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Abstract

The primary aim of high-energy heavy-ion collisions is to investigate the character-
istics of quantum chromodynamics (QCD) matter under extreme conditions. This
involves studying the behavior and interactions of partons (quarks and gluons) gen-
erated in these collisions. The Relativistic Heavy lon Collider (RHIC) at Brookhaven
National Laboratory (BNL) conducts heavy-ion collisions to explore a deconfined
state of matter known as the Quark-Gluon Plasma (QGP). At such high tempera-
tures and energy densities, quarks and gluons are freed from their confinement within
hadrons and exist in a free state, yet they continue to interact strongly with one
another.

Strange and multi-strange particles play a crucial role in these studies as their
production rates and behavior provide sensitive probes of QCD matter. The presence
of strange quarks, which are not typically found in ordinary nuclear matter, can offer
insights into the conditions and dynamics within the QGP. The study of strange
hadron production helps in understanding the mechanisms of particle interaction and
the properties of the medium created in such collisions.

This thesis explores the production of strange and multi-strange particles (K?, A,
A, =, §+, Q- §+) in Au+Au collisions at \/syy = 19.6 GeV, conducted as part
of the Beam Energy Scan (BES) phase-II (BES-II) program. Utilizing the enhanced
capabilities of the upgraded inner Time Projection Chamber (iTPC) in BES-II, we
extended the analysis from mid-rapidity (]y|<0.5) in BES-I to a larger rapidity range
(0.5<]y|<1.0), providing a more comprehensive investigation of strangeness produc-
tion. Apart from this, we compared the spectra results from the previous BES-I
analysis with that of the BES-II analysis in order to check the consistency between
the two analyses.

The transverse momentum (pr) spectra provide information about the integrated
particle yields (%) of the particles. We studied the spectra of particles under different
rapidity ranges, ranging from |y|<1.5 for K2, |y|<1.0 for A(A), E_(§+), and |y|<0.9
for Q*(QJF). The integrated yields (%) were utilized to study the rapidity spectra of
the particles. We observed that the rapidity spectra of K°, antibaryons like A, and ="
show Gaussian-like distributions, while the rapidity spectra of baryons like A and =~

show wider distributions. This could be attributed to baryon-stopping mechanisms,
where baryons are more likely to be stopped in the collision zone, leading to a flatter

xx1il



rapidity distribution.

The nuclear modification factor (R.,) of strange and multi-strange particles was
studied at mid-rapidity (]y|<0.5) as well as at a larger rapidity range (0.5<|y|<1.0).
The combined R, of particles and antiparticles shows minor rapidity dependence.
Additionally, the R., of baryons (A, 2, Q) and antibaryons (A, §+, §+) were
also studied separately at mid-rapidity (|y|<0.5). We observed that the R, of an-
tibaryons is lower than that of baryons at low pr, indicating the possible annihilation
of antibaryons in a baryon-rich environment at \/syy = 19.6 GeV.

The study also analyzed baryon-to-meson ratios (A/K?, == /K? Q~/K?) and
antibaryon-to-meson ratios (A/K?, §+/K2, §+/Kg) at mid-rapidity (]y|<0.5) and
larger rapidity range (0.5<|y|<1.0). An enhancement in the baryon-to-meson ratios
and antibaryon-to-meson ratios was observed at intermediate pr in most central col-
lisions compared to peripheral collisions. This enhancement decreased progressively
from A/K? (A/K?) ratio to =7/ K? (§+/K2), and Q7 /K? (§+/Kg). This trend sug-
gests a hierarchy in baryon production relative to meson production, influenced by
the varying masses and quark compositions of these particles. Further, a clear rapid-
ity dependence was observed between mid-rapidity (|y|<0.5) and the larger rapidity
range (0.5<|y|<1.0) in both baryon-to-meson ratios and antibaryon-to-meson ratios.
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Chapter 1

Introduction

To explore the strongly interacting matter under extreme conditions in the labora-
tory set-up, heavy ions are collided at relativistic speed. The Bevalac at Lawrence
Berkeley National Laboratory (LBNL) was one of the first facilities to perform heavy-
ion collisions, operational in the late 1970s and early 1980s. Facilities including the
Alternating Gradient Synchrotron (AGS) at Brookhaven National Laboratory, the
Heavy Ion Synchrotron (SIS) at the Helmholtz Center for Heavy Ion Research, and
the Super Proton Synchrotron (SPS) at the European Organization for Nuclear Re-
search (CERN) achieved collision energies in the range of a few GeV per nucleon.
These experiments were essential in studying nuclear matter at high densities and
temperatures. Advanced Collider Facilities, such as the Relativistic Heavy Ion Col-
lider (RHIC) at BNL and the Large Hadron Collider (LHC) at CERN, with enhanced
technology and upgraded detectors, have significantly extended this energy range from
a few GeV to hundreds of GeV. RHIC has effectively conducted collisions involving
Cu+Cu, Zr+Zr, Ru+Ru, and Au+Au at \/syy = 200 GeV, which stands as the
highest energy per nucleon pair achieved in heavy-ion collisions at this facility. The
LHC has successfully performed Pb+Pb collisions and Xe-Xe collisions at \/syn =
5.02 TeV and /syn = 5.44 TeV respectively.

The most significant characteristic of relativistic heavy-ion collisions is the im-
mense amount of energy deposited in a very small volume for a very short period of

time. Within these nuclei, nucleons - composed of quarks and gluons - experience

1
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extreme temperatures and densities during collisions. This leads to a deconfined state
where quarks and gluons are no longer bound within hadrons but instead, interact
freely in a strongly coupled plasma. This state is known as the Quark-Gluon Plasma
(QGP) [1], a unique form of matter believed to have existed shortly after the Big
Bang. The creation of QGP in collider experiments like RHIC helps study a state
of matter that mimics early universe conditions, hence these experiments are often

referred to as "Mini Big Bangs’.

1.1 The Standard Model of elementary particles

The Standard Model of particle physics describes three of the fundamental forces:
electromagnetic, weak, and strong interactions. It classifies all known elementary
particles and explains their interactions through these three forces. It does not model
gravity and makes no prediction regarding neutrino mass, baryon asymmetry, and

dark matter or dark energy.

The foundational steps toward the Standard Model began in 1961 when Shel-
don Glashow unified the electromagnetic and weak interactions [2]. The model was
significantly advanced in 1967 by Steven Weinberg and Abdus Salam, who each in-
dependently incorporated the Higgs mechanism into Glashow’s electroweak theory,
giving the model its present structure [3][4]. This theory predicted the existence of
the Higgs boson (H), a particle essential for imparting mass to various fermions and
the massive gauge bosons through interactions with the space-time permeating Higgs
field. The existence of this boson was confirmed by experiments conducted at the

Large Hadron Collider in 2012 [5][6].

1.2 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the theory that describes the strong interaction
in the Standard Model of elementary particles. It is a crucial part of the Standard

Model of particle physics, addressing the color charges responsible for the behavior
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of the strong force. In QCD, quarks interact with each other through the exchange

of particles called gluons, which act as the carriers of the strong force.

The coupling constant (ag) in QCD determines the strength of the interaction
between quarks and gluons. Unlike the electromagnetic coupling constant, which is
basically a fine-structure constant (o = 1/137 for low energy), the QCD coupling
constant is not a fixed quantity but varies with energy. This variation is a key feature

in QCD and is described by the renormalization equation as -

127
(11nec — 2ny) In (%)

as(Q%) ~ (1.1)

where Q% denotes the momentum transfer squared, nc indicates the total number
of quark colors, ny represents the total number of quark flavors, and A is the scaling

parameter typically found in the range from 100 MeV to 500 MeV.

At very high energies (or equivalently, very short distances), the QCD coupling
constant (as) becomes small. In this regime of QCD, quarks and gluons interact
very weakly with each other. This property of QCD is called asymptotic freedom [T7].
This was a groundbreaking discovery by David Gross, Frank Wilczek, and H. David
Politzer in 1974, for which they were awarded the Nobel Prize in 2004. Asymptotic
freedom explains why quarks behave almost as free particles in high-energy processes,

such as those occurring in particle colliders like RHIC and LHC.

