n ¥ M(M — 1) (3.35)
e When i=j=k (auto-correlation), the contribution is:
Lx M (3.36)

Using these equations in Eq. we get,

(3.37)
Re-arranging the above equation and using (2),, in that from Eq. [3.29] we

get:

mnj2n = M(M —1)(M —2)

(3.38)

After implementing Euler’s formula, the following represents what the final

3-particle correlator looks like:

(3)nion = (cos20y(cosdhy) — singly) + sin2éy (2singicosdyy)
- 2.(0032(;5?(j) + sz'n2¢z2(j))

+2M)/M(M — 1)(M — 2)

Opposite-Sign: In the opposite-sign scenario of the three-particle correlator, we
consider one type of particle (either positive or negative) from one set or group, and
another type of particle from a different set. This leads to different possibilities for
the indices i, j, and k in the expression (¢; + ¢; - 2¢;) representing the azimuthal

angles of the particles. There are three different cases for the indices i, j, and k:
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o ifi£Aj#k
we get (¢; + ¢, - 2¢y,), which is a 3-particle correlation and its contribution
is:

(3)mnjon * M(M —1)m (3.40)

eifi=korj=k
we get (¢; + ¢; - 2¢;) = (¢, - ¢;), which represent 2-particle correlation and
its contribution is:

(2)npn * M xm (3.41)

Using Eq. and Eq. in the Eq. [3.32], we get the 3-particle correlator

for opposite sign as follows:

T OT=1) (3.42)

<3>n,n|2n -

After applying Euler’s formula, the following represents the final 3-particle

correlator for the opposite sign:

(3 mmpon = (c0520y(cosdycosd; — sing;sing,;)
+ 5in2¢y,(cosgising; — sing;cosd;) — 2 % (cosdicosd; + sing;sing;))
JmM(M — 1)
(3.43)

Four-Particle Correlation: To calculate the 4" order cumulant using the Q-

vector, the @,, is expressed as:

M
|Qn |4: Z ein(¢¢+¢j—¢k—¢z) (3.44)
i,k l=1
The equation above can be divided into four different cases based on the indices
i, j, k, and 1 for the Same-Sign (SS) charge pair combination. In this analysis, we

focus only on the Same-Sign (+ + or - -) combination, as this correlator is used
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to calculate the elliptic flow. By considering different combinations of i, j, k, and
| within the Same-Sign charge pair, we can study the correlations among particles
with the same charge. These correlations help us understand the behavior of the

elliptic flow in heavy-ion collisions.

o if i£j£k#]l we get:
) nnlna MM = 1)(M = 2)(M = 3) (3.45)
e When three of the four indices are different i.e., i=j#k#l or i#j=k#l or

k=1
1.) If i=j#k#l then (¢; + ¢; — ¢, — & ) = (2¢0; — ¢, — @) i.e., a 3-particle

correlation with contribution as:

(3) 2 * M(M —1)(M — 2) (3.46)

2.) If i#£j#k=1 then (¢; + ¢; — ¢ — 1. ) = (&; + ¢; — 2¢;,) i.e., Again 3-particle

correlation with contribution as:

(3)nnjon ¥ M(M —1)(M — 2) (3.47)

3.) If i#j=k#l then (¢, + ¢; — ¢; — ¢ ) = (¢; — &) i.e., a 2-particle correlation

with contribution as:

(2)ppn * M(M —1)2(M — 2)2! (3.48)

e When any two indices are different i.e., i=j=k#l or i#j=k=I or i=j#k=1

1.) the two cases i.e., i=j=k#I or i#j=k=I give the same results as:

(¢i + & — & — & ) = (¢; — ¢;), making it a 2-particle correlation as follows:

(2) ¥ M(M —1)212! (3.49)
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2.) If i=j#k=l1 then (¢; + ¢; — ¢p — ¢, ) = (2¢; — 2¢), which again give rise

to 2-particle correlation as follows:

(2)onp2n * M(M — 1) (3.50)

3.) If i=k#j=I, which give rise to the term as:

M(M —1) 2! (3.51)

e Only the auto-correlation term remains when all of the indices are the same,

ie., “i =) =k =17, which give Multiplicity “M” as contribution,

1% M (3.52)

In order to obtain the four particle correlation term, calculate Eq. using

the above four cases and their computed values, i.e.,

| Qn | - <4>nn|nn *M(M_ 1)(M_2)(M_ 3)
[<3>2n\nn <3>n,n|2n] * M(M - 1)(M - 2)

(3.53)
+ (2 * [(M(M — 1)21(M — 2)2! 4+ M (M — 1)2!2!)]
+ (Dopjon * M(M — 1)+ M(M — 1)2+ M
Rearranging the above equation gives 4-particle correlator ({4),, ,jn.,) as:
mnfn.n M(M —1)(M —2)(M — 3) (3.54)
2
Tar=nar-2)

the final four-particle correlator can be obtained by averaging over N number of

events and is used to estimate the 4" order cumulant.

After calculating the second and fourth-order cumulants and the three-particle

correlator, we can utilize the information of elliptic flow (vy) to measure the three-
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particle azimuthal correlations with respect to the reaction plane. The second and
fourth-order cumulants obtained previously are employed to calculate the elliptic
flow using equations Eq. and as discussed earlier. These calculations allow
us to investigate the relationship between the measured azimuthal correlations and

the underlying elliptic flow in the system.

In the previous sections, we have derived cumulants from multi-particle correla-
tions without considering acceptance effects. However, in reality, detectors may have
non-uniform acceptance, which can introduce biases in the measured correlations.
While the simple cumulant expressions derived earlier are suitable for describing
ideal detectors, a more generalized approach is necessary to account for acceptance

corrections in the presence of biased detectors.

The topic of acceptance corrections [46-48] due to biased detectors is discussed
in detail in Chapter 5. In this chapter, we delve into the specific equations and
methods used to correct acceptance effects and ensure accurate measurements of the
correlations. The techniques outlined in this chapter, based on previous research,
provide a comprehensive understanding of how to correct detector biases and obtain

reliable results from experimental data.
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Chapter 4

Testing SDM using event
generators: AMPT and AVFD

4.1 Introduction

The Chiral Magnetic Effect (CME) [1-5] has been extensively studied in heavy-ion
collisions. In non-central collisions, P-odd meta-stable states are formed, and the
strong magnetic field generated by highly energetic spectator protons leads to the
separation of oppositely charged particles along the system’s angular momentum
direction and perpendicular to the reaction plane. The existence of CME relies on
the presence of a strong magnetic field from spectator protons and a non-zero axial
charge density resulting from high-energy heavy-ion collisions [6|7]. The search for
conclusive evidence of the CME signature is a major focus in heavy-ion collision
studies. In 2018, the STAR experiment at RHIC performed isobar collisions to
validate the formation of CME in heavy-ion collisions, highlighting the significance
of this investigation. STAR conducted investigations in Au+Au collisions [8,9] and
isobaric collisions [10], ALICE explored Pb-Pb collisions [11}/12], and CMS analyzed
p-Pb and Pb-Pb collision data [13]. However, despite ongoing research, no definitive
evidence for the existence of the Chiral Magnetic Effect (CME) has been reported

thus far.
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To contribute to the ongoing efforts, the thesis introduces the “Sliding Dumb-
bell Method” (SDM) as a new approach for detecting localized charge separation.
The SDM is specifically designed for this purpose and will be applied to analyze
the data from STAR’s Au+Au collisions and isobaric collisions. Overall, the thesis
aims to advance the understanding of the Chiral Magnetic Effect and provide in-
sights into its existence and significance in heavy-ion collisions, particularly focusing
on the experiments conducted by STAR and utilizing the newly developed Sliding
Dumbbell Method.

4.2 AMPT

Studies based on perturbative Quantum Chromodynamics (pQCD) [14] have indi-
cated that thermalization can occur in collisions involving very large nuclei and/or
at very high energies, despite the asymptotically small value of the strong coupling
constant at the saturation scale. However, it is important to note that the dense
matter created in heavy-ion collisions at facilities like RHIC (Relativistic Heavy lon
Collider) may not reach full thermal or chemical equilibrium due to limitations in
volume and energy. To deal with this kind of non-equilibrium many-body dynam-
ics, A Multi-Phase Transport (AMPT) model [15] has been developed that includes
both the initial partonic and final hadronic interactions as well as the transition
between these two phases of matter [16,[17]. The AMPT model was developed to
describe nuclear collisions from p+A to A+A systems with center-of-mass energies

from about /syxy = 5 to 5500 GeV at LHC.

The AMPT model is constructed from four major components: beginning
circumstances, partonic interactions, partonic-to-hadronic matter conversion, and
hadronic interactions. The HIJING (Heavy Ion Jet INteraction Generator) model is
used to determine the initial conditions, which comprise the spatial and momentum
distributions of minijet partons and soft string excitations [18-21]. Zhang’s Parton
Cascade(ZPC) [22] is used to model the scatterings that occur between partons.

There are two different versions of AMPT, the Default version, and the String Melt-
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ing ON version.

Default AMPT: Figure (Left) shows the colliding nuclei “A” and “B” with
the schematic structures of the default AMPT. The initial conditions for heavy-ion
collisions at RHIC are obtained from the HIJING model [18}21]. HIJING is a re-
alistic Monte Carlo (MC) event generator that provides a complete set of created
particles at the main vertex. This set includes the produced particles’ dynamic
properties such as their energy and momentum. It incorporates mechanisms such
as soft beamjets and the generation of multiple minijets, as well as a model for jet
quenching and a parton structure for the investigation of nuclear shadowing. It is
also possible to describe the dependence of the impact parameter on the number of
inelastic processes by using the geometry of the nucleus. Following the establishment
of the initial state, the minijet partons proceed to Zhang’s Parton Cascade (ZPC),
where partons are recombined with their parent strings when the interactions among
them stops. The AMPT model then uses the Lund string fragmentation model to
turn the resulting strings into hadron [15]. The default AMPT effectively described

A+B A+B

HILJING energy in nucleon
excited strings and minijet partons  spectators

HLJING energy in nucleoj

excited strings and minijet partons spectators

fragment into partons

ZPC (Zhang's Parton Cascade) I

till parton freezeout ZPC (Zhang's Parton Cascade)
till parton freezeout
recombine with parent strings

Quark Coalescence

Lund string fragmentationl

v v v A 4
I ART (A Relativistic Transport model for hadrons) I I ART (A Relativistic Transport model for hadrons)

Figure 4.1: (Left) The structure of the Default AMPT. (Right) The structure of
the AMPT with String Melting ON .

transverse momenta (pr) of detected particles from the heavy-ion collision at SPS
and RHIC while it underestimated the elliptic flow (v,) at RHIC.
String Melting ON AMPT: In the SM version, all of the excited strings are
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transformed into partons, and a quark coalescence model is used to combine partons
into hadrons as shown in Fig. (Right). A hadronic cascade is used to describe
the dynamics of the subsequent hadronic matter, which is based on the ART (a
relativistic transport model for hadron) model and extended to include additional
reaction channels. These channels include the processes of formation and decay
of K* resonance and antibaryon resonances, as well as the production of baryon-
antibaryon pairs through meson interactions and their corresponding annihilation
reactions. String melting raises parton density, which leads to the overpopulation of
partonic matter; on the other hand, quark coalescence enhances the elliptic flow of
hadrons. Hence, the string melting AMPT model with a small parton cross-section
can successfully depict the elliptic flow in Au+Au collisions at RHIC energies [15].
The string melting version of the AMPT model is capable of accurately character-
izing the anisotropic flow and particle correlations in collisions involving both small

and large systems when applied to RHIC and LHC energies.

4.2.1 CME-Ilike signal injection in AMPT

AMPT is the most accurate model that can predict the elliptic flow, however, it does
not include CME. Hence, in order to analyze the charge separation that is caused
by CME, a signal that is similar to CME is injected externally into the events that
are generated by AMPT by flipping the charges of the particles in an event. We
have generated 16 million AMPT events of Au+Au collisions at a center of mass
energy of 200 GeV with the reaction plane angle equal to zero (i.e., ¥pp=0) while
employing the string melting ON configuration. Depending on the signal injection

in final state particles, two different sets of AMPTs are made, which are:

e AMPT: This is AMPT with string melting ON configuration without any

modification i.e., no external CME-like signal.

e CME: This sample was produced by randomly inverting the charge of two
negatively charged particles into positively charged particles in the ¢ range of

45°-135° and two positively charged particles into negatively charged particles
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in the ¢ range of 225°-315°, in an azimuthal plane. This was done perpendicu-

lar to the reaction plane (with “¥pp = 0”) in AMPT-generated events. In this

manner, a CME-like back-to-back charge separation is injected in the AMPT

as expected in the case of the CME, and this sample of events is referred to

as the “CME”. As the externally injected signal is consistent, however, its

percentage varies across different collision centralities, as listed in table

Sr. No. | Collision centrality | Percentage of CME-like injected signal
1. 0-5% ~0.4%
2. 5-10% ~0.5%
3. 10-20% ~0.65%
4. 20-30% ~0.95%
5. 30-40% ~1.4%
6. 40-50% ~2.2%
7. 50-60% ~4.0%
8. 60-70% ~6.7%

Table 4.1: The percentage of CME-like injected signal in Au+Au AMPT at ,/syn
= 200 GeV for various collision centralities.

Two background event samples (i.e., charge shuffled event sample) for “AMPT” and

“CME” are also generated. Following are the event samples which are analyzed in

a similar way using the Sliding Dumbbell technique.

4.3 Analysis Details

AMPT (No CME-like signal injection)
CME (AMPT with CME-like signal injection)
Charge shuffled (ChS) background sample obtained using AMPT sample

Charge shuffled (ChS) background sample obtained using CME sample

The charge separation has been measured using a multi-particle correlator for differ-

ent collision centralities as well as for various charge separations across the dumbbell
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ie., fppos. Figure displays the flow chart describing the various steps involved

in the analysis.

e The entire azimuthal plane is scanned in the first stage, and fppog distributions

are computed for each collision centrality and for each set.

FLOW CHART
trch[5000]->Array storing the charge of
E vent; each particle
. for(int i=1; i<=ptrack; i++)
— > Charge Shuffling (ChS;) {intj=rand() % (ntrack+1-i)
J=it;
* l Int temp = trch[i];
trehli] = teeh[jl;
Db, _ Db, _ treh[j] = temp; }
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| Db, | <0.25 e | Dby, | < 0.25
=]
=
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l v
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y and 6 Calculation for each 7S and 6" Calculation for
data h ChS
each fr,cs

DbCS

Figure 4.2: A flow chart explaining analysis strategy with data and backgrounds.

e The fpyog distributions are subdivided into ten percentile bins, ranging from
0—10% (highest charge separation) to 90% — 100% (lowest charge separation)

for each collision centrality.

o Afterwards, multi-particle (2-, 3-, and 4-particle) correlators are calculated

for each fpyog bin in each centrality for AMPT, CME, ChS and Correlated
background.

o Ay (=705 —"7sg), Ad, and vy are computed for all fp,cg bins in each collision

centrality.
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e Finally calculate foyp for all collision centralities and for all samples (i.e.,

AMPT and CME).

The flow chart shows three different samples Data (AMPT/CME), Charge Shuffle
(ChS), and Correlated Background (Corr) independently.

4.3.1 Background Estimation

Charge Shuffle background (ChS): It refers to the contribution from random
combinations of charges, where the charges of particles are shuffled randomly while
keeping their momenta (i.e., # and ¢) unchanged. This background estimation helps
in understanding the level of charge correlations that can occur purely by chance.
The value of 7 for the “ChS” events’ sample is determined for a specific bin of fpcg

and is referred to as yops-

Correlated background (Corr): This on the other hand, accounts for cor-
relations arising from non-CME effects, such as collective flow or resonance decays.
It represents the background signal that is not related to the Chiral Magnetic Effect
but can manifest as charge correlations. This is recovered from the corresponding

original events in a particular fp,cg bin and termed as correlated background ¢,

Thus, the total background contribution to the y-correlator is given by:

/YTotalBkg = YCchs + YCorr (41)

4.4 Error estimation in AMPT

To obtain an estimation of the statistical errors, we employ the “Sub-Sampling”
method. This technique involves dividing the entire dataset into “n” samples, each

containing an equal number of events. Subsequently, the desired observable “x” is

calculated for each sub-sample. The standard deviation (SD) for the overall sample
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is computed using the following formula:

o(SD) = e — @) (4.2)

n—1

caithn

where x,, is the value of observable “x” that was calculated for the sub sample,

[ h)

and (x) is the average value of observable “x” for overall sample as given below;
1 n
(0)=-3s (4.3)
i=1

Thus, using Eq. [4.2] and Eq. [4.3] one can calculate the final statistical error on the

mean value of “x” as follows;

o(SD)
0-<I> = \/_
n
In order to estimate the statistical errors for the simulations conducted with AMPT,

we divided the data sets (AMPT, CME, and ChS) into 10 sub-samples. Each

(4.4)

sub-sample was carefully constructed to contain an approximately equal number
of events to get the statistical error estimation. In our analysis, we utilized 1o

€rrors

4.5 Simulation results from AMPT

We generated 16M AMPT events for Au+Au collisions with String Melting ON
configuration at the center of mass energy of 200 GeV. Also, CME and ChS samples
are obtained by flipping the charges of positive/negative and by shuffling the charges
of particles as discussed previously. Depending on the total number of participating
nucleons that took part in the collision, these events are categorized into a variety
of collision centralities (i.e., 0-5% for the most central events, 5-10% for the next
most central, and, 90-100% for the most peripheral events). Experimental track
cuts [23,24] were applied i.e., 0.15 < py < 2.0 GeV/c and |n| < 1.0 having complete

azimuthal coverage. The results on 2-particle and 3-particle correlators, as well as
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their differences, in Au+Au collisions at 200 GeV /nucleon categorized by collision

centrality, are discussed in this section.

4.5.1 2-particle (J) correlator

The Fig. illustrates the centrality dependence of the 2-particle d—correlator
(6 = (cos(¢; — ¢;))) for different charge combinations (same sign (+ +,- -) and op-
posite sign (+ -,- +))for AMPT, CME, and charge shuffle samples. The correlation
values for the default AMPT and charge shuffle samples are relatively low as com-
pared to the CME sample. Only the charge-shuffied points from the CME sample
are displayed in the figure as charge-shuffled points obtained from the AMPT sam-

ple coincide within the errors. For event sample “CME”, stronger correlations are
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Figure 4.3: (Left) Centrality dependence of 2-particle ¢ correlator for same and
opposite sign charge pairs for AMPT, CME, and charge shuffle (ChS) samples.
(Right) A magnified figure for AMPT and ChS.

observed for different charge pairs, the same sign correlations are positive whereas
the opposite sign correlations are negative. The amplitude of correlations increases
with decreasing centrality, and this holds true for correlations comprising charge
pairs with the same as well as opposing signs. AMPT (with no CME signal) shows
weaker correlations for both same-sign (SS) and opposite-sign (OS), here SS charge
pairs are negative and OS charge pairs are positive. Correlations values for SS and

OS charge pairs are approximately zero for the Charge Shuffle (ChS for CME) sam-
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ple. In Fig. (b) magnified scale is shown for AMPT and ChS and, for “ChS”
SS and OS charge pairs show similar correlations while AMPT shows very little

difference.