At low energies (or larger distances), the coupling constant (o) becomes large.
In this regime of QCD, the interaction between quarks and gluons becomes so strong
that they are permanently bound within hadronic states such as protons and neutrons.
This property in QCD is called confinement [8]. The confinement explains why quarks
and gluons are never observed individually but are always found within composite
particles. In theoretical physics, the precise mechanism of confinement is one of
the major unresolved problems, but lattice QCD calculations provide evidence of its

validity. Figure 1.1 shows the coupling constant at different regimes in the QCD.
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Figure 1.1: Unified strong coupling constant covering perturbative and non-
perturbative QCD regimes. Non-perturbative processes have been absorbed into the
definition of ay; which obeys the limit, limg_oan(Q) = 7. Figure is taken from [9].

1.2.1 QCD phase diagram

The QCD phase diagram represents different phases of strongly interacting matter
as a function of temperature (T) and baryon chemical potential (up). At low tem-
peratures and low baryon chemical potential, matter mainly exists in the form of
hadrons (protons, neutrons, and mesons). This phase is characterized by confine-
ment, where quarks and gluons are tightly bound together in their hadronic states.
In this regime, the value of the QCD coupling constant is large, and the interactions
are described using non-perturbative QCD. At high temperatures and baryon chem-
ical potentials, the value of the coupling constant becomes small. As a result, the
interactions between quarks and gluons become weaker due to asymptotic freedom,
leading to a phase transition. At these extreme conditions, the interactions are de-
scribed using perturbative QCD. Figure 1.2 presents the phase diagram of strongly

interacting matter within the framework of QCD.

The transition from the hadronic state to QGP is a smooth crossover at high

temperatures and nearly zero pup values, as achieved at the LHC, where energies reach
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Figure 1.2: Schematic QCD phase diagram illustrating the experimental and theo-
retical exploration of the QCD matter. Figure is taken from [10].

several TeV, and at the top energy of RHIC, \/syny = 200 GeV. In this region of the
QCD phase diagram, matter and antimatter are produced in nearly equal amounts,
supporting the smooth crossover transition from hadronic matter to QGP. However,
at higher finite values of ug, Lattice QCD predicts a first-order phase transition. This
transition is suggested to end at a critical point [11][12][13], beyond which it becomes

a smooth crossover.

Experimentally, it is possible to transition from the hadronic phase to QGP by
colliding heavy ions at relativistic speeds. RHIC is ideally suited for this purpose, as
it can vary the collision energies of the heavy ions to systematically probe different re-
gions of the QCD phase diagram. For this purpose, RHIC launched the Beam Energy
Scan (BES) program, which aims to scan the QCD phase diagram at various regions,
focusing particularly on higher baryon chemical potential regions where theoretical

models face significant challenges.

1.3 Heavy-ion collisions

Figure 1.3 shows the space-time evolution of the system under two different scenarios.

First, if the energy of the colliding nuclei is not high enough to create a QGP medium,
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Figure 1.3: The figure provides a schematic representation of the space-time evolution
in a heavy-ion collision. Figure is taken from [15].

the system consists of the gas of hadrons, as shown on the left-hand side of the
figure. On the other hand, if the energy of the colliding nuclei is high enough, a
QGP medium is created, as shown on the right-hand side of the figure [14]. The
QGP medium rapidly expands and cools down, and a mixed phase containing the
QGP and the hadron gas occurs. As the system further expands and cools down,
the mixed phase ends up with only the hadron gas. During this time, the particles
continue inelastic interaction with decay and formation of new particles. After a
certain temperature, the inelastic interaction ceases, and the abundance and species
of the particles are fixed. This stage is known as chemical freeze-out. However, the
particles share momentum with each other. With further expansion, the medium
becomes so dilute that even the elastic collisions cease, and the momentum of the
particles gets fixed. This stage is called the kinetic freeze-out. After this stage, the

particle flows towards the detector.

To understand the dynamic of the collisions, first thing one needs to find out is

whether all the nucleons of the heavy-ion or only few of the nucleons participated in
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the interactions. This is done by defining a observable centrality of a collision. It
represents the impact parameter (b), a perpendicular distance between the centers of
the colliding nuclei. A collision is a central when the impact parameter is close to zero.
On the other hand, collisions with a larger impact parameter are termed peripheral,
involving only portions of the nuclei in the interaction. The section of the colliding
nuclei that does not participate in the collisions is called the spectator. However, in
experiments the impact parameter is difficult to determine, so the centrality of the
colliding nuclei is determined using the reference multiplicities which are the number

of charged particles produced in the collisions.

1.3.1 Strangeness production in heavy-ion collision

Particles containing strange quarks are known as strange particles, such as the K?
meson and = baryon. These particles may contain one or more strange quarks; for
instance, the A baryon (uds) has a net strangeness of 1 due to its single strange
quark, while the Q= baryon (sss) contains three strange quarks, each contributing
to a total strangeness of -3. Initially, the colliding nuclei are comprised of nucleons
(protons and neutrons), which consist of up and down quarks, with no net strangeness
present. Upon collision, the energy released is sufficient to produce strange quarks,
which are significantly lighter than heavier quarks, such as the top and bottom. While
top quarks decay almost instantaneously and do not form hadrons, strange quarks can
be produced in abundance and are observed in hadronic form. These strange quarks
can form in the medium through processes such as gluon-gluon fusion and quark-
antiquark pair production [16]. As the quark-gluon plasma created in the collision
cools and expands, these strange quarks hadronize by combining with each other or
with up and down quarks, resulting in the formation of various strange mesons and

baryons.

For example, a strange quark produced in the medium through gluon fusion or
quark anti-quark annihilation can combine with an up quark (u) and a down quark

(d) to form a A baryon (A) while a strange quark (s) can pair up with another strange
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quark (s) and a down quark (d) to form negatively charge =~, as follows -
g+ g — s+ 5 (gluon fusion)
q + ¢ — s+ 5 (quark anti-quark annihilation)
s+u+d— A (hadronization)
s+ s+ d — = (hadronization)

The production of these particles in heavy-ion collisions reflects that the strangeness
is created during the collisions or during the evolution of the fireball, which was ab-
sent before the collisions. Production of these strange particles serve as an essential
probe in studying the medium created in heavy-ion collisions, offering insights into

the early-stage conditions and medium density.

At low collision energies, such as those explored by the BES program at RHIC,
hadronic interactions dominate over partonic interactions. In this scenario, there may
be an interplay between partonic and hadronic interactions, or the medium produced
in the collisions may be entirely hadronic. In such hadronic interactions, quark-
antiquark annihilation processes are more significant compared to gluon fusion, and ss
pairs can be formed through quark-antiquark annihilation, leading to the production

of strange and multi-strange particles.

1.4 The Beam Energy Scan (BES) Program

The first decade of RHIC, since its operation in 2000, was dedicated to creating and
studying the QGP at different collision energies, including its top energy at \/syn
= 200 GeV. During this decade, RHIC made significant achievements that advanced

our understanding of QGP and its properties [17].

The enhanced production of strange hadrons, such as kaons and hyperons, was
observed in heavy-ion collisions, supporting the QGP formation hypothesis [18]. The

suppression of high transverse momentum (p7) hadrons in heavy-ion collisions was
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observed, providing evidence for the parton energy loss effects in the dense QGP
medium, commonly referred to as jet quenching [19][20][21][22]. The elliptic flow (v5)
studies provided evidence that the QGP behaves like a perfect fluid with extremely
low viscosity [17][23]. Furthermore, the elliptic flow (v9) studies demonstrated strong
azimuthal anisotropy, indicating significant collective behavior and early thermal-
ization of the produced medium [24][25][26]. Measurements of higher harmonics of
azimuthal anisotropy contributed to a deeper understanding of the initial geometry
and fluctuations in collision dynamics [27]. Measurements of direct photons provided
information on the initial temperature and thermal properties of the QGP [28]. Many
significant contributions focused on QGP formation and its properties were made in

the first decade of RHIC operation.

In the second decade, RHIC launched the Beam Energy Scan (BES) program [29]
to explore various regions of the QCD phase diagram, with a focus on the higher
baryon chemical potential region, which was accessed by lowering the center of mass
energy from /syny = 200 GeV to 7.7 GeV in the collider mode. Measurements
from BES phase-I (BES-I) indicate changes in medium properties at lower collision
energies, but their precision is insufficient to draw definitive conclusions. Many ob-
servables in BES-I, such as critical points, first-order phase transitions, and the onset
of deconfinement, were affected by factors that influenced the precision of the results.
These factors include statistical precision, detector capabilities, the limited energy

range, and beam quality and luminosity [30].

During BES-I, STAR measured the moments of the net-proton and net-charge
multiplicities for different collision energies. The higher-order moments and their cu-
mulant ratios, such as So and ko2, were examined for non-monotonic behavior. The
STAR data showed that there were deviations from Poisson expectations, and the cu-
mulant ratio exhibited non-monotonic behavior. However, the statistical significance
of these deviations was not strong enough to make definitive conclusions about the
critical point. The monotonic trends were suggestive but required higher statistics

and reduced systematic uncertainties for confirmation [31][32][33].
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STAR measured the directed flow (v;) of identified hadrons such as protons, an-
tiprotons, and pions [34]. The non-monotonic behavior in the slope of directed flow
dwvy /dy for protons as a function of collision energy suggests the presence of a first-
order phase transition. The slope of the directed flow (dv;/dy) of protons is sensitive
to the early stage dynamics of heavy-ion collisions and can provide insights into the
equation of state of QGP. However, BES-I statistics need to be more comprehensive
in order to map out the apparent strong centrality dependence of the phenomenon.
The elliptic flow, represented by the parameter vy, is the second harmonic component
of the Fourier expansion of the azimuthal particle distribution with respect to the
event plane [35]. The measurement of elliptic flow (1) for various identified particles
(e.g., pions, kaons, protons) across a range of beam energies \/syy = 7.7 - 62.4 GeV
were observed to decrease with decreasing collision energy. This trend indicates that
the degree of anisotropic flow is reduced at lower energies, which can be attributed

to a change in the medium properties from a partonic phase to a hadronic phase [36].

STAR also measured the nuclear modification factor (R.,) for inclusive charged
hadrons, as well as for strange and multi-strange hadrons, across various collision en-
ergies (y/snyy = 7.7 to 62.4 GeV) during BES-I [37][38]. The measurements indicated
a reduction in partonic energy loss with decreasing collision energy. However, the
limited pr reach restricted the study of the interplay between the hard scatterings,
which dominate at high pr, and the effects of soft physics, which are more prominent

at low pr.

Since 2018, STAR has implemented the BES-II program, collecting comprehensive
Au+Au collision data at multiple energies below /syny = 27 GeV [39]. The BES-
IT aimed to further explore the QCD phase diagram of nuclear matter with higher
statistics, improved detector capabilities, especially the inner section of the TPC
(iTPC) [40], and a wider range of collision energies, including the fixed target energies
to expand its reach towards the higher baryon chemical potential region in the QCD
phase diagram [41]. The upgrade in iTPC in BES phase-II presents the opportunity to
study new physics at STAR regarding the rapidity dependence of different observables.
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1.5 Experimental Observables

In relativistic heavy-ion collisions at facilities such as RHIC and LHC, the quark-
gluon plasma (QGP) undergoes a complex evolution process before hadronizing into
particles that are detected by the detectors. The final state particles emerging from
this evolution provide critical information about the dynamics and properties of the
medium. These particles can be produced during the initial hard scatterings, from
the thermalized QGP, and during the hadronization process. They help study various
observables such as strangeness enhancement, jet quenching, and flow patterns. Each
observable carries unique information about the medium, from its initial formation
and thermal properties to the interactions and energy loss mechanisms of high-energy

partons traversing the medium.

In the subsequent sections, we will discuss various signals of QGP formation along

with the defining features of the medium.

1.5.1 Strangeness enhancement

Strangeness enhancement refers to the increased production of strange quarks and
strange hadrons in heavy-ion collisions compared to proton-proton (p+p) collisions.
In high-energy nuclear collisions, a dense partonic medium, known as the QGP, can
be formed. This medium facilitates the production of strange quarks due to the
high energy densities through processes such as gluon fusion (g9 — s5) and quark
annihilation (¢¢ — s§). Thus, strangeness enhancement serves as an important
probe for studying the properties of the medium produced in heavy-ion collisions
[16]. Figure 1.4 shows the yield of K, ¢, A, and = + = normalized by the average
number of participating nucleons in Cu+Cu and Au+Au collisions at \/syny = 62.4
and 200 GeV [42][43][44][45]. The enhancement of ¢ meson is observed to be higher
at /syny = 200 GeV compared to 62.4 GeV in both Cu+Cu and Au+Au collisions.
Also, the enhancement of ¢ mesons follows a different trend than those of strange
baryons. These observations suggest that the increased presence of strange hadrons

is related to the creation of a dense partonic medium during collisions at these energy
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Figure 1.4: The relative yield ratios of K, ¢, A, and = + Z, normalized to (Npep),
compared to the yields in inelastic p+p collisions are presented as functions of (Npt)

at \/syn = 62.4 and 200 GeV for Cu+Cu and Au+Au collisions. This figure is sourced
from [43].

levels.

1.5.2 Jet quenching

Highly energetic particles produced by parton hard scattering lose energy by radi-
ating gluons as they traverse the hot, dense medium created in heavy-ion collisions.
This energy loss leads to the suppression of high transverse momentum particles, a
phenomenon known as jet quenching. Jet quenching studies rely heavily on high-pr
particles, and the suppression of these particles indicates the presence of QGP [46].
Jet quenching can be quantified by the nuclear modification factor (R44), which is
calculated as the ratio of particle yields in heavy-ion collisions to those in proton-

proton collisions, normalized by the number of binary nucleon-nucleon collisions.

o 1 dQNAA/dedn
Taa d?o,,/dprdn

Raa(pr,n) (1.2)

where T4 4 represents the effective number of binary nucleon-nucleon collisions in
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Figure 1.5: Raa of inclusive charge hadron relative to NN reference spectrum in
different collision centralities in Au+Au collisions at /syny = 130 GeV. Figure is
taken from [47].

the overlapping region of the two colliding nuclei. A significant suppression (i.e., Ra4
< 1) at high pr is a clear signature of parton energy loss in the QGP, indicating the

presence of a dense and hot medium.

Figure 1.5 shows the R4 for different centralities in Au+Au collisions at /sy
= 130 GeV [47]. The value of R4 is significantly below unity for pr < 6 GeV/c
across all collision centralities. This suppression is most pronounced in the most
central collisions, where the in-medium effects are most substantial. The reduction

of R4 for high pr particles in central collisions is considered a key signature of the

deconfined phase [48][49][46].

Measurement in dihadron angular correlation is another tool for studying jet
quenching in heavy-ion collisions. STAR measured the dihadron angular correlations

for p+p, d4+Au, and Au+Au collisions at \/syny = 200 GeV [50][51].

The nuclear modification factor is also studied using another variable, defined as

R.,, which is the ratio of the particle yield in the most central collisions to the yield
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in the peripheral collisions scaled by the average number of inelastic binary collisions.

[(dN/de>/<Nbincoll>]central
[(dN/dpr) [ { Nbincout) Iperipherai

R., = (1.3)
where (Npincon) is the average number of inelastic binary collisions. In this thesis,

we have studied the R, of strange and multi-strange particles.