4.5.2 3-particle (v) correlator
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Figure 4.4: (Left) Centrality dependence of ~ correlator for same and opposite
sign charge pairs for AMPT, CME, and charge shuffle (ChS) samples. (Right) A
magnified figure for AMPT and ChS.

Figure presents measurements of the centrality dependence of the three
particle y—correlator (7 = (cos(¢; + ¢; — 2¢.)) /vs) for various charge combinations
ie., SS (+ +, - -), and OS (+ -, - +) charge pairs. The y—correlator for SS charge
pairs is negative and exhibits larger correlations while OS charge pairs correlations
are positive in the case of the CME sample. In addition to this, the strength of
correlations increases as the percentage of injected signal increases. The correlation
value decreases with increasing collision centrality i.e., for most central events the
correlations are weaker. Small negative values for the AMPT are observed for both
OS and SS. ChS also shows negative correlations for both SS and OS and they both
agree within uncertainties for all collision centralities as shown in Fig. (Right).
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4.5.2.1 A~ correlator

It can be observed from Fig. [4.5]that the magnitude of A~y increases as the percentage
of CME-like signal increases, indicating that the A~y correlator has a substantial
dependence on the percentage of injected signal and is maximum for 60-70% collision
centrality (~6.7% externally injected signal). For the AMPT events, A~ is very
small (~close to zero) for all collision centralities because there is no CME in AMPT,

whereas A~y for ChS event sample is consistently zero within errors for all collision

centralities (Fig. [4.5] (b)).
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Figure 4.5: (Left) Centrality dependence of A~y correlator for AMPT, CME, and
charge shuffle (ChS) samples. (Right) Similar to figure (Left) but for AMPT and
ChS only with a magnified scale.

4.5.3 Elliptic Flow (v,)

Since we used the Q-cumulants to get the 3-particle y—correlator, Fig. displays
the centrality dependence of the elliptic flow for AMPT. It is seen that the elliptic
flow increases with decreasing collision centrality and reaches a maximum value for
30-50% collision centrality. Also, elliptic flow from 2-particle (v,{2}) calculations is
higher than the elliptic flow from 4-particle (v,{4}) calculations. We have taken the

mean of (v,{2}) and (vy{4}) for our analysis.
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Figure 4.6: Comparing centrality dependence of elliptic flow (v5{2} and (vy{4}) for
AMPT using cumulant method.

4.5.3.1 In-plane and out-of-plane correlations

The in-plane (~ (cos(Ag;) cos(A¢,))) and out-of-plane (~ (sin(A¢;) sin(Ag;))) cor-

relations can be obtained from ¢ and 7 correlators as given below:

7 = (cos(d; + ¢ — 2Wrp)) = (cos(A¢;)cos(Ad;)) — (sin(Ad;)sin(A¢;))  (4.5)

5 = (cos(r — 6;)) = (cos(Agy)cos(Ad;)) + {sin(Ady)sin(Ad;)

(4.6)

where, Ag;;y = ¢;j) — Yrp- The out-of-plane correlations are sensitive to the

CME [25]. The out-of-plane correlations for the same-sign (opposite-sign) charge

pairs are stronger than the in-plane correlations for the CME event sample as dis-

played in Fig. The out-of-plane correlations increase with the increase in the

externally injected signal. For AMPT (without CME signal) and ChS event sam-

ples, the in-plane and out-of-plane correlations are very low and are approximately

equal within errors.
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Figure 4.7: The variation of in-plane and out-of-plane correlations with collision

centralities for opposite-sign (Top Panels) and same-sign (Bottom Panels) charge
combinations for AMPT, CME, and charge shuffle (ChS) samples.
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4.6 Results using Sliding Dumbbell Method

The following section presents the results based on the fractional charge separation
(fpscs) obtained using the SDM. These results shed light on the magnitude and
centrality dependence of the charge separation effect across the dumbbell in heavy-
ion collisions. They provide valuable insights into the nature of charge dynamics and
possible indications of the Chiral Magnetic Effect in the studied collision system. By
analyzing fpycg, the thesis aims to characterize and quantify the charge separation
across the dumbbell, further contributing to the understanding of the collective

behavior and charge dynamics in heavy-ion collisions.

4.6.1 fppcg distributions

The fpycg distributions for CME, AMPT, and ChS are compared for different col-
lision centralities in Fig. [4.8] These distributions are indistinguishable for higher
collision centralities (i.e., 0-5%, 5-10%, etc.) due to the low percentage of the in-
jected CME-like signal. The distribution move towards a higher value of fp,cg with
decreasing collision centrality i.e., fpycg approaches to 1. The distributions became
distinguishable and moved closer to 1 with an increase in the externally injected
CME-like signal. The AMPT and charge shuffle both show distributions that are
very similar to one another for all collision centralities. It has been observed that

fpvcs distributions for an externally injected CME-like signal extend to higher fp,cg

values than those of AMPT and charge shuffled (ChS) samples.

These distributions are now divided into 10 percentile bins, beginning from
the right. In the top bin (0-10%), fpycs has the maximum charge separation and
contains the potential CME-like events. On the other hand, the bin with a fp,cg
of 90-100% contains the lowest charge separation and contains events which are
normal. Figure displays the scatter plots for fois versus fopag for 30-40% and
50-60% collision centralities with a vertical red line corresponding to the top 10%

S,?CSS on the right side of the line. Figure shows that there is no correlation
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Figure 4.8: Comparison of fp,cg distributions for CME, AMPT, and ChS for 0-70%
collision centralities.
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Figure 4.9: The scatter plot fg%g Versus fg{,lgs for 30-40% and 50-60% collision
centrality.

between the foisg of the charge shuffled event and the foies of the CME event.

Also, it is noticed that charge shuffled events corresponding to the top 10% SQCSS

are spread over 0-100% foeis.

4.6.2 6 correlator

Figure displays the d-correlator plots for different fp,-g bins within each colli-
sion centrality, showing both opposite and same sign charge pairs. It is evident that
the  values are significantly higher in the top fpycg bins compared to the average
value within a given centrality (refer to Fig. [4.3)). The top fpycg bins display neg-
ative correlations for opposite sign (i.e., negative for § (OS)) charge pairs, whereas
for same sign charge pairs these bins exhibit positive correlations (i.e., positive for §
(SS)). The magnitude of 6(OS & SS) gets stronger as the percentage of the CME-like

signal increases.

4.6.3 Elliptic Flow (vy)

The charge separation (fpycg) dependence of mean elliptic flow (v, = M)

for AMPT and CME (externally injected CME-like signal) samples are shown in



4.6 Results using Sliding Dumbbell Method 119

-3 -3
1
A e e ey 20 e e e
2k ° @@%: - L) REE 2¥0 o
. @@@@W . g%° Dg% ] 0_—'%’7@'@%@ BEES 52'2%8 """"""""" ST LT
Ow ——————————— g O goe — (9 95 g o ]
s 8 -© o i -20 o g o .
—2?— g 5 © O — r . o ]
o 4 v o ? 1 40 © © .
- Opposite-Sign © . I Opposite-Sign 0 7]
-6 -=CME o - -60 -=CME -
r = AMPT o ] - =AMPT ]
-8 =cnhs i -4 _soF -=chs 3
1o AutAu (S = 200 GeV E L Au+Au |5, = 200 GeV o .
Y Inl, 0.15<pT<2.0 GeV/c 1 —100F Mmi<1, 0.15<p <2.0 GeV/c -
I PR B I T T I I P PR R EFUTIT AR B
-1 20 5 10 15 20 25 30 35 40 40 45 50 55 60 65 70
Centrality(%) Centrality(%)
-3 -3
1
:I Ioll I LU I LB I LU I LB I LU I LB I LU I: 10le IOI T I T T I L I L I T T I L I_
12F Au+Au (s, =200 GeV 3 [ Au+Au sy, = 200 GeV ]
F Ini<1,0.15<p <2.0 GeV/c ] 80k~ Inl<1, 0.15<p <2.0 GeV/c ]
10 , - - . .
- Same-Sign o ] - Same-Sign 1
8 = CME v — 60 -=CME J
of. =AWPT o E [ = AMPT ° 1
o g - ChS 1 » 40F -+ ChS R - ]
e : v 3 C ]
I é © o 7 - o e
2k Oy 9 - 201 4o 5 5 ]
[ 59 ] % 5 ° % o ]
0% '@""""""'D'Eg """""""" Eg """" -] L w0 % _ o 4
C By ] OF-PEgge-gy o T . gy -
o ST I Sl R
:I L1l I L1l I Ll 1| I L1l I Ll 1| I L1l I Ll 1| I L1l I: _2 _I |- I L1 I Il 1 I Il 1 | I L1 I L1 I?-
0 5 10 15 20 25 30 35 40 910 45 50 55 60 65 70
Centrality(%) Centrality(%)

Figure 4.10: The dependence of § correlator on the charge separation (fpycg) for
OS (top panel) and SS (bottom panel) charge pairs for different collision centralities
for CME (externally injected CME-like signal), AMPT, charge shuffled (ChS) event
samples. The left panels are for 0-40% collision centralities (with zoomed y-axis)
for the sake of clarity and the right panels are for 40-70% collision centralities.
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Fig. 4.11] (Left: 0-40% collision centrality and Right: 40-70% collision centrality). It
is seen that the elliptic flow increases in the top fp,cg bins while decreasing with the
decrease in fp,cg values. Also, it is to be noticed that vy (= M) is higher for

the CME sample in the top fpycg bins than that of AMPT sample for all collision

centralities.
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Figure 4.11: The charge separation (fpycg) dependence of elliptic flow (vqy) for
AMPT and CME samples for different collision centralities.

4.6.4 ~ correlator

Figure m presents the 7-correlator for opposite sign (Top) and same sign (Bot-
tom) charge pairs with centrality for 10 percentile bins of fpucg distribution for
CME, AMPT, Charge Shuffle (ChS) and Correlated backgrounds (i.e., Corroyg
and Corrypr). The magnitude of v enhances many times for both SS and OS
charge pairs for the top fppycg bins as compared to that of the average value for
a given collision centrality as shown in Fig. It is seen that the opposite sign
charge pairs are weakly correlated having positive v whereas the same sign charge
pairs are strongly correlated having negative « for top fpycg bins. The correlations
increase with an increase in the percentage of externally injected CME-like signal
and decrease with an increase in collision centrality. The y-correlator decreases with
deceasing fp,cg values. The highest value of y-correlator for SS and OS charge pairs

are in the top 10% fp,cg bin. The correlations for both OS and SS charge pairs de-
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Figure 4.12: The charge separation (fppcg) dependence of ~-correlator for oppo-

site sign (Top panel) and same sign (Bottom panel) for CME (externally injected
CME-like signal), AMPT, charge shuffled (ChS) event samples for different colli-
sion centralities. The left panels are for 0-40% collision centralities (with magnified

y-axis) and the right panels are for 40-70% collision centralities.
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crease with decreasing fp,og values and become approximately zero for lower fp,cg
values. For instance, SS is negative while OS is positive for the top fp,og (i-e.,
say 0-30% fppcs or 0-40% fpyog) bins, which indicates the increased back-to-back
charge separation in these events. On the other hand for the remaining fp,~g bins
(say 40-100% fpics), signs of OS/SS correlation changes, resulting in the normal
trend (i.e., normal events lying in the lower fp,cg bins). The AMPT and charge
shuffle background (ChS) match with each other within errors for different fp,cg
bins in each collision centrality. The correlated backgrounds (Corr) are independent
of fpyog bins and exhibit a constant value (within uncertainties) for all the fp,cg

bins within each collision centrality.

4.6.5 In- and out-of-plane correlations

We have also computed in-plane and out-of-plane correlations for SS and OS
charge pairs for different fp,og bins as well as for different collision centrali-
ties as shown in Fig. From the figure, it is clear that the out-of-plane
(ie., ~ (sin(A¢;)sin(Ag;))) correlations are stronger than those in-plane (i.e.,
~ (cos(Ag;) cos(A¢,))) correlations for SS and OS charge pairs in the top fpycs
bins within each collision centrality. However, the in-plane correlations are weaker
in the top fpycg. The correlations also increase with the increase in the injected

CME signal as shown in the figure.

4.6.6 A~ correlator

Figure presents the Ay as a function of fp,og for different collision centralities
for CME, AMPT, ChS, and correlated backgrounds. It has been observed that the
data points for charge shuffle and default AMPT agree within the statistical errors
for different fppog bins, however, the data points that corresponds to the CME
sample have higher correlation values. A~y for the correlated background (Corr) are
independent of fp,g bins and have a constant value (within uncertainties) for all the

fppcs bins within each collision centrality. It increases with a decrease in collision
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Figure 4.13: Decomposition of the v and § correlators into in-plane (red symbols)
and out-of-plane (blue symbols) correlations for the opposite-sign (Top panel) and
the same-sign (Bottom Panel) charge pairs. The left panels are for 0-40% colli-
sion centralities (with zoomed y-axis) and the right panels are for 40-70% collision
centralities for the sake of clarity.
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Figure 4.14: The dependence of A~y on the charge separation (fpycg) for differ-
ent collision centralities for CME (externally injected CME-like signal), AMPT,
charge shuffled (ChS) along with corresponding correlated backgrounds for the CME
(Corrcyrg) and AMPT (Corrgppr)- The figure is splitted into 0-40% (Left) and
40-70% (Right) collision centralities for the sake of clarity.

centrality and increases with an increase in the CME signal. In addition to this,
it can be seen that the values for the CME have higher values than the combined
values of Charge Shuffle (ChS) and Correlated background (Correagjanpr) for the

top fppcs bins. The variation of A~y (for fpycg bins) normalized to the average value
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Figure 4.15: A7ynorm versus fppog for the 30-40% and 50-60% collision centralities.

(AYperage) for a given collision centrality (i.e., AVnorm = AViop10%/ AVaverage) VEISUs
charge separation (fpycg) is displayed in Fig. [4.15, This figure is shown only for
two collision centralities i.e., 30-40% (with ~ 1% CME signal injected) and 50-60%
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(with ~ 4% CME signal injected). It is seen that for the top 10% fpycs the Aynorm
is ~8 and it decreases rapidly with decreasing externally injected CME signal and

AYnorm approaches zero for 90-100% fpycg- A similar type of enhancement in v and

A~ can be seen for AMPT and charge shuffled samples in Fig. and Fig. [4.14]

4.6.6.1 CME fraction (fourg)

CME
Iies 50-60% Centrality | 40-50% Centrality | 30-40% Centrality | 20-30% Centrality | 10-20% Centrality
(~4% CME) (~2% CME) (~1.4% CME) (~0.9% CME) (~0.65% CME)
0-10% 0.50840.079 0.5340.046 0.55540.094 0.53+0.0553 0.487+0.070
10-20% 0.53310.146 0.5640.085 0.615+0.175 0.54+0.115 0.5140.15
20-30% 0.35440.155 0.31940.154 0.06110.304 - -
30-40% 0.010£0.246 - - -

Table 4.2: The foy g values for different fpycg bins for 10-60% centralities for the
CME sample (i.e., CME signal injected).

Table [4.2] and [4.3]list the fraction of CME contributions for the top fpycg bins
for default AMPT and CME samples. The fo5 is calculated for each bin of the

foves using Eq.

AMPT
Ioies 50-60% Centrality | 40-50% Centrality | 30-40% Centrality | 20-30% Centrality | 10-20% Centrality
(No CME) (No CME) (No CME) (No CME) (No CME)
0-10% 0.01+£0.124 0.003+0.087 0.045+0.081 0.0185+0.045 0.0027+0.06
10-20% 0.07£0.238 - - - -

Table 4.3: The fop g values for different fp,og bins with for 10-60% centralities
for AMPT sample i.e., No CME.

Jeme =1

A’YBkg

A'VAMPT/CME

A’7/Bl~<:g = A’7/ChS + AfYC’orr

(4.7)

It is observed that fraction is significant in the top fp,cg bins and the number
of fpyog bins exhibiting such a trend decreases with the decreasing percentage of

externally injected CME-like signal. However, fo 5 derived from the default AMPT
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with no externally injected CME-like signal is essentially zero within statistical
errors. In view of these, it is important to point out that in order to verify the
presence of the CME in heavy-ion collisions, one needs to investigate the top fpycg
bins which have the largest back-to-back charge separation for a certain collision

centrality.

4.7 Anomalous-Viscous Fluid Dynamics (AVFD)

The main challenge in the quest for the Chiral Magnetic Effect (CME) in heavy-
ion collisions is effectively distinguishing between the background and the signal of
interest. To accurately predict the effects of CME in realistic heavy-ion collision
scenarios, it is crucial to develop state-of-the-art modeling tools. In this section,
the Anomalous Viscous Fluid Dynamics (AVEFD) framework is introduced, which
simulates the evolution of chiral fermion currents in the Quark-Gluon Plasma (QGP)

on top of the VISHNU bulk hydrodynamic evolution for heavy-ion collisions.

The AVFD model utilizes anomalous fluid dynamics to describe the develop-
ment of fermion currents in the QGP formed as a result of relativistic heavy-ion
collisions [26,27]. The VISH2+1 hydrodynamics provides a description of the un-
derlying evolution of the bulk medium [28]. The AVFD model combines normal
viscous hydrodynamics with anomalous fluid dynamics within a unified framework.
It takes into account parameters such as initial conditions, magnetic field, and vis-
cous transport coefficients, allowing for an interplay between the evolution of the
axial charge current and the bulk medium. In the simulation, the EBE-avfd Betal.0
version of the AVFD model is employed, which incorporates event-wise fluctuations
in the initial conditions. These events were generated with different CME signals

by Yufu Lin, and the simulated events were directly analyzed.

The axial charge plays a crucial role in the formation of the chiral magnetic
effect (CME) current, which leads to the observed separation of charges. The re-

sulting charge separation signal is highly sensitive to the initial state of the axial
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Figure 4.16: Charge separation a; versus the axial charge per entropy density n5/s.

charge. The axial charge density, although small compared to the entropy density,
has a linear relationship with the axial chemical potential. This implies that the

current density (J

) is proportional to the product of the axial chemical potential

(115) and the external magnetic field (B,,), denoted as .J, = CAus;B,, o< ns. There-
fore, the final charge separation signal in CME is roughly linearly dependent on the
initial amount of axial charge (Fig. 4.16) [29,130].