1.5.3 Anisotropic flow

In non-central heavy-ion collisions, the overlapped region of the colliding nuclei takes
on an oval shape after the collision. This creates a spatial anisotropy in the medium
produced. In this anisotropic medium, particles along the short axis experience a
greater force than those along the long axis. The variation in pressure gradients arising
from initial spatial configurations translates into momentum anisotropy in the final
state [52]. Consequently, the collective expansion of the medium is expected to provide
valuable information about the QGP in non-central heavy-ion collisions. Figure 1.6
illustrates the transition from initial-state anisotropy to momentum anisotropy in
the overlap zone of a collision geometry in non-central collisions. The azimuthal
anisotropy is defined by the azimuthal distribution of produced particles with respect
to the reaction plane, which contains the beam axis and the direction of the impact
parameter. The azimuthal distribution of particles can be expressed as a Fourier

series:

BN 1 &N >
T (1 + 2 meos(nlo - M) -

where v,, is the n'" order harmonic flow coefficient and ), is the reaction plane
angle. The first term describes the isotropic flow, the first harmonic v; is referred to

as the directed flow, and the second harmonic v, is referred to as the elliptic flow [54].
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Figure 1.6: Schematic diagram illustrating the conversion of initial spatial anisotropy
in the early stage of the collision to final state momentum anisotropy in the produced
particles. Figure is taken from [53].

1.5.3.1 Directed flow

The pressure generated at the intersection of colliding nuclei mainly affects the parti-
cles at mid-rapidity. Directed flow (v;) measures the sideward motion of the particles
produced in the collisions. A minimum in the directed flow as a function of beam
energy serves as an experimental indicator of changes in the equation of state. The
softening of the equation of state is correlated with a first-order phase transition.
Observing a minimum in the directed flow as a function of beam energy is indicative

of such a transition [56][57][58].

Figure 1.7 presents the data for directed flow, vy, of charged particles in 10-70%
centrality Au+Au collisions at /syy = 62.4 GeV, as a function of pseudorapidity (7)
[55]. These results are obtained using three different methods, showing consistency
with each other. The results are also compared with Model calculations such as

AMPT [59][60], RQMD [61], and UrQMD [62][63].

1.5.3.2 Elliptic flow

Elliptic flow (v2) measures the non-uniformity in the azimuthal distribution of par-
ticle momentum in heavy-ion collisions. It is sensitive to the early-stage dynamics
of the medium since the spatial anisotropy is maximum at the very beginning of the

collision. Elliptic flow arises at an early time and persists until hadronization; there-
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Figure 1.7: Directed flow of charged hadrons as a function of rapidity is shown. The
lower figure provides a more detailed view of the mid-pseudorapidity region from the
upper figure. The figure is taken from [55].

fore, the measurement of v, provides information about both partonic and hadronic
interactions [64]. Elliptic flow is measured from transverse momentum and azimuthal

angle of the detected particles.

va(pr) = (cos(2(6 = 12)))pr (1.5)

Figure 1.8 shows the measurement of vy for identified hadrons in Au+Au collisions
at /snny = 200 GeV [65]. The experimental results are compared with hydrodynamic
model predictions [52][66][67]. For pr > GeV/c, the value of vy remains almost
constant for mesons. There is a noticeable split in the saturation levels of vy between
mesons and baryons, which provides significant information about the flow properties
of these particles. The concept of NCQ (number of constituent quarks) scaling is
relevant here, where the value of vy is divided by the number of constituent quarks
(n) in each particle. For mesons, n=2, as they consist of two quarks, and for baryons,
n=3, as they consist of three quarks. Figure 1.9 shows the results from STAR in
Au+Au collisions at /syy = 200 GeV, with a polynomial fit depicted as a dashed
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Figure 1.8: The elliptic flow (vy) of identified hadrons, plotted against transverse
momentum (pr) in minimum bias Au+Au collisions at /syy = 200 GeV, is depicted.
Solid and dotted lines in the figure represent model predictions for this system and
energy level. The figure is taken from [65].

line [65]. The lower panel of the figure illustrates the data normalized by the fit
function, to examine the scaling. From the figure, except for the vy of pions, the v,
of all particles follows the constituent quark scaling. This NCQ scaling indicates the
presence of a QGP medium and supports the idea that hadrons are generated via the

coalescence of constituent quarks [68].

1.5.4 Quarkonia suppression

Heavier quarks, such as charm (c) and bottom (b), are much heavier than strange
quarks. Therefore, the production of charm quarks requires high threshold energy,
which is typically only present at the initial moments of a collision. When a Quark-
Gluon Plasma (QGP) is formed, the c¢ and bb pairs find themselves immersed in a
dense soup of lighter quarks and gluons. This abundance of surrounding particles
disrupts the binding forces between the charm and anti-charm quarks (or bottom
and anti-bottom quarks), an effect referred to as Debye color screening [69]. These
conditions lead to various bound states known as quarkonia, such as J/¢¥ and Y.
The pronounced suppression of quarkonia in heavy-ion collisions, a phenomenon first
proposed by Tetsuo Matsui and Helmut Satz [70], is a prominent indication of QGP,

known as quarkonia suppression.
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Figure 1.9: vy/n as a function of p;/n, where n is the number of constituent quarks
measured by the STAR experiment for various hadrons. Figure is taken from [65].

In particular, the J /1) meson, which consists of a charm quark and its antiparticle,
is an essential tool for investigating the QGP. The extent of quarkonia suppression is
influenced by both the binding energy of these particles and the temperature within
the QGP. As a result, instead of recombining into cé or bb bound states, open charm
and bottom quarks are more likely to pair with other quarks during the final stages

of the collision.

Figure 1.10 shows the R4 for J/¢ as a function of ( N+ ) in Pb-Pb collisions
at /sy = 2.76 TeV in the ALICE experiment at the LHC [71][72][73], along with
comparisons to PHENIX results at the RHIC [74]. The R of J/¢ is less than
unity, indicating the suppression of J/¢ at both RHIC and LHC energies. The R4
of J/1 is centrality-dependent at PHENIX, while at LHC energies, it shows no cen-
trality dependence. These observations support the formation of a QGP medium
that suppresses J /1 production while a fraction of c¢¢ pairs recombine, enhancing J /v

production.
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Figure 1.10: R4 of J/4 as a function of ( Npe ) at midrapidity in Pb-Pb collisions
at \/syny = 2.76 TeV compared with PHENIX result at /syy = 200 GeV. Figure is
taken from [75].

1.5.5 Global Spin Polarization of hyperons

As discussed in earlier sections that directed and elliptic flow measurements at RHIC
provide information about the QGP phase transition and fluidity of the matter cre-
ated in the heavy ion collisions, respectively. Measurement of global spin polarization
of hyperons in non-central collisions provides information about the fluid properties
of the matter. In non-central collisions, the colliding nuclei carry a large angular
momentum (O(10%) — O(10°)), which can be transferred to the medium created at
the time of collision. The spin of the particles produced in the collision will interact
with the system angular momentum and as a result one should observe spin polariza-
tion of the produced particles. For the experimental measurements weakly decaying

hyperons plays an important role as their decay daughter have preferential direction
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as the parent spin direction, which is polarized along the system angular momentum
direction. The measurement of global spin polarization of A (A) hyperons from the
STAR experiment has observed non-zero polarization in 20-50 % Au+Au collisions
and its value increases as the center of mass energy decreases [76] [77] [78]. A detailed
study of differential measurement of spin polarization of A (A) hyperons for trans-
verse momentum, centrality and rapidity dependence is reported in [79] [80]. Within
the detector acceptance and uncertainties no transverse momentum and rapidity was

observed.

1.6 Thesis outline

The results presented in this thesis analyze the data of Au+Au collisions at \/syn =
19.6 GeV recorded by the STAR detector at RHIC in the year 2019 under the BES-II
program. The thesis particularly focuses on the measurement of strange and multi-
strange particles (K9, A, A, =7, §+, O, ﬁ+) to study the properties and dynamics
of the medium created in the collisions. These particles are particularly interesting
because strange quarks are relatively heavy compared to up and down quarks, the
primary constituents of protons and neutrons. As a result, the energy required to
create strange quarks is comparatively higher. Therefore, all strange hadrons must
be formed from the medium created after the collision. This characteristic makes
strangeness an excellent probe for studying the extreme conditions and dense matter
generated in these high-energy collisions. For this purpose, different observables such
as nuclear modification factor (R.,), ratio plots including baryon-to-meson ratios, and

rapidity spectra of strange and multi-strange particles are studied.

Despite significant advances in understanding the quark-gluon plasma (QGP) and
the dynamics of heavy-ion collisions, the mechanisms underlying strangeness produc-
tion remain incompletely understood, particularly at intermediate energies like \/syn
=19.6 GeV [37]. This energy regime, accessible via the STAR experiment, is critical
for probing the properties of the QGP near the threshold energy where the transition
from hadronic matter to QGP is expected to occur. Existing studies from the BES-I
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program have provided insights into the medium properties at low collision energies.

The results from BES-I on strange and multi-strange particles have indicated
potential medium changes. The R, ratio compares the particle yields in central
collisions to that in peripheral collisions, normalized by the average number of inelastic
binary collisions. The R, results on strange and multi-strange particles at \/syn
= 7.7 - 19.6 GeV from BES-I hints at decreasing partonic energy loss effect with
decreasing beam energies [37]. The enhancement of the baryon-to-meson ratio at
intermediate pr in central to peripheral collisions is interpreted as a consequence of
hadron formation through parton recombination [37]. Therefore, they are expected
to be sensitive to parton dynamics of the collision system. The A/K? ratio from
BES-I shows the baryon enhancement at intermediate pr [37]. However, these results
are constrained by limited statistics and are only applicable at mid-rapidity (]y|<0.5)

due to limited detector acceptance.

The BES-II program, with high statistics and detector upgrades, especially the
iTPC, allows to further explore the results on strange and multi-strange particles
in Au+Au collisions at /syy =19.6 GeV with extended pr reach and rapidity cov-
erage. With the upgrade to the iTPC in BES-II, the rapidity-dependent study of
different observables became possible, allowing to study the new insights on the colli-
sion dynamics, unlike the previous measurements that were restricted to mid-rapidity
(ly|<0.5). In this context, we studied the rapidity dependence of nuclear modification
factor (R,,), ratio plots such as baryon-to-meson ratios (A/K?, =/K?, Q/K?), and
integrated yield (%), along with cross-checking the transverse momentum (pr) spec-
tra with BES-I measurements at mid-rapidity (|y|<0.5). Moreover, at low collision
energies, such as /syy = 19.6 GeV, the pr spectra of particles are different from
those of antiparticles. Therefore, we studied the R, of particles and antiparticles
separately, unlike the previous measurements from BES-I, where the R, for particles

and antiparticles were combined, possibly due to low statistics.

The rapidity density of strange baryons may give insight into the baryon stopping

mechanism [81]. In order to study the rapidity spectra of particles and antiparticles,
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we took rapidity bin width Ay = 0.25 for K%, A, A, =7, §+, and Ay = 0.3 for
and Q' within the total rapidity range of ly|<1.5 for K9, |y|<1.0 for A, A, =, =
and |y|<0.9 for Q~ and Q. We studied the R, and baryon-to-meson ratios of these
particles at mid-rapidity (]y|<0.5) as well as at extended rapidities at 0.5<|y|<1.0,
Moreover, the high statistics in BES-II allow for the extension of the py reach in

the high pr region, and the upgrade in iTPC helps in accessing the low py reach for

different particles.

The plan of this thesis is as follows: In Chapter 2, the technical details of the STAR
experiment are discussed. Chapter 3 discusses the strange hadron reconstruction. In
Chapter 4, we discuss the results obtained from BES-II. The summary and future

prospects are discussed in Chapter 5.



Chapter 2

Experimental setup

2.1 Relativistic Heavy Ion Collider (RHIC)

The Relativistic Heavy Ion Collider (RHIC) complex, situated at Brookheaven Na-
tional Laboratory (BNL), in USA, is a world-class facility for particle acceleration
at relativistic speed. It started operation in 2000 in the collider mode with Au+Au
collisions. It was designed to operate at high collision luminosity over a diverse range
of beam energies. It is not only constrained to Au+Au collision, but it is the most
versatile particle collider that includes the collisions from polarized p+p and p+Au to
heavy-ion collisions such as d+Au, Cu+Cu, Zr+Zr, Ru+Ru, U+U, etc., at the vary-
ing center of mass energies. It can also operate in both the collider as well as the fixed
target mode. These variations in colliding particle species at different center of mass
energies make RHIC a reasonable particle collider to scan the QCD phase diagram
at different regions of interest. The highest energy achieved at RHIC for heavy-ion
beam e.g., 37 Au ions is 100 GeV/u and that for polarized protons is 250 GeV /u.
In early days there were four experiments STAR, PHENIX [82], PHOBOS [83] and
BRAHMS [84]. The PHOBOS and BRAHMS experiments finished data taking be-
tween the years 2000-2006. The PHENIX experiment ended its operations in 2018.

The STAR experiment is the longest running experiment at RHIC.

Figure 2.1 shows the schematic of particle accelerators that make up the RHIC
complex. The initial stage starts with the Electron Beam Ion Source (EBIS) [86][87]

23
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Figure 2.1: An overhead view of the RHIC complex highlighting the positions of the
STAR and sPHENIX detectors at Brookhaven National Laboratory. The figure is
taken from [85].

which acts as the pre injector system for RHIC. The EBIS is simpler to operate and
easier to maintain than the Tandem Van de Graff generator which was previously
used as RHIC pre-injector. Unlike the Tandem Van de Graff generators, the EBIS
does not require stripping before the Booster which results in more stable beams.
The EBIS is capable of producing high charge state ion beams from any heavy-ion
species. These ion beams are first accelerated by two small linear accelerators and

then passed to the Booster synchrotron for further acceleration.

The Booster synchrotron, a potent circular accelerator, accelerates the ions to 37%
of the speed of light. As }7Au ions leave the Booster, they achieve a charged state of
Au™™ . The ions are then transferred from the Booster to the much larger Alternating
Gradient Synchrotron (AGS). In the AGS, ions accelerate further to 8.86 GeV/u,
achieving up to 99.7% of the speed of light. Once the ions attain their maximum
speed in the AGS, they are directed through a beam line to the RHIC, where they
are completely stripped of electrons to stabilize at a charge state of Au""*. At the end
of this beam line, switching magnets route the ion beams to travel either clockwise
or counterclockwise within the RHIC rings, which have a circumference of 2.4 miles

and are equipped with 1740 helium-cooled superconducting magnets to keep the ions
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on their circular track.

2.2 The Solenoidal Tracker At RHIC (STAR)

The STAR detector was designed to record the aftermath of the relativistic collisions.
The purpose was to search for the signatures of QGP and investigate its properties
and thus enhance the understanding of the QCD phase diagram [88]. The STAR
detector is a massive detector system with excellent particle identification capabilites
that consists of many sub-detectors each of which perform a specific task. Figure 2.2

shows the schematic view of the STAR detector.

The STAR detector is capable of tracking and identifying a large number of par-
ticles, both charged and neutral, that are produced in the collisions. The STAR
sub-detectors can broadly be divided into two categories - the fast detectors and
the slow detectors. The fast detector category includes the Vertex Position Detector
(VPD), Beam-Beam Counters (BBC), Zero Degree Calorimeter (ZDC), Barrel Elec-
tromagnetic Calorimenter (BEMC), End-cap Electromagnetic Calorimeter (EEMC)
etc. The slow detector category includes the Time Projection Chamber (TPC), Time
of-Flight (TOF) etc. In the STAR detector system, the fast detectors primarily serve
as the trigger detectors as they control events selection by triggering the slow de-
tectors. The main utility of such trigger detectors is to select an event where an
interaction of interest occurred. The slow detectors like the TPC, on the other hand,
cannot record every collision but provide detailed information on the charged particles

when triggered.

The TPC is a cylindrical detector which covers a pseudo-rapidity range of |n|<1.5.!
The TOF, completed in 2010, is installed immediate top of the TPC covering |n|<1.
Both the TPC and the TOF cover complete azimuthal angle (A¢ = 27). The BEMC,

outside of the TOF, completely covers the TPC with an area of 60m?, covering |n|<1,

'the upgrade in iTPC in BES phase-II enhances the previous range of 1 from 1 to 1.5, discussed
more in section 2.2.1.1
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Figure 2.2: A schematic illustration of the STAR detector. This image is taken from
[89].