The AVFD framework controls the CME signal through the axial charge per
entropy density (n5/s), which determines the imbalance between right-handed and
left-handed fermions induced at the beginning stage of each event. The value of
ns/s, such as 0.0 (0%), 0.1 (10%), and 0.2 (20%), is used as input to the AVFD.
The percentage of local charge conservation (LCC) within an event is a crucial pa-
rameter that determines the background. LCC refers to the proportion of positively
and negatively charged partners emitted from the same fluid element compared to
the overall multiplicity of the event. By considering these factors and analyzing the
simulated events using the AVFD framework, this study aims to understand the
interplay between the axial charge current and the bulk medium in heavy-ion colli-
sions and investigate the signatures of the Chiral Magnetic Effect (CME). We have
analyzed three different data sets for AVEFD i.e., Au+Au, Ru+Ru, and Zr+Zr at
200 GeV each comprising three different samples according to different CME signal
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AVFED LCC 33%

Au+Au

Ru+Ru | Zr+Zr

ns/s=0.0
ns/s=0.1
ns/s=0.2

~95 M
~58 M
~T77T M

~58 M | ~48 M
~49 M | ~71 M
~50 M | ~56 M

Table 4.4: List of number of events for Au+Au, Ru+Ru and Zr+Zr collisions at
/Sy = 200 GeV for various ny /s for AVED generated data sets for 30-40% collision

centrality.

injections. The different samples for each data set for 30-40% collision centrality are

listed in table 4.4l These data sets have 33% LCC in all the samples.

4.7.1 Three-particle correlator

We have calculated the 3-particle v correlator for AVFD simulated datasets using

the Q-cumulants similar to AMPT simulations. Figure[£.17](Left) shows v correlator

for opposite and same sign charge pairs for Au+Au and Isobar (Ru+Ru and Zr+Zr)

collisions with different axial charge per entropy density (i.e., ns/s =0.0, 0.1, and

0.2) and having 33% LCC. It is seen that ~ is negative for the SS charge pairs while

Ay
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Figure 4.17: ~ (Left) and Ay (Right) calculated for AVFD generated events for
30-40% collision centrality for Au+Au, Ru+Ru and Zr+Zr collisions at \/syy =
200 GeV as a function of the axial charge per entropy density ns/s. The points are
shifted for Ru+Ru and Zr+Zr for the sake of clarity.

for the OS charge pairs it is positive. The magnitude of the v increases with an
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increase in the axial charge per entropy density ns/s from 0.0 to 0.2. It is also noted
that the v is similar within error for the two isobar (Ru+Ru and Zr+Zr) collisions

for both SS and OS charge pairs.

A~ correlator is shown in Fig. (Right) for three AVFD generated data
sets. It is seen that the Ay increases with increasing CME signal in AVFD and has
the highest value at ns/s = 0.2 for 30-40% collision centrality. The charge shuffle
background is similar for the three different samples (i.e., ns/s = 0.0, 0.1, and 0.2)
of each AVFD dataset (i.e., Au+Au and isobar). The statistical uncertainties are

very low and within the markers.

4.7.2 Results for AVFD simulated events using SDM
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Figure 4.18: Comparison of fp;cg distributions for Au+Au AVFD with correspond-
ing charge shuffle (ChS) background for the three different sets. The three different
sets are also compared (Bottom right).
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In this section, we will discuss results using the Sliding Dumbbell Method
where a dumbbell of 90° scans the whole azimuthal plane and provide the informa-

tion of fractional charge separation across the dumbbell (i.e., fpycg = Db — 1).

4.7.2.1 fppcs distribution for AVFD simulated events using SDM

The fpycg distribution for Au+Au AVED for 30-40% collision centrality (for \/syy
= 200 GeV) having different axial charge per entropy density ns/s are shown in
Fig. [£.18 It is seen that the fpucg distributions for ChS are ahead of Au+Au
AVFED for all three sets. The fp,cg distribution for Au+Au with n5/s=0.2 is ahead
of the other two sets as shown in Fig. |4.18 (Bottom Right) although the difference

is very little.
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Figure 4.19: Comparison of fp,cg distributions for Zr+Zr AVFD with correspond-
ing charge shuffle (ChS) background for the three different sets. The three different
sets are also compared (Bottom right).

The fppog distribution for Zr+Zr AVFD and Ru+Ru AVFED having three dif-
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ferent sets of the axial charge per entropy density ns/s for 30-40% collision centrality
are shown in Fig. [4.19)and Fig. respectively. It is seen that the fp,cg distribu-
tions for the AVFD Zr+Zr (Ru+Ru) are trailing the ChS background for the three
different sets. The comparison of the three different sets reveals that there is not a

significant difference (Bottom right figures). Once we get these fpucg distribution
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Figure 4.20: Comparison of fp,cg distributions for Ru+Ru AVFD with correspond-
ing charge shuffle (ChS) background for the three different sets. The three different
sets are also compared (Bottom right).

for AVFD (Au+Au, Ru+Ru and Zr+Zr) and their corresponding ChS, we make 10
percentile bins for 30-40% collision centrality ranging from highest (0-10% from the
right side of distribution) to lowest (90-100% from the left side of distribution). This
partitioning of events on the basis of fp,cg helps to get potential CME-like events

with the highest back-to-back charge separation across the dumbbell.
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4.7.2.2 Elliptic flow (v,) dependence on charge separation (fpycs)

Figure illustrates the dependence of v, on fpucg (10 bins) for 30-40% collision
centrality for Au+Au, Ru+Ru and Zr+Zr collisions, simulated using AVFD at /sy y
=200 GeV with three different sets of AVFD corresponding to different CME signal
(with ns5/s=0.0, 0.1, 0.2). v,{2} is higher than v,{4} in all fp,cg bins. It can be
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Figure 4.21: Dependence of elliptic flow (vy) on fpycg (10 bins) for 30-40% collision
centrality for Au+Au, Ru+Ru and Zr+Zr AVFD (with n5/s=0.0, 0.1, 0.2) at \/syn
=200 GeV.

seen that the v, is higher for the top 10% fpycg. In order to compute gamma we

have taken the mean of v,{2} and v,{4} as v,.



4.7 Anomalous-Viscous Fluid Dynamics (AVFD) 133

4.7.2.3 ~ correlator using SDM

Figure displays the ~-correlator for opposite-sign (Left) and same-sign (Right)
charge pairs with respect to fpog percentile bins for Au+Au AVED, Charge Shuf-
fle (ChS) and Correlated background (i.e., Corr g, 4,) for three samples of AVFD,
each corresponding to different CME signal injections (i.e., n5/s=0.0, 0.1, 0.2). It
is evident from the figure that the magnitude of -y increases for both same-sign (SS)
and opposite-sign (OS) for top fpycs bins and is highest for the top 10% fppcs-
Furthermore, within each fp,cg bin, the correlations is larger for ns;/s=0.2 and
have lower values for n5/s=0.1 and 0.0 (i.e, correlation decreases with a decrease in
the CME signal injection). 7-correlator for SS is negative for top fpycg bins and
for lower fp,cog it is positive showing the normal events toward the lower value of
foscs- The values of y-correlator have increased many times than the average value
of centrality. The v (SS and OS) for charge shuffled (y¢,5) background exhibit ap-
proximately the same value within each fp,-g bin for all sets of AVFD irrespective
of the amount of injected CME-like signal. The v (SS and OS) for the correlated
background is constant across all fp,~g bins for each AVFD set, with higher values

observed for ns/s=0.2. Figure and depicts the variation of vy-correlator for
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Figure 4.22: Dependence of « correlator on fp,cg (10 bins) for 30-40% collision

centrality for Au+Au, charge shuffle (ChS) and correlated (Corr) backgrounds for

three AVFD datasets (i.e., n5/s=0.0, 0.1, 0.2) at \/syny =200 GeV opposite sign
(Left) and same sign (Right) charge pairs.

opposite-sign (Left) and same-sign (Right) charge pairs with respect to fpycg per-
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centile bins for Ru+Ru and Zr+Zr collisions including the comparison with Charge

Shuffle (ChS) and Correlated backgrounds (i.e., Corr) for three sets of AVFD with

different CME signal injection (i.e., ns/s=0.0, 0.1, 0.2). The ~-correlator for iso-

bar (Ru+Ru and Zr+Zr) collisions shows higher correlations compared to Au+Au

collisions (Fig. [4.22)).
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Figure 4.23: Dependence of v correlator on fp,cg (10 bins) for 30-40% collision
centrality for Ru+Ru, charge shuffle (ChS) and correlated (Corr) backgrounds for
three AVFD datasets (i.e., ns5/s=0.0, 0.1, 0.2) at \/syy =200 GeV opposite sign
(Left) and same sign (Right) charge pairs. The points are shifted for Ru+Ru and
ChS for the sake of clarity.
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Figure 4.24: Dependence of v correlator on fp,cg (10 bins) for 30-40% collision
centrality for Zr+Zr, charge shuffle (ChS) and correlated (Corr) backgrounds for
three AVFD datasets (i.e., n5/s=0.0, 0.1, 0.2) at \/syy =200 GeV opposite sign
(Left) and same sign (Right) charge pairs. The points are shifted for Zr+Zr and
ChS for the sake of clarity.
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4.7.2.4 A~ correlator using SDM

Figure displays the A~-correlator as a function of fp,cg percentile bins for
AVFD generated Au+Au (Top), Ru+Ru (Bottom Left) and Zr+Zr (Bottom Right)
collisions at /syy =200 GeV. Each figure includes AVFD (i.e., Au+Au, Ru+Ru,

and Zr+Zr collisions) with different CME injected samples i.e., ns/s=0.0, 0.1, 0.2

along with their corresponding charge shuffle (ChS) and correlated (Corr) back-

grounds. It is seen that with increasing CME signal, the value of A~ increases for
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Figure 4.25: Top: The dependence of Ay on fp,cg for 30-40% collision centrality
for Au+Au, charge shuffle (ChS) and correlated (Corr) background for three AVFD
datasets (i.e., n5/s=0.0, 0.1, 0.2) at \/syy =200 GeV. Bottom Left: Similar plot
for Ru+Ru collisions. Bottom Right: Similar plot for Zr+Zr collisions.

all fpycg bins. The highest values of the Av-correlator are observed in the top 10%

fppcs bin, and these values decrease as fp,cg decreases. The A~ values for the

Charge Shuffle (ChS) backgrounds are approximately the same within the statisti-



136 Chapter 4

cal errors for all three sets of AVFD simulations with ns/s = 0.0, 0.1, and 0.2 while
significantly lower than the data (i.e., Au+Au, Ru+Ru, and Zr+Zr). A~y values for
the correlated backgrounds (Corr) remain constant across all fp,cg bins. However,

there are differences between Au+Au and isobaric (Ru+Ru and Zr+Zr) collisions.

4.7.2.5 CME fraction (forg)

Figure displays the fraction of CME (foyp) calculated using Eq. Versus
ns/s (the axial charge per entropy density) for Au+Au, Ru+Ru, and Zr+Zr col-
lisions. The fqp increases with an increase in externally injected CME signals,
corresponding to an increase in axial charge per entropy density (ns/s) from 0.0 to

0.2. It is observed that for Au+Au collisions, foyp increases from approximately
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Figure 4.26: The variation of CME fraction (fcy,z) with ng/s for AVED (Au+Au,
Ru+Ru, and Zr+Zr) with 33% LCC for 30-40% collision centrality.

11.5% (n5/s=0.0) to approximately 39% (ns;/s=0.2) considering top 20% fpycs as
displayed in Fig. . For Ru+Ru (Zr+Zr) collisions, foy g increases from approx-
imately 5% (3.6%) for n5/s=0.0 to approximately 9.5% (9.4%) for ns/s=0.2 for top
20% fppcg- It is worth noting that for the ny/s=0.0 case, foyp exhibits positive

values. The presence of 33% local charge conservation (LCC) in the samples with
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ns/s = 0.0 can explain this observation.

It is observed that for ns/s = 0.1, fouyp value doubles as compared to ns/s
= 0.0, and for ns/s = 0.2, foyr becomes more than three times as compared to
ns=0.0 for Au+Au collisions. However, in the case of isobaric collisions, the increase
is not as significant as in Au+Au collisions. Additionally, the points for Ru+Ru
and Zr+Zr collisions agree within errors. This suggests that the increased magnetic
field in Ru+Ru collisions compared to Zr+Zr collisions may not be distinguishable,
possibly due to the lower multiplicities in these collisions. It is worth noting that
even in the presence of local charge conservation (LCC), CME-like signals can still
be extracted using the Sliding Dumbbell Method (SDM). This indicates that the
SDM is capable of effectively distinguishing the CME signal from the background,
allowing for the identification of CME-like effects even in situations where LCC is

present.

4.8 Conclusion

The Sliding Dumbbell Method (SDM) is utilized to investigate the Chiral Magnetic
Effect (CME) in heavy-ion collisions. SDM examines the event-by-event occurrence
of back-to-back charge separation between positive and negative charged particles.
To validate the SDM, events generated with the string melting approach in the
AMPT model are analyzed. A CME-like signal is externally injected into AMPT-
generated events by flipping the charges of particles (called as “CME” sample). The
injected signal’s percentage varies with collision centrality. Similarly, the AVFD
(Anomalous Viscous Fluid Dynamics) model is also utilized to study the CME in
heavy-ion collisions. AVFD incorporates anomalous transport phenomena, including
the CME and 33% LCC (Local Charge Conservation). The parameter ns/s, which
represents the axial charge per entropy density, is varied to investigate the CME in

collisions involving Au+Au and isobaric (Ru+Ru and Zr+Zr) systems.

In AMPT simulations, it has been observed that the value of Ay increases
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as the percentage of externally injected CME signal increases. However, in default
AMPT simulations without the injected CME signal, Ay remains very small and
agrees with the background within statistical uncertainties. When analyzing using
the SDM, it has been observed that for the top charge separation (fp,cg) bins, the
magnitudes of the v and 0 correlators increase significantly. Additionally, for the
same charge pairs, 7 is negative while 0 is positive, and for opposite charge pairs, §
is negative and + is positive, which aligns with the expected behavior for CME-like
events. Furthermore, both same-sign and opposite-sign charge pairs exhibit out-of-
plane correlations due to the back-to-back charge separation. The fraction of CME
(fome) is examined for different fp,cg bins in CME and AMPT simulations for
collision centralities ranging from 10% to 60%. It has been observed that the CME
fraction is significant, approximately 50%, for the top fppcg bins in the CME sample.
However, for default AMPT simulations, fq,, is zero within the uncertainties for
all collision centralities. It is worth mentioning that using the SDM, CME-like
events corresponding to the top 20% fpycg bins can be extracted even with a small

percentage, approximately 1%, of the CME signal.

The presence of 33% local charge conservation (LCC) in the samples with
ns/s=0 can explain observed CME signal. In the case of Au+Au collisions, it is
observed that for ns/s=0.1, foyp doubles compared to ns/s=0, and for ns/s=0.2,
fome becomes more than three times as compared to ns/s=0. However, in the
case of isobaric collisions, the increase is not as significant. Additionally, the points
for Ru+Ru and Zr+Zr collisions agree within errors. This suggests that the in-
creased magnetic field in Ru+Ru collisions compared to Zr+Zr collisions may not

be distinguishable, possibly due to the lower multiplicities in these collisions.

It is worth noting that even in the presence of local charge conservation (LCC),
CME-like signals can still be extracted using the Sliding Dumbbell Method (SDM).
This indicates that the SDM is capable of effectively distinguishing the CME signal
from the background, allowing for the identification of CME-like effects even in

situations where LCC is present.



Bibliography

1]

2]

3]

K. Fukushima et al., “The Chiral Magnetic Effect”, Phys. Rev. D 78, 074033
(2006).

D.E. Kharzeev, “Parity violation in hot QCD: Why it can happen, and how
to look for it”, Phys. Lett. B 633, 260 (2006).

D.E. Kharzeev and A. Zhitnitsky, “Charge separation induced by P-odd bub-
bles in QCD matter”, Nucl. Phys. A 797, 67 (2007).

D. Kharzeev et al., “Possibility of spontaneous parity violation in hot QCD”,
Phys. Rev. Lett. 81, 512 (1998).

S.A. Voloshin, “Parity violation in hot QCD: How to detect it”, Phys. Rev. C
70, 057901 (2004).

D. Kharzeev, L.D. McLerran, and H.J. Warringa, “The effects of topological
charge change in heavy ion collisions: “Event by event P and CP violation”,

Nucl. Phys. A 803, 227 (2008).

A. Bzdak, V. Koch, and J. Liao, “Charge-Dependent Correlations in Relativis-
tic Heavy Ion Collisions and the Chiral Magnetic Effect”, arXiv:1207.7327v1
[nucl- th] (2012).

B. Abelev et al., [STAR Collaboration], “Observation of charge-dependent az-
imuthal correlations and possible local parity violation in heavy-ion collisions”,

Phys. Rev. C 81, 054908 (2010).

139



140

BIBLIOGRAPHY

[9]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

L. Adamczyk et al., [ STAR Collaboration|, “Beam-Energy Dependence of
Charge Separation along the Magnetic Field in Au+Au Collisions at RHIC”,
Phys. Rev. Lett. 113, 052302 (2014).

Abdallah, Mohamed et al. [STAR Collaboration], ”Search for the chiral mag-
netic effect with isobar collisions at /sy = 200 GeV by the STAR Collabo-
ration at the BNL Relativistic Heavy Ion Collider”, Phys. Rev. C 105, 014901
(2022).

B. Abelev et al., [ALICE collaboration], “Charge separation relative to the
re-action plane in Pb-Pb collisions at /syy = 2.76 TeV”, Phys. Rev. Lett.
110, 012301 (2013).

S. Acharya et al., [ALICE collaboration|, “Constraining the magnitude of the
Chiral Magnetic Effect with Event Shape Engineering in Pb-Pb collisions at
psNN = 2.76 TeV”, Phys. Lett. B 777, 151 (2018).

V. Khachatryan et al., [CMS collaboration], “Observation of charge dependent
azimuthal correlations in pPb collisions and its implication for the search for

the chiral magnetic effect”, Phys. Rev. Lett. 118, 122302 (2014).

R. Baier, A. H. Mueller, D. Schiff, and D. T. Son, “Bottom-up thermalization
in heavy ion collisions”, Phys. Lett. B502, 51 (2001).

Z. W. Lin, C. M. Ko, B. A. Li et al., “A Multi-phase transport model for
relativistic heavy ion collisions”, Phys. Rev. C 72, 064901 (2005).