A¢ = 27. Tt is used to trigger high pr events and makes it possible to reconstruct 7°
and direct photons upto 25-30 GeV/c [90]. The EEMC, mounted at one side of the
STAR, extends the rapidity coverage of BEMC with 1.086<1n<2.0 and A¢ = 2. All
these detectors are encased within the STAR magnet coils and the Iron Yoke, which
generate a consistent magnetic field of £0.5 T along the beamline. The trajectories
of the charged particles produced after the collisions are bended under the influence
of the magnetic field. This bending of the charged particles is used to measure the

momentum of the particles.

A pair of sub-detectors like the ZDCs, BBCs, VPDs, are positioned on either side
of the center of the detector. These detectors apart from triggering the events, also
used for beam monitoring. The ZDCs are basically the hadron calorimeters used to
detect neutrons [91]. They are located 18m away on either sides from the interaction
point. The VPDs, components of the TOF system, deliver the initial timing of the
collision necessary for measuring particle flight times. These detectors are positioned
5.6 meters from the center of the detector on either side. The BBCs, on the other
hand, ideal for low multiplicity events in p+p collisions, consist of scintillator detectors
located 3.5 meters from each side of the detector. Among the various detectors,
the Time Projection Chamber (TPC) serves as the primary device for tracking and

identifying particles.
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2.2.1 The Time Projection Chamber

The Time Projection Chamber (TPC) is one of the main detectors in the STAR
detector system [92]. It can detect both primary as well as the secondary charged
particles that are produced from the decay of short-lived primary particles. The TPC
is a cylindrical volume which is 4.2m long and 4m in diameter. It is filled with P10
gas which is a mixture of 10% methane and 90% argon regulated at 2mbar above
the atmospheric pressure [93]. Methane is a good absorber of energy whereas argon
is stable and relatively less expensive and is a primary source of ionization electron
in the TPC. Also, argon is an inert gas, which ensures that it does not chemically
interact with the materials used in the detector. The TPC is located at the center
in the STAR detector system which covers the interaction vertex where the collision
takes place. It covers the entire azimuthal angle around the beamline in the x-y plane.

Figure 2.3 shows a schematic diagram of the TPC.

Outer Field Cage
& Support Tube

Sector
Support—Wheel

Figure 2.3: A schematic figure of the STAR TPC showing the IFC, OFC, CM and
12 sectors on both sides of the TPC. Figure is taken from [92].

The TPC features two concentric field cage cylinders: the Inner Field Cage (IFC)
with a radius of 0.5m, and the Outer Field Cage (OFC) with a radius of 2m. The TPC
is divided into two equal sections of 2.1 cm each by a conductive central membrane

(CM) at the core. This membrane is maintained at a negative potential of 28kV,
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while the end-caps at both ends of the TPC are grounded. These elements collectively

generate a uniform electric field of 135 V/cm within the chamber.

The Multi-Wire Proportional Chambers (MWPC) with readout pads form the
readout system of the TPC. At both ends of the TPC, there are 12 sectors in trape-
zoidal shape arranged along the ¢ direction. In each sector, there are MWPC, gating
grids and the readout pads. These sectors are broadly divided into inner sector
and the outer sector. The inner sector has 13 discrete padrows where pads of size
2.85mmx11.5mm are used. Unlike the inner sector, the outer sector is more densely
packaged forming a continuos pad coverage, where pads of comparatively bigger size
6.2mmx19.5mm are used. The outer sector has continuous pad coverage in order
to improve the tracking resolution as well as to optimize the dE/dx resolution. The
inner sectors, however, use smaller pad size to optimize for a good two-hit resolution

in high track density region in the TPC [92].

Quter Pads Inner Pads
6.2 mm x 19.5 mm 2.85mmx 11.5 mm
Total of 3,942 Pads Total of 1,750 Pads
Row 1 thru 8 on 48 mm Centers
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Figure 2.4: The layout of the STAR TPC anode sector showing the inner and the
outer section. The outer section has more number of pads than the inner section.
Figure is taken from [92].

The central membrane serves as the cathode, while the ends of the TPC, equipped
with pad planes, function as the anode. Under the influence of the electric field, the

clusters of secondary electrons, produced through ionization, drift towards the anode.
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As the drifting electrons reach a grid of 20 ym anode wires, they create an avalanche
of charge. The positive ions generated during this avalanche induce a temporary
image charge on the pad plane beneath the anode wires. This image charge is then

detected by the readout electronics.

The x and y coordinates of the ionization clusters are obtained by analyzing the
signals from adjacent pads within a single row. The z-coordinate is determined by
measuring the drift time from the origin of the cluster to the end-caps and then
dividing this time by the average drift velocity of the electrons. After determining
the x, y, and z coordinates, a helical fit is executed using the TPC track reconstruction

algorithm to determine the trajectory of the particle and calculate its momentum.

Within the TPC, charged particles lose energy due to their interactions with
the gas, and this process of energy loss, quantified as dE/dx, serves as a critical
method for identifying types of particles. The Bethe-Bloch formula, referenced below,

mathematically describes this energy loss [94]:

[y e % % ! [ 2B T o M] (2.1)

Cde/ 2 2 2

In the above equation, z represents the charge of the particle, while Z and A are

its atomic number and mass number, respectively. 5 = v/c, defined as v/c (velocity
of the particle relative to the speed of light), m,. represents mass of electron, T,
the maximum kinetic energy transferable to a free electron in a collision, and §(57)

is the associated correction term.

From equation 2.1, it is clear that the kinetic energy deposition is different for
particles of different masses. The particle identification works very well for low mo-
mentum particles but for high momentum particles, the energy loss becomes less
mass dependent. Pions and kaons can be distinguished from each other up to ap-
proximately 0.7 GeV/c, and pions and kaons can be separated from protons up to
around 1.1 GeV/c. Beyond these points, the bands start to overlap, making it dif-
ficult to identify particles using only the TPC. Figure 2.5 shows the energy loss of
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Figure 2.5: Ionization energy loss of charged particles plotted as a function of rigidity
(charge times momentum) within the TPC during Au+Au collisions at /syy = 19.6
GeV.

different particles in Au+Au collisions at \/syy = 19.6 GeV.

2.2.1.1 Upgrade in iTPC

For the BES-II program, the inner sector of the Time Projection Chamber (iTPC)
was upgraded [40]. Initially, there were 13 pad rows on the inner sectors of the TPC.
There were a total of 1750 pads, with each pad measuring 2.85 mm x 11.5 mm. Now,
with upgrades in iTPC, there are a total of 3370 pads per sector which is roughly
double the number of pads in the previous TPC inner sectors. These additional pad
rows enhance the tracking of charged particles at small angles relative to the beam-
line. The upgrades in iTPC also provide better acceptance of low momentum tracks
along with better resolution for dE/dx. Apart from lowered transverse moementum
(pr) thresholds and better dE/dx resolution, the upgrade in iTPC also enhances the
rapidity coverage upto |n|<1.5 as compared to the previous TPC coverage of |n|<1.
The enhanced rapidity coverage in BES-II makes completely new physics analysis

possible for the first time in STAR.

The improved acceptance of the iTPC at low pr and the improved track efficiency

is of particular interest for the reconstruction of strange and multi-strange particles

such as K9, A(A), E_(§+), Q_(§+). The enhanced measurement capabilities of the
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TPC after the iTPC upgrades extend the previous results from mid-rapidity |y|<0.5 to
higher rapidity ranges and hence allow the study of the rapidity density distribution of
strange and multi-strange particles. This became possible because with the upgrade
in iTPC, low momentum particles as well as those particles that are very close to
the beamline, can also be identified. In this thesis, we present the rapidity density
distribution of strange and multi-strange particle yields as a function of rapidity,

along with cross-checking the previous results from BES-I at mid-rapidity |y|<0.5.
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Chapter 3

Experimental analysis details and
techniques

This chapter of the thesis explains the technical details involved in analyzing Au+Au
collisions at /syny=19.6 GeV. The dataset used for the analysis, event selection cri-
teria, and quality assurance plots are discussed in detail here. Further, it discusses
the strange hadrons (K2, A, A, =7, §+, Q-, ﬁ+) reconstruction, their decay topology,

selection criteria based on decay topology, invariant mass distribution, signal extrac-

tion, estimation of systematic uncertainties, and transverse momentum spectra.