B. Zhang, C. M. Ko, B. A. Li, and Z. W. Lin, “Multiphase transport model
for relativistic nuclear collisions”, Phys. Rev. C61, 067901 (2000).

B. Zhang, C. M. Ko, B. A. Li, Z. W. Lin, and B. H. Sa, “J/WU suppression in
ultrarelativistic nuclear collisions” Phys. Rev. C 62, 054905 (2000).

X. N. Wang, “Role of multiple minijets in high-energy hadronic reactions”,

Phys. Rev. D 43, 104 (1991).



BIBLIOGRAPHY 141

[19]

[20]

[21]

[22]

23]

[25]

[26]

[27]

28]

X. N. Wang and M. Gyulassy, “hijing: A Monte Carlo model for multiple jet
production in pp, pA, and AA collisions” Phys. Rev. D 44, 3501 (1991).

X. N. Wang and M. Gyulassy, “Systematic study of particle production in
p + p(p) collisions via the HIJING model”, Phys. Rev. D 45, 844 (1992).

M. Gyulassy and X. N. Wang, “HIJING 1.0: A Monte Carlo program for
parton and particle production in high energy hadronic and nuclear collisions”,

Comput. Phys. Commun. 83, 307 (1994).

B. Zhang, “ZPC 1.0.1: A Parton cascade for ultrarelativistic heavy ion colli-
sions”, Comput. Phys. Commun. 109, 193 (1998).

B. I. Abelev et al. [STAR Collaboration], “Azimuthal Charged-Particle Cor-
relations and Possible Local Strong Parity Violation”, Phys. Rev. Lett. 103,
251601 (2009).

B. I. Abelev et al. [STAR Collaboration], “Observation of charge-dependent
azimuthal correlations and possible local strong parity violation in heavy-ion

collisions”, Phys. Rev. C 81, 054908 (2010).

B. I. Abelev et al. [ALICE Collaboration], “Charge separation relative to the
reaction plane in Pb-Pb collisions at /syy = 2.76 TeV”, Phys. Rev. Lett.
110, 012301 (2013).

Y. Jiang, S. Shi, Y. Yin, and J. Liao, “Quantifying the chiral magnetic effect
from anomalous-viscous fluid dynamics”, Chin. Phys. C, 42, 011001 (2018).

S. Shi, Y. Jiang, E. Lilleskov, and J. Liao, “Anomalous Chiral Transport
in Heavy Ion Collisions from Anomalous-Viscous Fluid Dynamics”, Annals.

Phys., 394, 50 (2018).

Ulrich W. Heinz, J. Liu, “Pre-equilibrium dynamics and heavy-ion observ-

ables”, Nucl. Phys. A 956, 549 (2016)



142 BIBLIOGRAPHY

[29] Y. Feng, Y. Lin, J. Zhao, F. Wang. “Revisit the chiral magnetic effect expec-

tation in isobaric collisions at the relativistic heavy ion collider”, Phys. Lett.

B, 820, 136549 (2021).

[30] S. Shi et al., “Signatures of Chiral Magnetic Effect in the Collisions of Isobars”,
Phys. Rev. Lett. 125, 242301 (2020).



Chapter 5

Chiral Magnetic Effect in Au+Au
collisions at ,/syn = 200 GeV
using SDM

5.1 Introduction

In Chapter III, the Chiral Magnetic Effect (CME) [1-3] is introduced as the phe-
nomenon of back-to-back charge separation perpendicular to the reaction plane in
non-central heavy-ion collisions. The chapter discusses various methods that have
been employed by researchers over the past decade to search for the CME and
highlights the limitations and uncertainties in obtaining conclusive evidence for its
existence. The Sliding Dumbbell Method (SDM) [4-6] is introduced as a new tech-
nique specifically designed to detect the back-to-back charge separation associated
with the CME. The SDM is explained in detail, and its potential in exploring the
CME is discussed.

In Chapter IV, the validation of the SDM is performed using events gener-
ated by the A Multi-Phase Transport (AMPT) model for Au+Au collisions. The
AMPT events include an externally injected CME-like signal, allowing for the test-
ing and verification of the SDM’s sensitivity to the CME. Additionally, the chapter
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presents results obtained using the Anomalous Viscous Fluid Dynamics (AVFD)
model, which incorporates local charge conservation (LCC) along with other fac-
tors. This model provides a framework for understanding the interplay between the

axial charge current and the bulk medium in heavy-ion collisions.

The purpose of this chapter is to provide a comprehensive analysis of Au+Au
collisions data at the center of mass energy per nucleon 200 GeV using the SDM,
ensuring a thorough understanding of the concepts and methods used in the analysis.
By presenting these details, the chapter aims to contribute to a deeper insight into

the Chiral Magnetic Effect.

The investigation of the CME has utilized 2-particle (§) and 3-particle (v)

correlators [7,8], which are defined as follows:

0 = (cos(¢a — ¢5)) (5.1)

v = (cos(¢dy + ¢35 — 2V pp)) (5.2)

Here, ¢, ¢ denote the azimuthal angles of the particles “a” and “3”, respectively,
and Wpp is the reaction plane angle. Since the reaction plane angle can not be

determined experimentally, Voloshin [8] modified Eq. as follows:

Y= <COS(¢Q + ¢,B - 2¢c)>/v2,c (53)

where, v, . represents the elliptic flow of third particle i.e., “c”. Here the averaging
(- - -y is performed over all the particles and over the events. The difference (A~)
between the opposite-sign (OS) and same-sign (SS) v correlators is considered to

get rid of charge-independent correlation backgrounds [9], i.e.,

Ay = Y05 — Vss (5-4)

The A~ is highly sensitive to the preferential emission of positively and negatively
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charged particles to opposite sides of the reaction plane. The STAR (Solenoidal
Tracker at RHIC) Collaboration has reported their initial measurements of nonzero
Ay (or v) in Au+Au and Cu+Cu collisions at /syy = 200 GeV in their stud-
ies [8,|10]. These publications discuss the possible sources contributing to the ob-
served signals, including expectations from CME-driven effects and flow-induced
background arising from resonance decays. The presence of a nonzero A~ has been
further confirmed through measurements conducted at various energies by the RHIC
facility [11] and the LHC experiments [12]. However, accurately quantifying the
magnitudes of CME signal in heavy-ion collisions remains a challenging task despite

significant theoretical advancements.

In recent years, data-driven approaches and observables have been developed
to distinguish the potential signal of the Chiral Magnetic Effect (CME) from back-
ground contributions [13-15]. At the LHC, the CMS and ALICE Collaborations
have conducted Event-shape Engineering (ESE) investigations, which have yielded
results consistent with zero CME-induced charge separation within upper limits of

7% and 26% at the 95% confidence level (CL) respectively [16,/17].

Indeed, the weak nature of the Chiral Magnetic Effect (CME) signal and its
susceptibility to statistical fluctuations emphasize the importance of conducting the
search on an event-by-event basis. By analyzing individual events, it becomes possi-
ble to identify and study those events that exhibit a significant back-to-back charge
separation, which is a distinct signature of the CME. The Sliding Dumbbell Method
(SDM) |4H6] is a novel technique specifically developed to enhance the identification
of CME-enriched events within each collision centrality. The SDM involves scanning
the azimuthal plane using a dumbbell-shaped window, which allows for the exam-
ination of charge separation across the dumbbell. By systematically analyzing the
charge distribution within each event, the SDM facilitates the extraction of events
that demonstrate localized charge separation associated with the CME. By employ-
ing the SDM and examining events on an individual basis, we can effectively isolate
and characterize the CME signal from the background and statistical fluctuations.

This approach provides a more sensitive and accurate means of studying the CME
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phenomenon, ultimately leading to a deeper understanding of its properties and

underlying physics.

5.2 Data analysis

As discussed in previous chapter III, in the SDM, the azimuthal plane in each event
is scanned by sliding the dumbbell of A¢ = 90° in steps of ¢ = 1° while calculating
Db, _ for each region to obtain maximum values of Db, _ (Db'™) in each event
with a condition that | Db, |< 0.25. The quantity Db, _, which is “the sum of the
positive charge fraction on one side of the dumbbell and negative charge fraction on

the other side of the dumbbell”, is defined as:

Db,_ = Db% + Db”
n n’ (5-5)

= a b b
n++n_ n++n_

where n% and n? are the number of positive and negative charge particles, re-
spectively, on “a” side of the dumbbell; and n(jr and n’ are number of positive
and negative charge particles, respectively, on “b” side of the dumbbell. To calcu-
late the Db'"" | a condition on the charge excess asymmetry across the dumbbell,

| Db,s, |< 0.25 is imposed for each event. The Db, is defined as follows:

Pos,, — N eggx

D basy = a b
Pos,, + Neg.,,

(5.6)

where Posg, = nf — n? is positively charged particle excess on side “a” of the
dumbbell and N egzz =n’ — nl:L is negatively charged particle excess on side “b”
of the dumbbell. The Db,, is used to select the events which are similar to the

CME-like events while rejecting the events having one side charge separation.

The charge separation across the dumbbell (fpycg) is defined as follows:

Joves = DbTﬁx -1 (5-7)
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In the analysis described, the fp,cg (fractional charge separation across the dumb-
bell) is quantified in the range of 0 to 1. A value of fpyg = 1 corresponds to max-
imum back-to-back charge separation, representing 100% charge separation, while
fposcs = 0 corresponds to no back-to-back charge separation. To investigate the
relationship between fpog and charge correlations, the fp,~g distributions are ob-
tained for each centrality class. These distributions are then subdivided into ten
percentile bins, ranging from 0-10% to 90-100%, for each collision centrality. This
division allows for a more detailed analysis of the charge separation effects within

specific centrality ranges.

After obtaining the fppog bins, multi-particle correlators are calculated for
different charge combinations. These correlators include 2-particle, 3-particle, and
4-particle correlators. The charge combinations considered are same-sign (4,+ and
-,-) and opposite-sign (+,- and -,4). For each fp,cg bin in each centrality and
for different samples, the correlators (such as v, d, vy, etc.) are calculated using
the Q-cumulant method [18-21], which provides a robust statistical technique for
extracting the correlations and characterizing the charge separation effects. By an-
alyzing the correlators in different fp,~g bins and for different charge combinations,
we can investigate the relationship between charge separation and the corresponding
correlator magnitudes. This analysis helps in understanding the impact of the CME

and other effects on the observed charge correlations in heavy-ion collisions.

5.2.1 Data sets

We analyzed the collision data from ‘9 Au+'9g Au collisions, which was collected

by the STAR detector during the year 2011 (Run-11) at a center-of-mass energy
per nucleon of 200 GeV. The main subsystems of the STAR detector are the Time
Projection Chamber (TPC) [22], the time-of-flight detector (TOF) [23], the zero-
degree calorimeters (ZDCs) [24], and the vertex position detectors (VPDs) [25] etc.

The dataset used in our analysis corresponds to the Minimum Bias triggered

data (STAR-library: P11id.SL19c) obtained from Runll. It is important to note
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that we excluded certain bad runs with known issues. The list of these excluded
bad runs is provided below.

12113091, 12114007, 12114035, 12114078, 12114092, 12114116, 12115009, 12115014,
12115015, 12115016, 12115018, 12115019, 12115020, 12115022, 12115023, 12115062,
12115073, 12115093, 12115094, 12116012, 12116054, 12117010, 12117016, 12117020,
12117065, 12119040, 12119042, 12120017, 12120026, 12121017, 12121022, 12121034,
12121050, 12121067, 12122019, 12127003, 12127010, 12127011, 12127017, 12127018,
12127032, 12128025, 12132043, 12132061, 12133018, 12134023, 12136005, 12136006,
12136014, 12136017, 12136022, 12136023, 12136024, 12136025, 12136027, 12136028,
12136029, 12136030, 12136031, 12136034, 12136054, 12138005, 12138017, 12138021,
12146004, 12146006, 12146007, 12146008, 12151035, 12153002, 12153004, 12153007,
12153013, 12157038, 12157051, 12158040, 12158041, 12158054, 12158056, 12158057,
12162055, 12162056, 12162057, 12162058, 12164037, 12164078, 12164079, 12166002,
12166003, 12167015, 12167024, 12167052, 12168002, 12168009, 12168022, 12168077,
12170044, 12170045, 12170054, 12170056, 12172050, 12172051, 12172055, 12173030,
12173031, 12173032, 12173033, 12173034, 12174067, 12174085, 12175062, 12175087,
12175113, 12175114, 12175115, 12176001, 12176044, 12176054, 12176071, 12177015,
12177061, 12177092, 12177099, 12177101, 12177106, 12177107, 12177108, 12178003,
12178004, 12178005, 12178006, 12178013, 12178099, 12178120

Details about the event selection cuts, track selection cuts, and collision centralities

are given in the following sections.

5.2.1.1 Event selection vertex cuts

In the collisions, TPC is used to reconstruct the primary vertex position i.e., V, rpc
or V, along the beam direction axis (z-axis). On the primary vertex position, a
variety of cuts have been applied to select the good events whereas the events outside
the cuts listed in table are termed as bad events (not used for the analysis).
The events must have a vertex z-coordinate (V) within a range of £30 c¢cm from
the central point of the Time Projection Chamber (TPC), as shown in Fig.
(Left). We are utilizing the minimum bias (MB) events with MB trigger IDs 350003,
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350013, 350023, 350033, and 350043. The Minimum Bias data sample is obtained

Event parameters Cuts
Vertex cut (V, rpc) | -30 < V, < 30 cm
| V.vep - Varece | <4 cm
V, |V, ] <2.0cm
V, |V, | <2.0cm
V, = /Vi+ V) < 2.0 cm

Table 5.1: Event selection Cuts for Au+Au at \/syy = 200 GeV collisions.
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Figure 5.1: (Left) Z-Vertex distribution for Au+Au collisions at ,/syx = 200 GeV.
(Right) V, rpc — V. vpp distribution for Aut-Au collisions. Here, V, yypp is Vz
taken from the Vertex Position Detector (VPD) and V, ppc is Vz taken from the
TPC.
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Figure 5.2: V,, vs V, scatter plot for Au+Au collisions at \/syy = 200 GeV.
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through a trigger that relies on information from two VPD detectors. In order to
select the good events, an additional condition is imposed on V,, namely | V, rpc —
V.vep | < 4 cm. The corresponding distribution is depicted in Figure (Right).
Figure displays the scatter plot of V, vs V, where both V, and V, are less
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Figure 5.3: (Left) RefMult (Nt%f liney vs TofMatch with the pile-up events. (Right)
RefMult (N;;f;f lme) vs TofMatch after removing the pile-up event for Au+Au colli-
sions at ,/syny=200 GeV.

than 2.0 cm. An offline rejection is required for the pile-up events to get the good
events for the analysis. There are a few events which were identified as pile-up
and were removed. Figure (Left) displays RefMult (uncorrected charged particle
multiplicity in TPC within |  |<0.5 ) versus TofMatch (the number of TPC tracks
also having a hit in the TOF detector) for Au+Au collisions. To remove the pile-up
events in Au+Au collisions the following condition was imposed on TofMatch i.e.,
“TofMatch > 0.40*RefMult-10” . After imposing the condition on TofMatch,
RefMult versus TofMatch is displayed in Fig. [5.3| (Right).

5.2.1.2 Track selection cuts

To reduce contamination from secondary charged particles in heavy-ion collisions,
distance of closest approach (DCA) between reconstructed TPC tracks and the pri-
mary vertex is taken to be less than 3 cm (as illustrated in Fig[5.4 (a)). Each
track must have at least 15 ionization points (Ny;) in the TPC, resulting in the

N5 distribution as shown in Fig (b). The TPC detects charged particles in



5.2 Data analysis 151

the pseudo-rapidity range | n | < 1, with full azimuthal coverage (® = 27) and a
transverse momentum lower limit of p; > 0.15 GeV/c. The transverse momentum
(pp) distribution for 2.0 GeV/c¢ > pr > 0.15 GeV/c is given in the Fig. (c) and
pseudo-rapidity (n) distribution is shown in Fig. (d). These restrictions help in
preventing track splitting and merging effects and improve momentum resolution.
Tabld5.2] lists a summary of all the track selection cuts for Au+Au collisions. Addi-
tionally, Fig. (e) displays the ¢ distribution (in degrees) for the 30-40% collision
centrality in Au+Au collisions. The ¢ distribution is not flat due to detector ineffi-

ciency. After applying all the event and track selection cuts we get approximately

Track parameters Cuts
DCA < 3cm
Niyivs > 14
Nuisrit/ Nitsposs > 0.52
pr 0.15 GeV/ec < pr < 2.0 GeV/c
|7 | < 1.0

Table 5.2: Track selection Cuts for Au+Au collisions at /sy = 200 GeV.

~465 Million minimum bias (MB) events for Au+Au collisions at /sy = 200 GeV.

5.2.1.3 Centrality selection

Centrality label | RefMult2
0-5% >453
5-10% >383
10-20% >268
20-30% >181
30-40% >117
40-50% >T1
50-60% >40
60-70% >20
70-80% >9

Table 5.3: Centrality selection from RefMult2 in Au+Au collisions at ,/syny=200
GeV.
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Figure 5.4: Distributions of (a) DCA, (b) Ny, (¢) pr, (d) n, and (e) ¢ (in degrees)
distributions for Au+4Au collisions at /syny=200 GeV.
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The measurement either of the impact parameter or N, in the heavy-ion
collision is not feasible. Therefore, the multiplicity of charged particles is employed
to determine the centrality classes for the collisions. In the case of the STAR experi-
ment, N;Qf tine or RefMult is utilized to establish centrality class, which corresponds
to the uncorrected multiplicity of charged particles reconstructed within |  |< 0.5
for the TPC detector. The centrality information is obtained by dividing RefMult
into 10-percentile bins. For this analysis, we used the RefMult2 definition as a ref-
erence multiplicity, representing the uncorrected charged particle multiplicity in the
TPC region 0.5< n < 1.0. This centrality selection was implemented to reduce the
auto-correlation effect among the charged particles. RefMult2 is used to determine
the collision centrality. The cuts on RefMult2 for eight centrality bins are listed in
table [26] wherein the multiplicity gradually decreases with decreasing collision
centrality. Figure displays the positive and negative charge particle multiplicity

distributions which shows good agreement for different collision centralities.

5.3 Uncertainty estimation

5.3.1 Statistical uncertainties

We employed the sub-sampling method in conjunction with standard error propa-
gation to estimate the statistical uncertainties. The dataset was divided into ten

sub-samples, following the approach used in simulation studies.