3.1 Dataset and Event Selection

The analysis for the production of strange and multi-strange particles starts with the
selection of the minimum bias trigger followed by the vertex cuts for good events
selection. The minimum bias trigger (or trigger with as little bias as possible without
imposing any specific selection criteria on data collection) corresponds to the trig-
ger condition where a coincidence of the signals from the vertex position detectors

(VPDs), zero-degree calorimeter (ZDCs) and/or beam counters is obtained.

A vertex position cut was set at |V,|<145 cm along the beam direction from the
center of the TPC, and a radial distance cut of V<2 cm was applied. The variable V.

represents the distance from the collision vertex to the beam pipe in the transverse
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Figure 3.1: Fig. (a) on the left illustrates the V, distribution for Au+Au collisions
at \/syn = 19.6 GeV, while Fig. (b) on the right depicts the V, distribution in the

same collision settings.

plane and is defined as V, = \/W . The V, cut is crucial to eliminate any event
contamination from interactions occurring with the beam pipe, which has a radius
of 3 ecm. Figure 3.1 shows V, and V,. distributions after applying the cuts in Au+Au
collisions at \/syy = 19.6 GeV.

The higher beam luminosity in BES-II increases the probability of event pile-up.
The pile-up of events occurs when the remnants of multiplicities from previous events
contribute in the measured multiplicity of the current event. In other words, pile-
up events occur when two or more events are reconstructed as a single event. To
remove such pile-up events, the correlation between the number of tracks measured
by the TPC and the TOF-matched tracks (TPC tracks that are matched to the
TOF detector) is studied. Figure 3.2 shows the correlation between the reference
multiplicity measured by the TPC and the TOF-matched tracks and the reference
multiplicity distribution before and after the pile-up cut in Au+Au collisions at \/syy
= 19.6 GeV.

After the good events selection, the strange and multi-strange hadrons were re-
constructed. The next section discusses about the properties, decay topology and

selection criteria for the reconstruction of strange and multi-strange hadrons.
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Figure 3.2: Fig. (a), displayed on the left, presents the correlation between the
number of tracks matched with the TOF and those registered by the TPC. Events
falling below the red line are categorized as pile-up and are excluded from the analysis.
Fig. (b) on the right demonstrates the reference multiplicity distribution as measured
by the TPC. Here, the blue line represents data before the exclusion of pile-up events,
while the red line indicates the data after these events have been removed.

3.2 Strange hadrons reconstruction

In heavy-ion collisions like the Au+Au collisions, a large number of particles are
produced. These particles can be broadly divided into two categories: long-lived
particles and short-lived particles. Long-lived particles have enough lifetime to be
tracked by tracking detector systems like the STAR TPC, TOF, etc. The particles
in this group are generally stable particles which include (anti-)proton p(p), electrons
and positrons (e*), and other particles which have large decaylength (c7) like mesons
which include muon p*, 7¥ and K*. On the other hand, short-lived particles are
those particles that decay within the tracking detector system and hence can only be
reconstructed indirectly using their decay constituents. Such particles include meson
like K?, strange hyperons (A, A, =, §+, Q- §+), hypernuclei (3H, 1H, 41He) etc.
The strange hadrons (K?, A, A, =7, §+, Q- §+), created in heavy-ion collisions, are
of particular interest as they serve as an important probe to witness the evolution
process of the medium created in the collision. These particles are created at the
interaction vertex, travel a certain distance, and then undergo a weak decay into

their daughter constituents, for instance, K — 7% + 7. In case of multi-strange

hyperons decay such as E’(EJF), Q’(QJF), a neutral daughter A(A) is formed which
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further decays weakly into a pair of charged particles p(p), 7~ (7n"). These strange
hadrons can be reconstructed via the topology of their charged decay products by

identifying the tracks that they form in the volume of the TPC.

In general, the tracks of the charged particles produced in a collision can be
divided into two groups: primary tracks and secondary tracks. The primary tracks are
tracks of particles that are produced directly in the collisions, while secondary tracks
originate from the decay vertex of the short-lived particles. The strange hadrons
(K?, A, A, =, §+, Q- §+) are reconstructed by selecting the secondary tracks.
One of the effective ways to select the secondary tracks is to take the distance of
the closest approach (DCA) of the tracks away from the primary vertex. This helps
in selecting the tracks coming from the decay vertex of mother particles and not
from the primary vertex. In the STAR experiment, currently, two methods are used
for the reconstruction of short-lived strange particles - the Helix method and the
KFParticle. The work presented in this thesis is done using the Helix method. We

also did a comparison study of two methods for the A, A, and the outcome of the

study is discussed here.

3.2.1 Strange VO reconstruction using Helix Method

Strange particles such as K2, A, A are reconstructed via the detection of their weak
decay channels K? — 7+ + 7=, A(A) — p(p) + 7 (7). Table 3.1 lists the properties
and weak decay channels of the VO particles (K?, A, A) [95]. After being produced at
the primary vertex, these particles travel a certain distance and then undergo a weak
decay into a pair of charged particles, forming a V-shaped topology (VO decay). The
reconstruction of these particles is carried out by combining the positive and negative
tracks measured by the TPC. Figure 3.3 shows the decay topology of the strange VO
particles [96].

The central value of the truncated mean of the ionization energy loss <dE/dx>

measured by the TPC is well defined by the Bichsel function [97] for each particle
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Table 3.1: Strange VO particles and their weak decay channels [95].

V0 particles | Weak decay channels | Branching Ratio | ¢7 (cm)
K? Ttme 69.20 + 0.05% | 2.6942
A(A) p(p) + 7 (7) 63.9 4 0.5% 7.89

species. The quantity no,,, defined as,

1 < dE/d:L‘ > measured
NOpar = log

3.1
Opar < dE/dZL' >predicted ( )

estimates the deviation of the measured < dE/dx > from the theoretical cal-
culations in terms of the number of standard deviations where 0, represents the
<dE/dx> resolution of the TPC, < dE/dx >,cqsurea represents the observed ion-
ization energy loss for a specific particle species, < dE/dx > cgictea denotes the
theoretical value calculated using the Bichsel function. For the reconstruction of VO
particles, a selection criterion of |no,..| < 4.0 was applied to include all charged
daughter particles. Further, the charged tracks measured by the TPC were required
to consist of more than 15 hit points for the reconstruction of strange VO particles. A
DCA between the identified positive and negative tracks is calculated assuming they
are originated from the decay vertex of the VO candidate. Apparently, the distance
between the closest points of the two daughter tracks must be zero because the two
daughters originated from a VO decay vertex. Due to the position resolution of the
tracks, a certain distance tolerance is accepted [98]. The decay vertex of the VO can-
didate is identified by calculating the average position of the closest approach points

of the two daughter tracks.

A DCA is calculated from the primary vertex to the VO helix which helps in reject-
ing the random combination of charged tracks. It also helps in selecting the primary
VO candidates as secondary V0 reconstruction is also done in case of multi-strange
hyperons (=7, §+, O, §+) reconstruction. The decaylength of the VO candidate is
calculated by measuring the distance from the primary vertex to the decay vertex. A

cut on decaylength is set to reduce the combinatorial background from the primary
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Figure 3.3: The topology of strange VO decay is described, where P, denotes posi-
tively charged particles and P_ denotes negatively charged particles. Figure is taken
from [96].

tracks. Since the VO daughters do not directly come from the primary vertex, where
the interaction takes place, but are produced at the decay vertex, a cut on DCA
between each daughter track and the primary vertex (PV) is also applied to reduce
the combinatorial background. Table 3.2 shows the default topological cuts used for

K?, A(A) reconstruction in this analysis.

To exclude the residual background arising due to the particle misidentification,
veto cuts were also considered for the reconstruction of K?. A proton from A decay
may be misidentified as 77 and combined with 7= daughter of A. This contributes
in the residual background in K? reconstruction. To avoid such residual background
in K? reconstruction, the 7t daughter from K? was treated as the proton daughter
of A for invariant mass calculations. In a similar approach, the 7~ daughter from K?
was treated as the antiproton daughter of A. If these combinations fell within the

invariant mass range of [1.1057, 1.165] GeV/c?, the K? candidate was excluded.