5.3.2 Systematic uncertainties

In order to assess the systematic uncertainties, variations were introduced to the
standard event and track cuts used. Each cut was varied independently, and the
maximum deviation of a given observable was considered as the systematic uncer-
tainty associated with that cut. Systematic uncertainties from different cuts are

added in quadrature. The table [5.4]lists details of the various cuts employed in the
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Figure 5.5: Positively and negatively charged particle multiplicity distributions for
Au+Au collisions at /syny=200 GeV for different collision centralities.
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analysis along with the default values. The default value of elliptic flow (v,) is calcu-

Sources of uncertainty Standard Cut Varied Cut
V., B30<V, <30em | -30 <V, <0cm
DCA < 3cm < 2cm
Nhits > 14 > 19

Table 5.4: Various standard cuts and varied systematic cuts to obtain the systematic
uncertainties in Au+Au collisions at /syy=200 GeV.

lated as the average of v5{2} and v,{4}. The systematic uncertainty is determined

by taking half of the difference between vy{2} and v,{4}.

5.4 Non-Uniform Acceptance Correction

To account for the effects of detector acceptance, it is necessary to include correc-
tions in the calculations of cumulants from multi-particle correlations. In detectors
with uniform acceptance, certain terms in the calculations can be disregarded. How-
ever, for detectors that are “almost” perfect but still exhibit small deviations from
perfect uniformity, it is important to reintroduce the terms that were previously
eliminated [18-21]. The expressions for obtaining the acceptance correction in the

calculations are as follows:

e Generalized 2™ order Q-Cumulant: In order to take into consideration
the non-uniform detector acceptance, the 2™ order cumulant has been modi-

fied as follows:

cn{2} = ({cosn(dy — ¢9))) — ((cosney))” — ((sinng,))” (5-8)

The correction terms in Eq. (which are highlighted in red) are intended to
cancel out the bias in the two-particle correlation that is caused by the non-

uniform acceptance [18-21]. These terms can be decomposed into the real and
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imaginary parts of the Q-vectors in the following way:

<<COSTL¢1>> _ Zi:l(é}%e[Qn])i _ Zi:1(<COS7’L¢>)i (59)

Sl M Sl M

. _ XL(SmQ): XL (sinng));
((sinngy)) = ST T (5.10)

where, “M” represents the multiplicity and “N” is the number of events. The
angle brackets denote the average over particles in an event. Thus, generalized

2nd order cumulant can be written as,

Zfil(fvcosn@)i _ Zz]L(jgsmn@)’ (5.11)
Zizl M; Zi:l M;

Cn{2} = <<2>>n\n -

e Generalized 4" order Q-Cumulant: The generalized 4™ order cumulant

in the case of detectors with non-uniform acceptance is corrected as:

{4} = ((cosn(dy + ¢ — ¢35 — ¢a))) —2. ({cosn(py — o))

— 4. ({cosn(ey)) ({cosn(¢) — ¢3)))

+ 4. ({sinn(¢r)) ((sinn(dy — @2 — d3)))

— {{cosn(¢r + ¢2)))* = ((sinn(er + ¢2)))’ (5.12)
+ 4. ({cosn(r + b)) [({cosney))” — ((sinng,))’]

+ 8. ({sinn(er + ¢2))) ((sinngy))({cos ngy))

+ 8. ((cosn(gr — 62))) [({cosney))” + ((sinng))’]

— 6. [({cosney))” + ({sinney))?)”

The terms beginning from the second line in Eq. counterbalance the bias
caused by non-uniform acceptance so that ¢,{4} is unbiased [18-21]. These
terms in red can be decomposed into the real and imaginary parts of Q-vectors,

like:
Zi]\il (%e [QnQn - QQn] )z
Sy My(M; — 1)

((cosn(or + ¢9))) = (5.13)
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SN (SMQn@n — Q)i

e (5.14)
Zizl M1<Mz - 1)

((sinn(gy + ¢9))) =

SV (Re [Q,Q50Q% — Q3 — 2(M; — 1)Q5]);
SN M(M; — 1)(M; - 2)

((cosn(py — ¢ — ¢3))) =
(5.15)

SN (Sm [QuQhQ% — Q@i — 2(M; — 1)QL));
S M (M, — 1)(M; - 2)

((sinn(¢y — ¢o — B3))) =
(5.16)

e Generalized 3" order Q-Cumulant: The three particles general formulae

for the Cumulant with the acceptance correction [26] is given below:

QC{3} = ({cosn(er + 65 — 264))
— 2 ((cos n(g — 26))) ({cosngy))
T+ ((sinn(g) — 26,))) {(sinng,))
— {{cosn(y + 6a))) ({cos26,)) (5.17)
— ({sinn(gy + 6))) ({sin26,)
+ 2 ((cos 2nen)) [{{cosnéy))? — ((sinngy))’]
+ 4 ((sin2ny)) [((cosney)) ((sinngy))]

These terms are decomposed into real and imaginary parts as:

i (5.18)
>im Mi(M; — 1)

((cosn(¢y —2¢))) =

SN L(Sm [Q,Q%, — Q)i
SN M(M; - 1)

((sinn(p; —2¢,))) = (5.19)

By including these correction terms in the calculations, one can obtain more

accurate results for cumulants and multi-particle correlations, ensuring that
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the effects of detector non-uniformity are properly accounted for. This ap-
proach is particularly important when working with detectors that exhibit
small deviations from perfect uniform acceptance, allowing for a more precise

analysis of the data and reducing potential biases.

5.5 Background Estimation

In this analysis, two types of background contributions are considered: Charge

Shuffle background (ChS) and Correlated background (Corr).

Charge Shuffle background (ChS): It refers to the contribution from ran-
dom combinations of charges, where the charges of particles are shuffled randomly
while keeping their momenta (i.e., § and ¢) unchanged. This background estima-
tion helps in understanding the level of charge correlations that can occur purely by
chance. The value of v for the “ChS” events’ sample is determined for a specific bin

of fppes and is referred to as yopg.

Correlated background (Corr): This on the other hand, accounts for cor-
relations arising from non-CME effects, such as collective flow or resonance decays.
It represents the background signal that is not related to the Chiral Magnetic Effect
but can manifest as charge correlations. This is recovered from the corresponding

original events in a particular fp,cg bin and termed as correlated background ¢y,

Thus, the total background contribution to the ~y-correlator is given by:

ﬁYBkg = Ychs + Ycorr (520)

5.6 Results and Discussion

In the following sections, we present the centrality dependence of 2- (¢) and 3- (v)
particle correlators for different charge combinations (i.e., same charges: + +, - -

and opposite charges: + -) along with differences between the opposite and same
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charge pairs.

5.6.1 ¢d-correlator
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Figure 5.6: (Left) The dependence of § correlator for opposite sign (OS) and same
sign (SS) charge pairs on collision centralities for Au+4-Au collisions at /sy = 200
GeV and its charge shuffled (ChS) event sample. (Right) Centrality dependence
of AJ correlator for Au+Au collisions and ChS background. The statistical (bars)
and systematic (boxes) errors are relatively small, falling within the marker sizes.

The centrality dependence of the 2-particle () correlator is examined for both
opposite sign (OS) and same sign (SS) charge pairs for Au+Au collisions at |/syy
= 200 GeV and its charge shuffled background (ChS). Additionally, the correla-
tor Ad (=dpg — dgg) is investigated. The corresponding results are presented in
Fig. [5.6, For OS charge pairs (red markers), the 2-particle correlations exhibit posi-
tive values that increase with decreasing collision centrality. For SS charge pairs, the
correlation values are negative and become more negative with decreasing collision
centrality. For the ChS background, both SS and OS charge pairs are positive and
agree within uncertainties. Furthermore, these correlations increase with decreasing
collision centrality and are useful for the CME investigation as discussed in Chapter
4. Figure (Right) exhibits the dependence of the Ad on collision centrality. It is
observed that Ad is positive and decreases with increasing centrality. The statistical
errors are relatively small, falling within the marker sizes, and the systematic errors

are shown in boxes. Table and table presents a summary of the sources of
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systematic errors and their corresponding fractional values for the opposite sign and

same sign § correlators, respectively, for Au+Au collisions at /syy = 200 GeV.

Sources Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V, 0.0017 | 0.00126 | 0.0011 | 0.001 | 0.00077 | 0.00082 | 0.0022 | 0.0054
DCA | 0.00175 | 0.0013 | 0.0012 | 0.00092 | 0.00012 | 0.00046 | 0.00298 | 0.0056
nHIT | 0.0020 | 0.0011 | 0.0012 | 0.00095 | 0.00059 | 0.00097 | 0.0025 | 0.0053
Total | 0.0031 | 0.00214 | 0.0020 | 0.0017 | 0.00099 | 0.0014 | 0.0044 | 0.0094

Table 5.5: The values of fractional systematic uncertainty for d-correlator for op-
posite sign (dpg) charge pairs in Au+Au collisions at \/syxy = 200 GeV.

Sources Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V., 0.00785 | 0.0074 | 0.0016 | 0.0085 | 0.013 0.025 | 0.066 | 0.60
DCA 0.0098 | 0.0071 | 0.0016 | 0.0092 | 0.013 0.024 | 0.065 | 0.58
nHIT | 0.0097 | 0.0078 | 0.0015 | 0.0095 | 0.014 0.025 | 0.068 | 0.62
Total 0.016 0.013 | 0.0027 | 0.016 0.023 0.043 0.12 | 1.05

Table 5.6: The values of fractional systematic uncertainties for d-correlator for same
sign (dgg) charge pairs in Au+Au collisions at /sy = 200 GeV.

5.6.2 Elliptic flow (vy)

Figure illustrates the centrality dependence of the elliptic flow (v,) for Au+Au
collisions at /syy = 200 GeV. The v, values are calculated using the 2-particle
(v2{2}) and 4-particle (v,{4}) Q-cumulant methods. The v,{2} increases as collision
centrality decreases and reaches a plateau for centralities between 40-60%. The value
of v,{2} is higher compared to v,{4} due to the presence of non-flow effects, which

cannot be removed from vy,{2}. To calculate the three-particle correlations, the

_ vo{2}+vo{4}
2.0 '

average of v,{2} and v,{4} is taken, denoted as vy"“*"
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Figure 5.7: Elliptic flow (vy) measurements using Q-cumulant method in Au+Au
collisions at \/sSyny = 200 GeV as a function of collision centrality.

5.6.3 ~-correlator

Figure (Left) depicts the centrality dependence of the 3-particle () correlator
for different charge combinations, including same-sign (SS: + +, - -) and opposite-
sign (OS: + -) charge pairs. The 7-correlator for SS charge pairs exhibits negative
correlations, while for OS charge pairs, the correlations are positive. Additionally,
the magnitude of correlations is larger for SS charge pairs compared to OS charge
pairs within the centrality range of 10-70%. Furthermore, the magnitude of cor-
relations (for both OS and SS) decreases as collision centrality increases. For the
ChS background, the correlations are negative for both SS and OS charge pairs and
agree within uncertainties. Moreover, the magnitude of correlations increases with

decreasing collision centrality for both SS and OS charge pairs.

Figure (Right) illustrates the centrality dependence of the A~y correlator for
Au+Au collisions and the ChS background. For Au+4Au collisions, the magnitude
of the Ay correlator is positive for each centrality and increases as collision central-
ity decreases. This positive A~y correlator is considered as a signal for the Chiral
Magnetic Effect (CME). On the other hand, for the ChS background, the A~y corre-

lator is approximately zero within the uncertainties for all collision centralities. The
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Figure 5.8: (Left) The dependence of 7 correlator for opposite sign (OS) and same
sign (SS) charge pairs on collision centralities for Au+Au collisions at /syy = 200
GeV and charge shuffled (ChS) background. (Right) The centrality dependence of

A~ correlator for Au+Au collisions and ChS background.

Sotrces Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V., 0.0178 | 0.0336 | 0.0818 1.26 0.079 | 0.00347 | 0.0377 | 0.0345
DCA | 0.0206 | 0.0438 | 0.0936 | 1.486 0.096 | 0.0040 | 0.030 | 0.038
nHIT | 0.0149 | 0.046 0.050 1.35 0.084 | 0.0020 | 0.033 | 0.035
Uy 0 0.12 0.08 0.054 0 0 0 0
Total 0.031 0.072 0.13 2.37 0.15 0.0057 | 0.059 | 0.062

Table 5.7: The values of fractional systematic uncertainties for ~-correlator for
opposite sign (7pg) charge pairs in Au+Au collisions at /syy = 200 GeV.

Sources Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V., 0.0029 | 0.0055 | 0.00069 | 0.0042 | 0.0044 | 0.0060 | 0.0177 | 0.033
DCA | 0.0038 | 0.0069 | 0.00061 | 0.0029 | 0.0042 | 0.0034 | 0.0185 | 0.035
nHIT | 0.00241 | 0.0070 | 0.0013 | 0.0036 | 0.0051 | 0.0041 | 0.0148 | 0.032
Uy 0 0.12 0.08 0.054 0 0 0 0
Total | 0.0054 | 0.011 | 0.0016 | 0.0062 | 0.0080 | 0.0080 | 0.030 | 0.058

Table 5.8: The values of fractional systematic uncertainties for y-correlator for same
sign (vpg) charge pairs in Au+Au collisions at \/syy = 200 GeV.
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statistical errors associated with the measurements are very small and fall within
the marker sizes, while the systematic errors are represented as boxes. Table|5.7|and
table lists the systematic error sources and their associated fractional values for

the opposite sign and same sign «y correlators, respectively, across various collision

centralities in Au+Au collisions at /syy = 200 GeV.

5.6.4 In-plane and out-of-plane correlator

The in-plane (~ (cos(Ag;) cos(A¢,))) and out-of-plane (~ (sin(A¢;) sin(Ag;))) cor-

relations can be obtained from ¢ and ~y correlators as:

(cosAp,cosNpg) = 54‘77 (5.21)
(sinAd,sinAdg) = 5—77 (5.22)

The out-of-plane correlations are sensitive to the CME [27]. Figure|5.9|displays the
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Figure 5.9: Centrality dependence of in-plane and out-of-plane correlator for OS
(Left) and SS (Right) charge pairs for Au+Au collisions at /syny=200 GeV.

in-plane (blue circle marker) and out-of-plane (red square marker) correlations for
opposite sign (OS) and same sign (SS) charge pairs in Au+Au collisions. For OS
charge pairs, the in-plane, and out-of-plane correlations agree within uncertainties

for the 0-50% collision centrality range. However, for the 50-70% collision central-
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ity range, the magnitude of the out-of-plane correlations is lower compared to the
in-plane correlations. Additionally, it is observed that the correlations increase as
the collision centrality decreases. In the case of SS charge pairs, the in-plane cor-
relations are negative, and their magnitude increases and becomes more negative
with decreasing collision centrality. On the other hand, the out-of-plane correla-
tions are positive for the 50-70% collision centrality range and negative for higher
collision centralities. This indicates that the back-to-back charge separation is in-
plane, contrary to the CME expectation where one expects the charge separation
perpendicular to the reaction plane in non-central heavy-ion collisions [28]. This
charge separation is driven by the interplay between the axial charge current and

the external magnetic field.

Further investigations and refinements in the analysis techniques may be nec-
essary to better understand the observed trend and determine the underlying physics

responsible for the measured charge correlations.

5.7 Results with SDM

In this section, we will present the findings obtained through the application of
the Sliding Dumbbell Method (SDM) [4-6]. The SDM systematically scans the
entire azimuthal plane using a dumbbell-shaped region spanning 90 degrees. This
method enables us to examine the fractional charge separation across the dumbbell,
quantified by the parameter fp,cg = Db — 1, as explained in the preceding
chapter. When applying the SDM, the charge shuffled background (ChS) is treated
in the same manner as the Au+Au data. By employing the SDM and appropriately
handling background effects, our analysis aims to discern any potential genuine
charge separation signal associated with the phenomenon under investigation. The
results obtained through the SDM shed light on the degree of charge separation and

its characteristics within the studied system.
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5.7.1 fppcs distributions
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Figure 5.10: Comparison of fﬁggg “ distributions with fg{,lgs for different collision

centralities in Au+Au collisions at /s yy=200 GeV.

Figure depicts the distributions of fp,cg for Au+Au collisions, along with

their corresponding fgfgs distributions obtained from charge shuffle background. It
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is observed that the fgfgs distributions consistently exhibit a little higher values
than the fé},‘gf“ distributions across all collision centralities. Moreover, both the
Au+Au data and the ChS background distributions shift towards higher values of

fpscs as the collision centrality decreases.

Figure [5.11] presents the scatter plots for 30-40% (Left) and 50-60% (Right)

collision centralities. It is observed that there is no correlation between the fp,cg

of the real events (fpidd™) and fpucog of the charge shuffled events (foros)-
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Figure 5.11: Scatter plot of foidé™ versus forog for 30-40% (Left) and 50-60%
(Right) collision centralities for Au+Au collisions at |/syy = 200 GeV.

In the forthcoming section, we will discuss the dependence of fp,og on various

physics observables for collision centrality range of 0-70%.

5.7.2 v, dependence on fpycg

The dependence of elliptic flow (vy) on fpyeg for Au+Au collisions in the 0-70%
collision centrality range is depicted in Fig. The figure illustrates that the
top fpeos bins shows a higher v, and it decreases in the lower fp,cg bins. In the
40-60% collision centrality range, the values of v,{4} are lower compared to v,{2}
due to the presence of non-flow contributions in v,{2}. The statistical uncertainties
are indicated by the bars, while the systematic uncertainties are represented by the

boxes.
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Figure 5.12: The charge separation (fpycg) dependence of vo{2} and wvy{4} for
Au-+Au collisions at /syy = 200 GeV. The right column plots are for 0-40%
collision centralities and the left column plots for 40-70% centralities and Y-axes
for 0-40% collision centralities are magnified for the sake of clarity.

5.7.3 d-correlator’s dependence on fpycg

Figure displays the dependence of the d-correlator for opposite sign (OS) and
same sign (SS) charge pairs on fp,cg for Au+Au collisions at /sy = 200 GeV in
the 0-70% collision centrality range. d-correlator for OS charge pairs are represented
in red color while SS charge pairs are represented in blue color. For OS charge pairs
0-correlator shows negative values for top fp,cg bins while for lower fpog bins
they become positive. An opposite trend is seen for the same sign charge pairs.
d-correlator values are positive for SS charge pairs in the top fpycg bins and they
become negative in the lower fp,-g bins. This trend is opposite to average values
of d-correlator (Fig. [5.6) where OS charge pairs show positive correlations and SS
charge pairs show negative correlations. In the case of CME, we expect dgg to be
positive and d5g to be negative. It is seen that for 0-70% collision centralities dgg >

0 for the top fpycg bins, indicating a CME enriched sample.

5.7.4 ~-correlator’s dependence on fpycg

The charge separation (fp,cg) dependences of 7-correlator for opposite sign and

same sign charge pairs are displayed in Fig. (OS) and Fig. (SS), respec-
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Figure 5.13: The charge separation (fpycg) dependence of d-correlator for opposite
and same sign charge pairs for Au+Au collisions at /sy = 200 GeV. The right
column plots are for 0-40% collision centralities and the left column plots for 40-70%
centralities and Y-axes for 0-40% collision centralities are magnified for the sake of
clarity.

tively, for Au+Au collisions at /syy = 200 GeV. The figures also include the
charge shuffled (ChS) and correlated (Corr) backgrounds for 0-70% collision cen-
tralities. The right column plots are for 0-40% collision centralities and the left
column plots for 40-70% centralities and Y-axes for 0-40% collision centralities are

magnified for the sake of clarity. The values of 7’s (OS and SS) in the top fpycs
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Figure 5.14: The charge separation (fpycg) dependence of y-correlator for opposite
sign charge pairs for Au+Au collisions at /sy = 200 GeV. The right column plots
are for 0-40% collision centralities and the left column plots for 40-70% centralities
and Y-axes for 0-40% collision centralities are magnified for the sake of clarity.
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bins exhibit a significant increase compared to the average values shown in Fig. [5.8
(Left). Specifically, it is observed that y5g > 0 and g3 < 0 corresponding to top
foses bins (i.e., for 0-20% (0-30%) fpycs for 0-60% (60-70%) collision centrality), as
expected for CME-like events. Notably, it is observed that | 755 | is approximately
equal to | vgg | for the top fp,cg bins, representing the highest back-to-back charge

separation across the dumbbell. The charge shuffle background also exhibits a sig-
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Figure 5.15: The charge separation (fp,cg) dependence of y-correlator for same sign
charge pairs for Au+Au collisions at /sy = 200 GeV. The right column plots are
for 0-40% collision centralities and the left column plots for 40-70% centralities and
Y-axes for 0-40% collision centralities are magnified for the sake of clarity.

nificantly higher enhancement and follows a similar trend, although its values are
lower compared to those of the Au+Au data for the top fp,cg bins across 10-60%
collision centralities. The correlated background shows positive correlations for OS
charge pairs and negative correlations for SS charge pairs across 10-70% collision
centrality. The correlated background values remain approximately constant within
uncertainties for all fp,cg bins within each collision centrality, while their magnitude
gradually increases with decreasing collision centrality. The systematic uncertainties
are represented by boxes, while the statistical uncertainties are indicated by bars.

The statistical uncertainties are negligible and fall within the marker sizes.
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Figure 5.16: The charge separation (fppcg) dependence of A~-correlator
(Av=v05 — 7ss) for Aut-Au collisions at /syx = 200 GeV. The right column
plots are for 0-40% collision centralities and the left column plots for 40-70% cen-
tralities and Y-axes for 0-40% collision centralities are magnified for the sake of
clarity.

5.7.5 A-~-correlator’s dependence on fp,cs

Figure displays the dependence of Ay on fp,cg for 0-70% collision centrality
for Au+Au collisions at /syy = 200 GeV. It is seen that A~y is positive for the
top 20% (30%) fpucs bins for 0-60%(60-70%) centralities. The values of Ay’s in
the top fppcg bins has increased many times higher than the average values shown
in Fig. m(Right). Boxes represent the systematic errors while the bars represent
the statistical errors. Statistical uncertainties are too small and are within the
marker sizes. Ay-correlator for charge shuffled background (ChS) is represented by
red circles while the correlated background is shown by black crosses in Fig. [5.16]
AYcps exhibits the similar trend as Au4+Au data while A~q,, has approximately
same values for all fpog bins within each collision centrality. It is observed that,
Avens < Avgate for the top 20% (30%) fppcg bins for 10-60% (60-70%) collision
centralities. Furthermore, the total background, Avcons + AYcerr, 18 lower than
AY4atq 10 the top fppos bins, as expected for CME-like events. These observations

indicate the presence of a CME-like enriched sample.

: N N AY(Topr0% ) .
The normalized A" ™ defined as Ay "™ = W is presented for
vg.

top 10% fpyes in Fig. [5.17 Tt is observed that AvV°"™ in the top 10% fpycg bins
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Figure 5.17: Ay (= %‘W) for different centralities for Au+Au colli-
vg.
sions at /sSyy = 200 GeV.

is more than 15 for all collision centralities indicating a significant enhancement of

A~ values. This may be due to CME contribution in the top 10% fppcg bins.

We will use Ay for Au+Au data, ChS, and Corr backgrounds to calculate the

fraction of CME in the top fppcg bins where Ay > 0 in the forthcoming section.

5.7.6 In-plane and out-of-plane correlator’s dependence on
Jovcs

Figure presents the dependence of in-plane (blue markers) and out-of-plane (red
markers) correlations on fp,cg for opposite charge combinations for 0-70% collision
centralities for Au+Au collisions at /syy = 200 GeV. The out-of-plane correlations
are negative for OS charge pairs in the top fpycg (i-e., top 20-30% fpycg) bins while
the correlations become positive for lower fp,~g bins. Similarly, the dependence of
in-plane and out-of-plane correlations on fp,cg for the same charge combinations is
shown in Fig. for 0-70% collision centralities. The out-of-plane correlations are
positive for top fppcg bins and the trend becomes the opposite for lower fpyog bins

for the same sign charge pairs.

Stronger correlations are seen in out-of-plane for both same-sign and opposite-
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Figure 5.18: The charge separation (fpycg) dependence of in-plane and out-of-

correlator for opposite sign charge pairs for Au+Au collisions at /syy = 200 GeV.

The right column plots are for 0-40% collision centralities and the left column plots

for 40-70% centralities and Y-axes for 0-40% collision centralities are magnified for

the sake of clarity.
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Figure 5.19: The charge separation (fpycg) dependence of in-plane and out-of-

correlator for same sign charge pairs for Au+Au collisions at /syy = 200 GeV.

The right column plots are for 0-40% collision centralities and the left column plots

for 40-70% centralities and Y-axes for 0-40% collision centralities are magnified for

the sake of clarity.
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sign charge pairs due to out-of-plane charge separation for Au+Au collisions for
top fppos bins representing the highest back-to-back charge separation across the

dumbbell.

5.7.7 CME fraction (focumg)

To calculate the CME fraction( foysx) first we check Ay > 0 for Au+Au data and get
the total background which is the sum of charge shuffle (ChS) and correlated (Corr)
backgrounds as shown in Fig. [5.16, The fqr is calculated using the following

equation:

A’)/Bkg
AYiata (5.23)
Avprg = AYons + AYcorr

fCMEIl_

We performed calculations of the fqy;5 values using the top 20% fpu,cg bins for
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Figure 5.20: fopp for 0-70% collision centralities for Au+Au collisions at /Sy
= 200 GeV.

both the Au+Au data and the background events. By utilizing the Sliding Dumbbell
Method (SDM), which identifies CME-enriched samples within these top fpucg bins,

we were able to determine the CME fraction specifically for these selected bins
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using equation [5.23] Figure [5.20] illustrates the obtained foj,p results for collision
centralities ranging from 0% to 70% in Au+Au collisions at \/syx = 200 GeV. The
data shows that foyp ranges from approximately 8% to 13% for top 20% fpucs
bins for collision centralities between 10% and 50%. However, for both the most
central and peripheral collisions, the f-,,r values are negative, indicating a lack of

significant CME signal in these centrality ranges.

Overall, the analysis suggests that the foyp values are highest in the 10%
to 50% collision centrality range, where they range from approximately 8% to 13%
for top 20% fppcs bins. In contrast, the f-y,p values are negative for most central
and peripheral collisions, indicating a different underlying physical mechanism or

the absence of a CME signal in these centrality ranges.

5.8 Conclusion

The analysis was conducted on data from '9g Au+'2gAu collisions collected by the

STAR detector in 2011 at a center-of-mass energy of /syy = 200 GeV. The focus
was on studying the dependence of the 2-particle (§) and 3-particle (vy) correlators
on collision centrality. It was observed that the CME-sensitive Ay decreased with
increasing collision centrality, which was considered as a CME effect. However, it
was noted that the correlations of same-sign charge pairs were in-plane, contrary to

what is expected for the chiral magnetic effect (CME).

In this work, the Sliding Dumbbell Method (SDM) was employed to specifically
search for back-to-back charge separation events on an event-by-event basis within
each collision centrality. The correlators mentioned earlier were examined based on
the charge separation across the dumbbell ( fp,cg) in each centrality. The fpyog dis-
tribution was divided into ten percentile bins to identify potential CME-like events
with the highest back-to-back charge separation. To extract the fractional CME
signal in the top fpycg bins, two types of backgrounds were considered. The Charge

Shuffle background (ChS) involved random shuffling of charges while keeping their
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momenta unchanged, providing insight into the level of charge correlations that can
occur by chance. The correlated background involved recovering correlations among
particles from the original events within a specific fpycg bin, as discussed in the

chapter.

The elliptic low shows a slight increase in the top fp,cg bins compared to the
lower fp,cg bins. The values of § and v correlators in the top fppcg bins showed
a significant increase compared to the average values in a given centrality, both for
same-sign and opposite-sign charge pairs. In the top fppog bins, same-sign charge
pairs exhibited negative v correlators and positive d correlators, while opposite-
sign charge pairs displayed the opposite trend. Interestingly, both same-sign and
opposite-sign charge pairs exhibited out-of-plane correlations due to the out-of-plane
charge separation. These characteristics indicated that events in the top fpycg bins
were the most potential CME-like events for a given collision centrality. Similar anal-
yses were performed for the charge shuffled events and for correlated backgrounds
to determine the fractional CME contribution in the top fp,cg bins. The charge
shuffled events also exhibited significant enhancements in both ¢ and v correlators,
showing similar trends for different charge combinations with reduced magnitudes
in the top fppog bins. The correlated background showed positive correlations for
opposite-sign charge pairs and negative correlations for same-sign charge pairs across
10-70% collision centralities. The values of the correlated background remained ap-
proximately constant within uncertainties for all fp,cg bins in each centrality, with

their magnitude gradually increasing as collision centrality decreased.

Furthermore, A~y was positive for the top 20% (30%) fpycs bins in 0-60% (60-
70%) collision centralities. The values of Ay in the top fpycg bins were significantly
higher than the average values. A~,s exhibited a similar trend as the Au+Au
data, while Avyo,,, had approximately the same values for all fp,~g bins within each
centrality. It was observed that Ayons < AYgae for the top 20% (30%) fpyos bins
in 10-60% (60-70%) collision centralities. Moreover, the total background, Avyqps
+ AYcorr, Was lower than Av,,, in the top fpyog bins, as expected for CME-like

events. These observations indicated the presence of a CME-like enriched sample
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for each collision centrality.

The CME fraction (fopp) was calculated using the CME-sensitive A~y-
correlator in the top 20% fpyog bins. The foyp ranged from approximately 8%
to 13% for top 20% fpycs bins (obtained using SDM) in 10-50% collision central-
ities but showed negative values for most central and peripheral collisions. The
CME-like events are observed in the top 20% fpycs bins whereas the rest of the
80% fpycg bins in a given centrality show no CME-like events. Glimpses of frac-
tional CME were observed in the top 20% charge separation across the dumbbell

(fpees) in the given centrality range of 10-50% collision centralities.
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Chapter 6

Chiral Magnetic Effect in isobaric
collisions at ,/syn = 200 GeV
using SDM

6.1 Introduction

The STAR detector at the Relativistic Heavy lon Collider (RHIC) is specifically
designed to study the properties of the QGP and explore the phase diagram of nu-
clear matter. Isobaric collisions at the STAR experiment provide a unique platform
to study intriguing phenomena such as the Chiral Magnetic Effect (CME) [1-3].
Isobaric collisions of J5Ru+33Ru and 30Zr+39Zr nuclei, have been proposed as a
promising approach to address the challenges associated with the detection of the
Chiral Magnetic Effect (CME) in heavy-ion collisions [4]. The use of isobaric colli-
sions presents certain advantages due to the anticipated differences in magnetic field
strength and similar backgrounds. In particular, the larger atomic number of Ruthe-
nium (35Ru) compared to Zirconium (75Zr) leads to an increase of approximately
15% in the squared magnetic field in Ru+Ru collisions [2,5-11]. This enhanced mag-
netic field is expected to lead to a proportional increase in the CME contribution in

Ru+Ru collisions, while the similarity in mass numbers of the colliding nuclei en-
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sures comparable flow-driven backgrounds. While the backgrounds in Ru+Ru and
Zr+7r collisions were predicted to be comparable, it is important to note that they
are not identical. Differences in the nuclear deformation of the two isobars result in a
background variation of less than 1% in peripheral to mid-central collisions, but can
exceed 2% in collisions with a centrality of 0-20% [12]. Hydrodynamic simulations
incorporating local charge conservation (LCC) further indicate a 4% distinction in
the flow-driven background between the two systems [13]. To enhance the sensitiv-
ity to the potentially small Chiral Magnetic Effect (CME) signal, minimizing the
background contributions is crucial. Isobar collisions provide an effective approach
to achieve this objective by analyzing and comparing various CME-sensitive observ-
ables (i.e., d, v, A~, etc.) [14,/15] in two isobaric systems. These observables were

carefully examined and evaluated in the Isobar Blind Analysis.

In an effort to validate the Chiral Magnetic Effect (CME) in isobaric collisions,
the STAR experiment at RHIC conducted a dedicated high-statistics run in 2018,
accumulating a total of approximately 4 billion events. It was anticipated that the
ratio of Ru+Ru to Zr+Zr collisions, of the CME-sensitive Ay correlator would be
greater than 1, as the backgrounds were expected to be similar in these isobaric sys-
tems. However, the experimental results yielded unexpected outcomes. Contrary
to expectations, the STAR Collaboration reported that “no CME signature that
satisfies the predefined criteria has been observed” [12]. Despite the rigorous data
analysis and examination of various CME-sensitive observables, the evidence sup-
porting the presence of the CME in isobaric collisions was not found. This outcome
highlights the importance of thorough and meticulous investigations to validate the
existence of the CME. The search for the CME continues, and further studies and
analyses may be needed to explore its manifestation in different collision systems

and energies.
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6.2 Analysis Strategy and Data sets

It is recognized that not every heavy-ion collision environment may be conducive
to give rise to the Chiral Magnetic Effect (CME). Given the expected weak nature
of the CME signal, which can be easily masked by statistical fluctuations, it is
crucial to adopt a careful approach to effectively identify the CME signal. Instead
of averaging over all events within a collision centrality, it is important to examine
each individual event independently. To tackle this challenge, a novel technique
known as the Sliding Dumbbell Method (SDM) [16,/17] has been developed. The
SDM aims to isolate and extract the events enriched with CME within each collision
centrality. By employing the SDM, it becomes possible to identify and study the
back-to-back charge separation characteristic of the CME on an event-by-event basis.
This approach allows for a more detailed investigation of the CME signal, accounting
for statistical fluctuations and enhancing the sensitivity to its occurrence. The SDM
provides a valuable tool in the quest to understand and validate the presence of the

CME in heavy-ion collisions.

As discussed in previous chapters, in the SDM, the azimuthal plane in each
event is scanned by sliding the dumbbell of A¢ = 90° in steps of d¢ = 1° while
calculating Db, _ for each region to obtain maximum values of Db,_ (Db}*") in
each event with a condition that | Db,, |< 0.25. The charge separation across the

dumbbell (fpycg) is defined as follows:
foves = Db =1 (6.1)

The fppcog distributions are obtained for each centrality class and subdivided into ten
percentile bins, ranging from 0 — 10% to 90 — 100% for each collision centrality. The
multi-particle (2-, 3-, and 4-particle) [14,|15] correlators are computed for different
charge combinations and for each fpycg bin in each centrality for different samples
as explained in Chapters 4 and 5. These correlator (v, 0, vy, etc.) are calculated

using the Q-cumulants [18].
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6.2.1 Isobar data sets

The isobar collisions of {3Ru+.Ru and joZr+5oZr were performed at the RHIC fa-
cility in the year 2018. The collision data was taken by STAR (Solenoid tracker
at RHIC) detector at the center-of-mass energy per nucleon of 200 GeV. The main
subsystems of STAR during isobar data collection were the Time Projection Cham-
ber (TPC) [19], the time-of-flight detector (TOF) [20], the event plane detector
(EPD) [21], the zero-degree calorimeters (ZDCs) [22], and the vertex position de-
tectors (VPDs) [23]. High statistics were collected for both the isobars i.e., approx-

imately 2 Billion events for each and ~4 Billion events in total.

The datasets used in this analysis were the Minimum Bias (MB) triggered data
(STAR-library: SL18h) from Runl8 isobar collisions at /syy = 200 GeV. Certain
bad runs with certain issues were excluded from the analysis, which are listed below.
Bad Run Numbers for Isobar collisions:

19120009, 19102023, 19102054, 19103022, 19083049, 19083050, 19083051, 19083052,
19083053, 19083054, 19083055, 19083056, 19083057, 19083058, 19083059, 19083060,
19083061, 19083062, 19083063, 19083064, 19083065, 19083066, 19083067, 19084001,
19084002, 19084003, 19084004, 19084005, 19084006, 19084007, 19084008, 19084010,
19084011, 19084013, 19084022, 19084024, 19084025, 19084026, 19084027, 19084028,
19084029, 19084030, 19084031, 19084032, 19084033, 19084034, 19084035, 19084036,
19084037, 19084038, 19084039, 19084053, 19084055, 19084057, 19084059, 19084060,
19084061, 19084062, 19084063, 19084064, 19084065, 19084066, 19084067, 19084068,
19084070, 19084071, 19084072, 19085001, 19085002, 19085003, 19085004, 19085005,
19085006, 19085007, 19085008, 19085009, 19085010, 19085011, 19085012, 19085013,
19085014, 19085015, 19085016, 19085017, 19085018, 19085019, 19085020, 19085021,
19085023, 19085024, 19085025, 19085026, 19085058, 19086026, 19086060, 19086061,
19086062, 19086063, 19086064, 19086066, 19086067, 19086069, 19086070, 19086072,
19086073, 19086074, 19086076, 19086077, 19086080, 19087001, 19087012, 19087014,
19087015, 19087016, 19087017, 19087021, 19087022, 19087038, 19087042, 19088051,
19088052, 19088053, 19088055, 19090009, 19090010, 19090011, 19090012, 19090015,
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19090016, 19090018, 19090019, 19090021, 19090022, 19090023, 19090024, 19090025,
19090032, 19092051, 19093042, 19093043, 19095061, 19096002, 19096005, 19096006,
19096057, 19097057, 19098017, 19098018, 19098020, 19100045, 19103007, 19103041,
19105024, 19105026, 19106023, 19106034, 19107045, 19110015, 19110039, 19112012,
19112029, 19115020, 19116035, 19120047, 19120048, 19122004, 19122005, 0

Quality assurance (QA) checks in the form of event and track selections have been

conducted prior to the analysis to ensure the utilization of high-quality data.

6.2.1.1 Event selection cuts

In the collisions, TPC is used to reconstruct the primary vertex position i.e., V, rpc
or V, along the beam direction axis (z-axis). The vertex position in each event is
considered within -35 < V, rpc < 25 cm (shown in Fig. (a)) where the origin is
at the TPC center. The asymmetries in the vertex distribution are a direct result
of the online vertex selection during data taking. The asymmetry is caused by a
difference in timing between the east and west VPD, which measures the z position

of the vertex. Different event selection cuts are given in table[6.1] The Minimum

Event parameters Cuts
Minimum bias Trigger | 600001, 600011, 600021, 600031
Vertex cut (V, rpc) -35 <V, <25 cm
| Vovep - Varpe | <5 cm
V, and V, | Vo] <20cm, |V,]<20cm
V, = \VZ+ V) < 2.0 cm

Table 6.1: Event selection Cuts for isobar (Ru+Ru and Zr+Zr) collisions.

Bias (MB) data sample is acquired using a trigger based on the information from
two VPD detectors. In order to select the good events, we require the condition
that | V., 7pc — V. vpp | < 5 cm as shown in Fig. (b). Figure displays the
distributions of events after applying the cuts y/ V7 + V;f < 2.0 cm and | V(V,) |
< 2.0 cm for Ru+Ru (Left) and Zr+Zr (Right) collisions. =~ Methods for event

selection frequently experience an out-of-time pile-up, which requires the use of
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for Ru+Ru (Left) and Zr+Zr (Right) collisions at ,/syny=200 GeV.
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an offline rejection. Approximately 0.5% of events are identified as pile-up and
removed by excluding events in the correlation between the number of TPC tracks
and the number of those tracks matching a hit in the TOF detector (the TOF is
a fast detector and does not suffer from out-of-time pile-up). While selecting good
events, we also need at least one TPC track that matches the TOF [12,24,25]. The
Pile-up events are displayed in Fig. with a scatter plot of Nt‘:f;f bine (efficiency-
uncorrected multiplicity in the TPC within | n | < 0.5, often known as RefMult)
versus TofMatched hits. Figure displays the plots after Pile-up rejection for

Ru+Ru and Zr+Zr collisions as suggested in [24}25].
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Figure 6.4: RefMult (Nl%f fine) vs TofMatch after removing the pile-up events for
Ru+Ru (Left) and Zr+Zr (Right) collisions at /syy=200 GeV.

6.2.1.2 Track selection cuts

The track selection cuts for isobar (Ru+Ru and Zr+Zr) collisions are listed in ta-
ble 6.2l In order to reduce the contamination from secondary charged particles,
we require that the distance of the closest approach (DCA) between reconstructed
TPC tracks and the primary vertex be less than 3 cm. DCA distribution is shown in
Fig.|6.5) (a). In addition, each track must have at least 16 ionization points (N ;)
in the TPC. Ny, distribution after applying cut on Ny, is shown in Fig. 6.5 (b).
The TPC detects charged particles in the pseudo-rapidity range | n | < 1 (Fig. 6.5

(c)), with full azimuthal coverage (Fig. [6.5] (d)) and a transverse momentum 0.2 <
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Track parameters Cuts
DCA < 3 cm
Nirits > 15
Nuitsrit/ NHitsposs > 0.52
pr 0.2 GeV/ec < pr < 2.0 GeV/c
| 7| < 1.0

Table 6.2: Track selection Cuts for isobar (Ru+Ru and Zr+Zr) collisions.

pr < 2.0 GeV/c is displayed in the Fig. (e).
After applying all the event and track selection cuts we get approximately

~1.7 Billion minimum bias (MB) events for both Ru+Ru and Zr+Zr collisions at

A/ SNNZQOO GeV

6.2.1.3 Centrality selection

The N2/ or RefMult distribution is shown in Fig. m for both Ru+Ru and
Zr+7x collisions at |/syy=200 GeV. We get the centrality information from this
distribution after slicing this into separate centrality bins. For eight centrality bins

the cuts on the Nt%f line are given in the table [12]. After applying all the event

Centrality label | Ru+Ru N2/ [ 7y 47y NOTTHne
0-5% 258-500 256-500
5-10% 216-258 213-256
10-20% 151-216 147-213
20-30% 103-151 100-147
30-40% 69-103 65-100
40-50% 44-69 41-63
50-60% 26-44 25-41
60-70% 15-26 14-25
70-80% 8-15 7-14

Table 6.3: Centrality selection from N%@f line iy Ru+Ru and Zr+Zr collisions.

and track selection cuts, the multiplicity distribution for each centrality is checked
for further analysis. The distribution of positive and negative charged particle’s

multiplicities are shown for Ru+Ru collisions in Fig. and for Zr+Zr collisions in
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Figure 6.6: Ngf;f “in¢ distributions for Ru+Ru (blue) and Zr+Zr (red) collisions at

SNN:200 GeV.

Fig. [6.8f The figures show similar behavior for both positive and negative charged

particle’s multiplicity distributions.

6.3 Uncertainty estimation

6.3.1 Statistical uncertainties

We used the sub-sampling method along with the standard error propagation to
calculate the statistical uncertainties. We divided the data into ten sub-samples as

explained in chapter 4.

6.3.2 Systematic uncertainties

In order to evaluate the systematic uncertainties, we first vary the standard events
and track cuts which were employed in the analysis. The systematic uncertainty

is taken as the maximum deviation of a given observable by varying the cut away
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Figure 6.8: Multiplicity distributions for positively and negatively charged particles
for Zr+Zr collisions at ,/syny=200 GeV.
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from the default cut. The final estimate of the systematic uncertainty is obtained by
adding in quadrature the estimated systematic errors obtained from each variable.
For this analysis, we are using the same cuts for systematic uncertainties which were

employed by isobar blind analyzers in reference [12] and are given in table . To

Sources of uncertainty Standard Cut Varied Cut
V, B35 <V, <25em | -35 <V, <0cm
DCA < 3 cm < 2 cm
Nyivs > 15 > 20

Table 6.4: Various standard cuts and varied systematic cuts to obtain the systematic
uncertainties in Ru+Ru and Zr+Zr collisions.

estimate the systematic uncertainty resulting from the acceptance dependence on
V. rpc, the results using only events within -35 < V, rpe < 0 cm are compared with
those from the entire V, rpc range. The TPC tracks must have a maximum DCA
of 3 cm and a minimum N,;, of 16 in order to be utilized in the analysis. For the
purpose of evaluating systematic uncertainties, we reduced the maximum DCA from

3 cm to 2 cm and increased the minimum Ny, from 16 to 21.

Figure explains the flowchart for the calculation of the systematic uncer-
tainties. Here Y., and Y; are the default values and varied values of the observ-
able (i.e., Ay). The difference between the default value (Y,.;) and varied value
(Y;) is | ¥; — Yy, | and the statistical fluctuation on this difference is given by

Ostat,diff = \/ a?tat’i + a?tat’de £, Where 0, ; and 04 405 are the statistical errors for
the two measurements. If oy, 47, is larger than | Y; — Y., |, no systematic uncer-
tainty is considered for that particular variation on the cut, as the change in the

result is consistent with statistical uncertainties. If ognairr < | Y; — Yger |, then

the systematic uncertainty is given by oy,s; = \/ (Y; =Yy, f)2 — aftat’di r7/V12. The

final systematic uncertainty includes all the varied o,,,; added in quadrature using

2
JSys = \/ Z Usys,i'
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Yo = default case
Y, =i"case |
Oy, = Statistical error

—_ — 2 2 — :
Yi Y def Ostat,diff = \/ | Ostati — O-stat,def I Osys — systematic error

A\

_ YES —
| Y; = Yaorl <= Oyt aipy Osys,i — 0

Lets assume Y = Ay

NO

Oys,i = \/ (Y = Y3)* = Oytar i Final Systematics

- _ Ogys,i O-S)’S = \/ Z O-S)’S,iz

sys,i — \/ﬁ

Figure 6.9: A flowchart explaining the approach to calculate the systematic uncer-
tainties.

6.4 Result and Discussion: Dependences of ob-

servables on centrality

In this section, we will discuss the centrality dependence of different observables
ie., vy, 0, 7, etc., and compare them with the published results for consistency
check. These observables will be calculated using the Q-cumulant [18] methodology

as discussed in previous chapters.

The centrality dependence of Mean Multiplicity and (N24/"™) (efficiency-
uncorrected mean multiplicity) is shown in Fig. It can be seen from the ratios
(in the lower panels) that Ru-+Ru collisions have more multiplicity than the Zr+Zr
collisions. The statistical uncertainties associated with the points are small relative

to the size of the markers.
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Figure 6.11: (Left) The dependence of § correlator for opposite sign (OS) and same
sign (SS) charge pairs on collision centralities for Ru+Ru and Zr+Zr collisions at
V3NN = 200 GeV. (Right) The centrality dependence of Aé correlator for Ru+Ru
and Zr+Zr collisions.
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6.4.1 Centrality dependence of §-correlator

The centrality dependence of 2-particle (§) correlator i.e., § = (cos(¢; — ¢;)) for
opposite sign (OS) and same sign (SS) charge pairs and Ad (= dpg — dgg) correla-
tor are shown in Fig. The red color represents Zr+Zr whereas the blue color
denotes Ru+Ru collisions. It is seen that the OS (solid circles) charge pair corre-
lations for 2-particles are positive and the magnitude is increasing with decreasing
collision centrality for both Ru+Ru and Zr+Zr collisions. For SS charge pairs the
correlation values are negative and become more negative with decreasing collision
centrality. For both SS and OS, the correlation agrees within uncertainties for both
Ru+Ru and Zr+Zr collisions. For all collision centralities, two isobar species display

similar AJ values within uncertainties. The fractional systematic uncertainties for

Sources Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V. 0 0 0.00032 | 0.00054 | 0.00053 | 0.00068 | 0.0016 | 0.0013

DCA | 0.0062 | 0.0038 | 0.0025 | 0.0017 | 0.0013 | 0.0011 | 0.0015 | 0.0016
nHIT | 0.0021 | 0.0018 | 0.0016 | 0.0014 | 0.0013 | 0.0015 | 0.0015 | 0.0018
Total | 0.0066 | 0.0042 | 0.0030 | 0.0023 | 0.0019 | 0.0020 | 0.0027 | 0.0028

Table 6.5: The values of fractional systematic uncertainties for J-correlator for
opposite sign (0pg) charge pairs in Ru+Ru collisions at /syy = 200 GeV.

Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V, 0 0.0011 | 0.0011 | 0.0023 | 0.0023 | 0.0023 | 0.0045 | 0.0039
DCA | 0.00063 | 0.0043 | 0.0070 | 0.0095 | 0.011 | 0.0128 | 0.014 | 0.014
nHIT | 0.0098 | 0.0077 | 0.0052 | 0.0043 | 0.0034 | 0.0034 | 0.0031 | 0.0035
Total | 0.0098 | 0.0089 | 0.0088 | 0.011 0.012 | 0.0135 | 0.015 | 0.015

Sources

Table 6.6: The values of fractional systematic uncertainties for é-correlator for same
sign (dgg) charge pairs in Ru+Ru collisions at /sy = 200 GeV.

o-correlator for Ru+Ru collisions are listed in table (opposite-sign) and table
(same-sign).  The fractional systematic uncertainties for J-correlator for Zr+Zr

collisions are listed in table [6.7] (opposite-sign) and table [6.8] (same-sign).
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Sources Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V, 0 0 0 0.00052 | 0.00051 | 0.00073 | 0.0011 | 0.00057
DCA 0.0067 | 0.0039 | 0.0028 | 0.0018 | 0.00136 | 0.0012 | 0.0014 | 0.0014
nHIT | 0.0020 | 0.0018 | 0.0016 | 0.0014 | 0.0013 | 0.0014 | 0.0014 | 0.0017
Total 0.0070 | 0.0043 | 0.0032 | 0.0024 | 0.0019 | 0.0020 | 0.0023 | 0.0024

Table 6.7: The values of fractional systematic uncertainties for J-correlator for
opposite sign (0pg) charge pairs in Zr+Zr collisions at \/syy = 200 GeV.

Sources Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V., 0 0.0019 | 0.00187 | 0.0022 | 0.0013 | 0.0029 | 0.0030 | 0.0035
DCA 0 0.0047 | 0.0066 | 0.0094 | 0.011 0.013 | 0.0139 | 0.0142
nHIT 0.010 | 0.0075 | 0.0059 | 0.0044 | 0.0033 | 0.0033 | 0.0030 | 0.0033
Total 0.010 | 0.0091 | 0.0091 | 0.011 0.012 0.014 | 0.0146 | 0.015

Table 6.8: The values of fractional systematic uncertainties for d-correlator for same
sign (dgg) charge pairs in Zr+Zr collisions at /syy = 200 GeV.

6.4.2 Centrality dependence of elliptic flow (v,)

Figure demonstrates the elliptic flow v, obtained using the 2-particle Q-
cumulant method as a function of centrality for both Ru+Ru (represented by blue
symbols) and Zr+Zr (represented by red symbols) collisions. The lower panels of
the figure display the ratios (Ru/Zr) of the v, values. In mid-central collisions, the
ratios exhibit values above unity by approximately ~2%, which is consistent with
the findings of the isobar blind analysis [12]. As the collisions move towards pe-
ripheral and central centrality ranges, the ratios decrease. However, an exception is
observed in the 0-5% centrality class, where the ratio is slightly above unity by a few
percent. DFT simulations [26] suggest that the distinct nuclear structures present
in the two isobaric systems may account for the above-unity ratios observed in mid-
central collisions. The different v, ratios indicate that the backgrounds related to
the Chiral Magnetic Effect (CME) in the two isobar systems are not similar, contra-
dicting the assumption of comparable CME backgrounds in both types of isobaric

collisions. The fractional systematic uncertainties for v, are listed in table for
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Figure 6.12: Elliptic flow (vy) measurements using Q-cumulant method in isobar

collisions at /syy = 200 GeV as a function of collision centrality.
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Ru+Ru collisions and in table for Zr+Zr collisions.

Sources Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% 0-5%
V, 0 0 0 3.87e-05 | 9.68¢-05 0 0.00038 | 7.57e-05
DCA | 0.00011 | 0.00020 | 0.00020 | 0.00013 | 6.17e-05 | 0.00042 | 0.00096 | 0.00160
nHIT 0 7.48¢e-05 | 0.00019 | 0.00027 | 0.00034 | 0.00038 | 0.00037 | 0.00029
Total | 0.00011 | 0.00020 | 0.00028 | 0.00032 | 0.00036 | 0.00054 | 0.0011 | 0.0017

Table 6.9: The values of fractional systematic uncertainties for vy in Ru+Ru colli-
sions at /Syy = 200 GeV.

Sources Centrality
60-70% 50-60% 40-50% | 30-40% | 20-30% | 10-20% | 5-10% 0-5%
V, 0 2.91e-05 0 7.61e-05 | 9.08e-05 0 0.00027 | 0.00018
DCA | 0.00012 0.00020 0.00021 | 0.000117 | 5.2e-05 | 0.00041 | 0.00099 | 0.0017
nHIT 0 4.04364¢-05 | 0.00019 | 0.00029 | 0.00035 | 0.00035 | 0.00040 | 0.00023
Total | 0.00012 | 0.000204 | 0.00028 | 0.00032 | 0.000364 | 0.00054 | 0.0011 | 0.00174

Table 6.10: The values of fractional systematic uncertainties for vy in Zr+Zr colli-
sions at /sSyy = 200 GeV.

6.4.3 Centrality dependence of «y-correlator

Figure [6.13] (Left) presents the centrality dependence of the three particle
v—correlator for various charge combinations i.e., same sign (SS; + +, - -), and
opposite sign (OS; + -, - +) charge pairs. The y—correlator for SS charge pairs is
negative while for OS charge pairs correlations are positive. The correlations for SS
charge pairs exhibit larger correlations than OS charge pairs for 0-70% collision cen-
trality. The correlations agree within the uncertainties for both the isobar species.
The correlation magnitude (for both OS and SS) decreases with increasing collision

centrality.

Figure (Right) presents the centrality dependence of A~y correlator for
Ru+Ru and Zr+Zr collisions which are compared with published results |12]. Some
differences seen in the figure are due to the different methods employed in deter-

mining the v-correlator. It is seen that the A~y magnitudes are positive for each
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Figure 6.13: (Left) The dependence of «y correlator for opposite sign (OS) and same
sign (SS) charge pairs on collision centralities for Ru+Ru and Zr+Zr collisions at
V5NN = 200 GeV. (Right) The centrality dependence of Ay correlator for Ru+Ru
and Zr+Zr collisions. The A~ from published paper [12] are shifted horizontally
for clarity.

centrality and are increasing with decreasing collision centrality. It is to mention

that the two isobar species show approximately the same A~ values for all colli-

sion centralities. It can be seen that the A~ values agree with the published A~y

results [12]. A positive A~ is regarded as the signal for CME. The statistical errors

are too small and are within the marker and systematic error is shown in boxes. For

Ru+Ru collisions, the fractional systematic uncertainties for ~y-correlator are listed

in table (opposite-sign) and table (same-sign).

Sotrces Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V, 0.0034 | 0.0019 | 0.017 0 0 0 0 0
DCA | 0.0028 0 0.0055 | 0.0053 0 0.20 0 0
nHIT | 0.0018 | 0.0037 0 0.0082 0 0 0 0
Total | 0.0048 | 0.0042 | 0.0179 | 0.0098 0 0.20 0 0

Table 6.11: The values of fractional systematic uncertainties for ~y-correlator for
opposite sign (ygg) charge pairs in Ru+Ru collisions at ,/syy = 200 GeV.

For Zr+Zr collisions, the fractional systematic uncertainties for ~y-correlator

are listed in table (opposite-sign) and table (same-sign).
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Sotrces Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V, 0.0074 | 0.0021 | 0.00078 | 0.00043 0 0 0 0
DCA 0 0.0026 | 0.0024 | 0.0030 | 0.00095 | 0.0013 0 0
nHIT | 0.00013 0 0 0 0 0 0 0
Total | 0.0075 | 0.0034 | 0.0025 | 0.0030 | 0.00095 | 0.0013 0 0

Table 6.12: The values of fractional systematic uncertainties for -correlator for
same sign (7gg) charge pairs in Ru+Ru collisions at /syxy = 200 GeV.

Sotrces Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V., 0 0.0037 0 0.012 0 0 0 0
DCA | 0.0014 | 0.0011 | 0.0027 | 0.015 0.026 0 0 0
nHIT | 0.0060 | 0.0014 0 0 0 0 0 0
Total | 0.0062 | 0.0042 | 0.0027 | 0.0199 | 0.026 0 0 0

Table 6.13: The values of fractional systematic uncertainties for ~y-correlator for
opposite sign (vpg) charge pairs in Zr+Zr collisions at /sy = 200 GeV.

Sotrces Centrality
60-70% | 50-60% | 40-50% | 30-40% | 20-30% | 10-20% | 5-10% | 0-5%
V., 0.0027 | 0.0019 0 0 0 0 0 0
DCA | 0.0014 | 0.0016 | 0.0022 | 0.0034 | 0.0031 | 0.0013 0 0
nHIT | 0.0022 | 0.00024 | 0.00014 0 0 0 0 0
Total | 0.0038 | 0.0026 | 0.0023 | 0.0034 | 0.0031 | 0.0013 0 0

Table 6.14: The values of fractional systematic uncertainties for ~y-correlator for

same sign (ygg) charge pairs in Zr+Zr collisions at

SNN — 200 GeV
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6.4.4 In-plane and out-of-plane correlator
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Figure 6.14: Centrality dependence of in-plane and out-of-plane correlators for OS
(Left) and SS (Right) charge pairs for Ru+Ru and Zr+Zr collisions at /sy = 200
GeV.

The (~ (cos(A¢;) cos(Ad;))) and out-of-plane

(~ (sin(A¢;) sin(A¢,))) correlations can be obtained from ¢ and 7 correlators. The
out-of-plane correlations are sensitive to the CME [27]. Figure displays the

in-plane

in-plane correlations (represented by circle markers) and out-of-plane correlations
(represented by square markers) for both opposite sign (Left) and same sign (Right)
charge pairs in Ru+Ru (blue color) and Zr+Zr (red color) collisions. The in-plane
and out-of-plane correlations for different charge combinations agree within errors
for both Ru+Ru and Zr+Zr collisions. For OS charge pairs, the in-plane and out-of-
plane correlations agree within uncertainties for 0-50% collision centrality, and for
50-80% collision centrality, the magnitude is higher for out-of-plane correlations. It
is also noted that the correlations increase with decreasing collision centrality. For
SS charge pairs, the out-of-plane correlations increase and become more negative
with decreasing collision centrality while the in-plane correlations are independent

of the collision centrality.
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6.5 Results employing Sliding Dumbbell Method

In this section, we will present the results obtained using the Sliding Dumbbell
Method (SDM) [16,/17]. The SDM involves scanning the entire azimuthal plane
with a dumbbell shape of 90 degrees, which allows us to observe the fractional charge
separation across the dumbbell (referred to as fpycg, calculated as Db — 1), as
explained in the previous chapters. In the SDM analysis, the charge shuffled (ChS)
background is generated using real events from the data itself, specifically from the
Ru+Ru and Zr+7Zr collisions, following a similar procedure as discussed in previous

chapters.
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Figure 6.15: Comparison of fp,cg distributions for Ru+Ru and Zr+Zr collisions
at \/syny = 200 GeV in different collision centralities.
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The fppog distributions for different collision centralities are compared in
Fig. for Ru+Ru and Zr4Zr collisions. It can be seen that fiya distribu-
tion are almost similar to farte distribution. Also, the distributions are moving
towards higher values of fp,~g with decreasing collision centralities for both Ru+Ru

and Zr+Zr collisions. Figure [6.16] and Figure [6.17| compare the fpycg distributions
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Figure 6.16: Comparison of fh 4™ distributions with f5iag for different collision

centralities.

for Ru+Ru and Zr+Zr collisions, respectively, with the corresponding fgfgs. It can
be seen that the fHiag distributions are ahead of fdd™ (and fZrt2") in each col-
lision centrality. fgg‘gs distributions are also moving towards higher values of fp,cg

with decreasing collision centralities for both Ru+Ru and Zr+Zr collisions.

Figure (Left) displays the scatter plot for fadd™ versus fonag and Fig-
ure(6.18|(Right) displays the scatter plot for fart & versus forg for 30-40% collision
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centrality. There seems to be no correlation between fp,~g of the charge shuffled
event and the fppog of the real event for both Ru+Ru and Zr+Zr collisions. For
instance the case of top 10% f ngs on the right side of red lines in Fig. are
spread over 0-100% for both fotd™ and fA44". The fpyos dependence on differ-
ent physics observables will be discussed for 0-60% collision centrality due to low

multiplicity in the lower collision centralities.

6.5.2 Background estimation

As discussed in previous chapters, for the background estimation Charge Shuffle
(ChS) and Correlated (Corr) backgrounds are used. The Charge Shuffle background
is generated from the data (Ru+Ru and Zr+Zr) itself in which the the charges of
particles are shuffled randomly while keeping their momenta (i.e.,  and ¢) un-
changed. This background estimation helps in understanding the level of charge
correlations that can occur purely by chance. The v of the “ChS” events’ sample
derived for a particular fp,-g bin is denoted as 7v-,g. The correlated background,
on the other hand, accounts for correlations arising from non-CME effects, such as
collective flow or resonance decays. It represents the background signal that is not
related to the Chiral Magnetic Effect but can manifest as charge correlations. This
is recovered from the corresponding original events in a particular fp,cg bin and
termed as correlated background vs,,,. Thus, the total background contribution to

the ~-correlator is given by:

YTotalBkg = YChS T YCorr (6.2)

6.5.3 Mean multiplicity in fpycg bins

The dependence of mean multiplicity with fp,cg for each collision centrality (0-60%)
is shown in Fig. It is seen that the mean multiplicity is lower for top fppcos
bin and increases with decreasing fp,cg values within each collision centrality. Also,

the mean multiplicity remains higher for Ru+Ru collision than Zr+Zr collisions for
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Figure 6.19: The dependence of mean multiplicity on fp,cg for 0-30% (Right) and
30-60% (Left) collision centralities for Ru+Ru and Zr+Zr collisions at /syx = 200
GeV. The rightmost bins represents the top 10% fppcg and leftmost bins represent

90-100% fppcs in each collision centrality.

all fppog bins.

6.5.4 v, dependence on fpycs

The dependence of elliptic flow (v5) on fp,og for 0-60% collision centralities for

Ru+Ru and Zr+Zr collisions is shown in Fig. It can be seen from the figure that

the top fppog bins exhibit a higher v, and it decreases and becomes approximately

the same in the lower fp,cg bins. The spike in vy for the top 10% fpycs is may be

due to CME-like events representing a rise in background as well as signal. Also,

vy in top 10% fppcg bins is approximately the same for both Ru+Ru and Zr+Zr

collisions for 0-50% collision centralities. The statistical uncertainties are given by

bars while the systematic uncertainties are represented by boxes. The statistical

and systematic uncertainties are too small that they are within the marker size.
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Figure 6.20: vy dependence on fppog for 0-60% collision centralities for Ru+Ru

and Zr+Zr collisions at /syy = 200 GeV. The rightmost bins represents the top
10% fpucs and leftmost bins represent 90-100% fpycs in each collision centrality.

6.5.5 J-correlator’s dependence on fpycs

The dependence of §-correlator on fppog is displayed in Fig. for opposite sign
(top panels) and same sign (bottom panels) charge pairs for 0-60% collision centrality
for Ru+Ru (blue color) and Zr+Zr (red color) collisions at /syy = 200 GeV. o-
correlator for OS charge pairs are represented by up-triangles while SS charge pairs
are represented by down-triangles. In the case of CME, we expect dgg to be positive

and dpg to be negative.

In Fig. [6.21} it can be seen that dgg > 0 (bottom panels) and dpg < 0 (top
panels) for top fppcg bins (i.e., ~0-40% fpycg), while for lower fpyog bins dgg < 0
and dpg > 0. The top fppcg bins the d-correlator shows opposite behavior than the
average values shown in Fig.[6.11] It is to mention that the magnitude of §-correlator
is a little more for Zr+Zr collisions as compared to Ru+Ru collisions. Y-axes are
magnified in the right column plots for 0-30% collision centralities for the sake of

clarity.

Figure presents the dependence of Ad (=0pg-0g5) on fpyog for 0-60%
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Figure 6.21: §-correlator dependence on fp,cg for opposite sign (top panels) and
same sign (bottom panels) charge pairs for Ru+Ru and Zr+Zr collisions at /syy
= 200 GeV for 0-30% (Right) and 30-60% (Left) collision centralities. The y-axes
are magnified in the right panels (for 0-30% collision centralities) for the sake of

clarity.
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Figure 6.22: Ad-correlator dependence on fp,og for 0-30% (Right) and 30-60%
(Left) collision centralities for Ru+Ru and Zr+Zr collisions at /sy = 200 GeV.
The y-axis is magnified in the right panels (for 0-30% collision centralities) for the
sake of clarity.

collision centrality for Ru+Ru (blue color) and Zr+Zr (red color) collisions at \/5yy
=200 GeV. A¢ is negative in top fppcg bins and the correlations become weaker with
decreasing fp,cg bins (values) and eventually become positive for lower fpycg bins.
The statistical uncertainties are given by bars while the systematic uncertainties
are given by boxes. Statistical uncertainties are too small that they are within the

marker size.

6.5.6 ~y-correlator’s dependence on fpycg

Figure [6.23] and Fig. [6.24] present the dependence of ~y-correlator for OS and SS
charge pairs, respectively, on fp,cg for 0-60% collision centralities for Ru+Ru (blue
color) and Zr+Zr (red color) collisions at /syy = 200 GeV. y-correlator for OS
charge pairs are represented by up-triangles while SS charge pairs are represented by
down-triangles. The values of v’s (OS and SS) in the top fpycg bins have increased

many times higher than the average values shown in Fig. [6.13] (Left). It can be seen
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Figure 6.23: The opposite-sign «y-correlator dependence on fp,cg for 0-30% (right)
and 30-60% (left) collision centralities for Ru+Ru and Zr+Zr collisions at \/syy =
200 GeV. The y-axis is magnified in the right panels (for 0-30% collision centralities)
for the sake of clarity.
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Figure 6.24: The same-sign vy-correlator dependence on fpycg for 0-30% (right) and
30-60% (left) collision centrality for Ru+Ru and Zr+Zr collisions at ,/syy = 200
GeV. The y-axis is magnified in the right panels (for 0-30% collision centralities)
for the sake of clarity.
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that Yos > 0 and Yss <0 for tOp beCS bins (i.e., for 0—20% <0-30%) beCS for
0-40% (40-60%) collision centralities), as expected for CME type events. From the
figure it is clear that +’s are smaller for Ru+Ru than Zr+Zr collisions in the top

10% (top 20%) fppcs bins for 20-40% (40-60%) centralities.
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Figure 6.25: The dependence of Ay on fpycg for 0-60% collision centralities for
Ru+Ru and Zr+Zr collisions at /syny = 200 GeV. The y-axis are magnified in the
right panels (for 0-30% collision centralities) for the sake of clarity.

Figure [6.25] presents the dependence of Ay on fp,eg for 0-60% collision cen-
tralities for the isobar (Ru+Ru and Zr+Zr) collisions at /syx = 200 GeV. It is seen
that A~ is positive for the top 20% (30%) fpycg bins for 0-40%(40-60%) centralities.
A~ is smaller for Ru+Ru than those of Zr+Zr collisions. The values of Av’s in the
top fpscg bins have increased many times higher than the average values shown in
Fig. [6.13] (Right). Boxes represent the systematic errors while the bars represent

the statistical errors. Statistical uncertainties are within the marker size.
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Figure 6.26: The dependence of in-plane and out-of-plane correlations on fp,cg
for 0-30% (right) and 30-60% (left) collision centralities for Ru+Ru and Zr+Zr
collisions at /sy = 200 GeV for opposite sign (top panels) and same sign (bottom

panels) charge pairs.

collision centralities) for the sake of clarity.

The y-axes are magnified in the right panels (for 0-30%
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6.5.7 In-plane and Out-of-plane correlators’ dependence on
Jpvcs

Figure presents the dependence of in-plane and out-of-plane correlations on
foscs for OS (top panels) and SS (bottom panels) charge pairs for 0-60% collision
centralities for Ru+Ru and Zr+Zr collisions at \/syy = 200 GeV. The in-plane
correlations are represented by circles while out-of-plane correlations are represented
by down-triangle. The out-of-plane correlations are negative for OS charge pairs and
positive for SS charge pairs for top fp,cg bins. The out-of-plane correlations are
higher for Zr+Zr collisions than Ru+Ru collisions. Stronger correlations are seen in
out-of-plane for both same-sign and opposite-sign charge pairs due to out-of-plane

charge separation for both Ru+Ru and Zr+Zr collisions for top fpycg bins.

6.5.8 A~-correlators and backgrounds dependences on
foves

The dependence of Ay on fp,cg for Ru+Ru (Zr+Zr) collisions and their respective
backgrounds i.e., ChSg, 7z, and Corrg,,z, background, for 0-60% collision centrali-
ties is displayed in Fig. (and Fig.[6.28)). In the figure blue color is for “Ru+Ru”
(“Zr+7x"), red color for “ChSpg, 7" and black color for “Corrg,z,”. Ay is positive
for Ru+Ru (Zr+Zr) for the top 20%/30% bins for 0-40%/40-60% collision centrali-
ties. In the lower fp,og bins the A+ becomes negative. A similar trend is seen for
charge shuffled A~. It is noted that the A~ for the correlated background is positive
and is independent of the fp,-g bins as its values are approximately the same within
each collision centrality. Also, the values of Ayq,,, increase with decreasing collision

centrality.

It can be seen that the A~y for Ru+Ru (Zr+Zr) is higher than the Ay, for the
top fppes bins (i.e., top 20%/30%). Also the total background i.e., Ayeng + AYcorr
is lower than the data (Ru+Ru or Zr+Zr) in the top fpycg bins. Since a positive
A~ is considered as signal for CME, thus we need to look for the CME signal in
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the top fppcg bins in which Ay > 0. Thus the analysis using SDM provides the
potential CME-like events in the top 20%/30% fpycs bins.

6.5.9 AYpata/AvBry for Ru+Ru and Zr+7Zr
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Figure 6.29: Avpgua/Avpkg for Ru+Ru and Zr+Zr collisions at /syy = 200 GeV
as a function of collision centrality.

Since it was suggested that there may be a significant excess of the CME signal
in Ru+Ru collisions over those in Zr+Zr collisions due to a larger magnetic field in
Ru-+Ru collisions. We need to check the Avyp,,/Avpg, observable for comparison.
Here, Avpr, = Avons+A%cor While Aypg, is representing Ay for Ru+Ru and
Zr+7r collisions. Figure m presents Avpg,/Aypr, for Ru+-Ru and Zr+Zr colli-
sions. It is seen that the ratio is well over 1 by 2-6% for 10-50% collision centralities.
The ratio agrees within uncertainties for Ru+Ru and Zr+Zr collisions. We do not
observe any enhancement in the background scaled A~ of Ru+Ru over Zr+Zr for

the top 20% fpycg. Figure [6.30] presents the “double ratio” of Ru+Ru to Zr+Zr
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collisions. The double ratio is computed using eq. [6.3]

(A’yData/A’yBkg)Ru
(A’yData/A’VBkg)Zr

Double Ratio = (6.3)

We have fitted all the points of the double ratio with a “Pol0 Fit” (of a straight
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Figure 6.30: Double ratio(Avpata/AYBkg) Ru/ DYData/ DVBkg) zr) as a function of
collision centrality.

line). The double ratio is 1.007£0.003 (pol0 Fit) for 0-60% centralities. Thus, we
see no significant rise of CME signal in Ru+Ru collisions as compared to Zr+Zr

collisions contrary to the expectation in isobar collisions as already reported by the

STAR [12.

6.6 Conclusion

Isobaric collisions of 35 Ru+ 35 Ru and ZS A 7’—|—ZgZ r nuclei were proposed as a promising
approach to study the Chiral Magnetic Effect (CME) in heavy-ion collisions. The

larger atomic number of Ru compared to Zr was expected to result in a stronger
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magnetic field in Ru+Ru collisions, potentially enhancing the CME signal. However,
a high-statistics run conducted in 2018 did not observe any CME signature that met

the predefined criteria, despite rigorous analyses.

In the present work, the isobaric collision data was analyzed using the Slid-
ing Dumbbell method, which searches for back-to-back charge separation across the
dumbbell on an event-by-event basis within each collision centrality. Backgrounds
in each isobar were calculated using techniques such as the charged shuffled (ChS)
background, which explores the correlations that can occur purely by chance, and
the correlated (Corr) background, calculated using the individual isobar data it-
self. These approaches take into account the slightly different elliptic flows and

multiplicities of the two isobars in a given collision centrality.

The distribution of the charge separation parameter (fpy,cg) shifted towards
higher values with decreasing collision centrality, and the mean multiplicity remained
higher for Ru+Ru collisions. The elliptic flow shows a slight increase in the top fpycg
bins compared to the lower fpycg bins, while the mean multiplicity decreases in the
top fpscs bins. The v and § correlators exhibit a significant enhancement in the
top fprog bins compared to the average values for each collision centrality, for both
same-sign and opposite-sign charge pairs. The y-correlators exhibited positive values
for opposite-sign (OS) pairs and negative values for same-sign (SS) pairs, while the §
correlator showed the opposite trend. Both SS and OS pairs exhibited out-of-plane
correlations in the top fppog bins due to the out-of-plane charge separation. These
characteristics indicated that the top 20% fppcg bins represented the most potential
CME-like events. Similar trends were observed for the charge shuffled events, but
with reduced magnitudes in both isobars. The ratio of Avypu,/Avpk, (using this
one can also calculate the fractional CME) was calculated for the top 20% fpics
bins for each centrality in both isobars.

When comparing the background-scaled Ay between Ru+Ru and Zr+Zr col-

(A’YData/A’YBk:g)Ru
(A’YData/A7Bkg)Zr'

lisions, no significant differences were observed. The double ratio

was fitted with a straight line for 0-60% collision centrality, resulting in a value
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of 1.007+0.003. This indicates that there was no significant enhancement of the
CME signal in Ru+Ru collisions compared to Zr+Zr collisions, contrary to initial

expectations in isobaric collisions.

Overall, the analyses of isobaric collisions at the STAR experiment did not
find evidence of an enhanced CME signal in Ru+Ru collisions compared to Zr+Zr
collisions. The experimental results contradicted initial expectations, despite em-
ploying various techniques. However, CME-like events are observed in the top 20%
fovcs bins (representing approximately 2-5% CME signal) in both isobars, whereas
the rest of the 80% fpycg bins in a given centrality show no CME-like events. The
expected enhancement in Ru+Ru collisions due to the increased magnetic field may
not be distinguishable due to the small multiplicities (or not enough increase in
the magnetic field) in these isobar systems, as also observed in simulated events

generated by the AVFD model mentioned in Chapter 4.
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