A critical topological criterion for identifying VO weak decays involves the pointing

angle. This angle is characterized by the deviation between the momentum vector of
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Table 3.2: Topological cuts used for the reconstruction of VO particles (K2, A, A).
Pvo and Tyo represent the momentum and the position vector of the VO particles
respectively and 7py denote the primary vertex position vector.

Cuts K? A(N)
DCA of VO to PV < 0.8cm | < 0.8 cm
DCA of daughters to PV | > 0.7 cm | > 1.0 cm
DCA between daughters | > 0.8 cm | > 0.8 cm
VO decay length > 25cm | > 3.0 cm
(Tvo — TPv) - Pvo >0 >0

the reconstructed parent particle and the line drawn from the generation vertex to
the decay vertex. For V0 particle reconstruction, the pointing angle must be strictly

positive, as established by the applied cut.

Even after applying all the cuts mentioned above, some background is still left in
the invariant mass peak of K, A and A. To estimate this background, the rotational
method was used in which one daughter track was rotated by angle 7 in the trans-
verse plane. The generated rotational background imitates the random combination
contribution in K2, A and A reconstruction. Figure 3.4 and Figure 3.5 show the
invariant mass distribution of K2 and A, A after applying all the topological cuts

discussed above.

3.2.1.1 Acceptance

The enhanced measurement capabilities of STAR after the iTPC upgrade are an
important part of the BES-II program. The iTPC upgrade extends the rapidity
coverage from |n|<1 to |n|<1.5 [40]. This provides a major benefit for extending the
previous BES results from mid-rapidity (]y|<0.5) to higher rapidity ranges in case of
strange and multi-strange hadrons production. Figure 3.6 shows the acceptance of
strange VO particles where pr is plotted as a function of rapidity in Au+Au collisions
at \/syny = 19.6 GeV. The upgrade in iTPC enhances the measurement of the particles
towards the high rapidity region. On the other hand, the high statistics in BES-II

increases the high pr reach of different particles.
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Figure 3.4: Invariant mass distribution for K? with p7y>0 in the 0-5% centrality

range at mid-rapidity (]y|<0.5) during Au+Au collisions at \/syny = 19.6 GeV. The
combinatorial background has been estimated using the rotational method.
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Figure 3.5: Invariant mass distributions for A and A at p;>0.2 GeV/c within the
20-30% centrality and at mid-rapidity (]y|<0.5) in Au+Au collisions at /Syy =

19.6 GeV. The estimation of the combinatorial background was performed using the
rotational method.
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Figure 3.6: The phase space distribution of K, A and A in Au+Au collisions at
\/SNN = 19.6 GeV.

3.2.1.2 Signal extraction

For signal extraction, the invariant mass distribution of strange V0 particles was
subtracted from the corresponding rotational background. The resulting invariant
mass distribution was fitted with a double Gaussian plus polynomial function defined

by equation 3.2.

—(z — myg)? Y, —(z — myg)?

Y
exr + exr
\2moq p( 20‘% ) \/277'0'2 p( 20’%

f(z) = ag + a1z + asx® + ) (3.2)

where ag, a1, as are coefficients of the polynomial terms, o, and o5 are the standard
deviations of the first and second Gaussian respectively, Y; and Y, are the amplitudes
of the first and second Gaussian respectively, my is the invariant mass of the particle.
It determines the width of the signal peak as well as the shape of the remaining
background in the distribution. The total counts inside the signal peak were then
subtracted from that of the background inside the peak to obtain the total number
of signal candidates. The background counts were estimated using the polynomial
fit and subsequently subtracted from the total counts in the range 40 to get signal

counts. Due to limited statistics at high pr region, the sideband method was used
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Figure 3.7: K2, A and A invariant mass distributions in Au+Au collisions at \/syy =
19.6 GeV. The dashed lines represent the function fit results. The horizontal dashed
lines are the fitted background contributions. The grey area shows the corresponding
rotational background.

on either side of the signal peak. Figure 3.7 shows the invariant mass distribution
of KV, A, and A and the fitting results after the rotational background subtraction
at different pr bins (in GeV/c) in different centralities at mid-rapidity (|y|<0.5) in
Au+Au collisions at /syy = 19.6 GeV.

Figure 3.8 shows the invariant mass distribution of K? as an example of the side
band method in pr bin [4.4-5.0] GeV/c in 20-30% centrality at mid-rapidity (]y|<0.5)
in Au+Au collisions at \/syy = 19.6 GeV.
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Figure 3.8: The invariant mass distribution of K? within the transverse momentum
bins of [4.4, 5.0] GeV/c for 20-30% centrality at mid-rapidity (]y|<0.5) in Au+Au
collisions at /syny = 19.6 GeV.

3.2.2 Strange VO reconstruction using KFParticle Method

KFParticle is a C++ package developed for the reconstruction of short-lived strange
baryons. It is based on the Kalman filter approximation [99]. The charged tracks
detected in the experiment are given as input to the KFParticle. These charged tracks
are classified into primary and secondary tracks, i.e., they identify whether the track
comes from the primary vertex where the collision takes place or tracks come from

the secondary vertex. It uses the x? criterion for this purpose, which is given by
= AFT(CTrack + Cpy) AT (3.3)

where A7 is the difference between the track and the primary vertex position and AT
is the transpose of the distance vector, Cr,.. and Cpy are covariance matrices of the
track and primary vertex, respectively. It was developed by the CBM experiment.
Table 3.3 shows the selection criteria used for the A(A) reconstruction. Figure 3.9

shows the invariant mass distribution of A and A in Au+Au collisions at \/Syy =

19.6 GeV using the KFParticle package.

3.2.2.1 Uncorrected pr spectra

After obtaining the signal candidates for each particle in each pr and centrality bin,

the raw spectra of the particles are obtained using the following equation 3.4
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Table 3.3: Selection criteria used for the reconstruction of A(A) in AutAu collisions
at \/synv = 19.6 GeV in the KFParticle package.

Cuts on parameters Description
[ >5cm cut on a distance to PV

[/dl > 5cm cut on a distance to PV normalised on the error
Xpeom < 10cm x? of the track to the secondary track
Xprim > 18.6 cm cut on x? of the track to PV

Xfopo < 5cm cut on x? of the mother particle

Amax < 1cm maximal separation between secondary tracks
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Figure 3.9: The invariant mass distribution of A and A at mid-rapidity (]y|<0.5)

obtained using KFParticle Package in Au+Au collision at /syy = 19.6 GeV.

1 N
Yr’aw = 3.4
Nevent QWPTAPTAQ br ( )

where N is the number of signal candidates, Y, is the raw yield in each centrality
and py bin, Ngyens is the total number of events in the collisions, Ay is the rapidity
bin width, pr and Apr represent the center and width of the pr bin, br is the branch-
ing ratio of the particles. Figure 3.10 shows the comparison of uncorrected spectra
obtained for A and A for different centrality at mid-rapidity. We found that both
methods give consistent results. The KFpaticle method is used for the measurement
of global polarization of A and A hyperons in Au+Au collisions at Vsny = 19.6 and
27 GeV [79][80]. The work discussed in this thesis is done using the Helix method.
Figures 3.11 to 3.14 show the uncorrected pr spectra of K, A, A in different rapidity
bins in Au+Au collisions at /syy = 19.6 GeV using the Helix method.
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Figure 3.10: Comparison of uncorrected pr spectra of A and (A) for different centrality
range at mid-rapidity (|y|<0.5) for Au+Au collisions at /syy = 19.6 GeV from
KFParticle and Helix method.

3.2.3 Multi-strange hyperons reconstruction

The multi-strange hyperons such as E_(EJF)7 Q- (§+) are reconstructed by finding the

two decay vertices - one for the reconstruction of daughter A(A) candidate and the
other for the reconstruction of mother hyperon. The decay daughter A(A) of strange
hyperons further decays into charged particles p* and 7% forming the VO decay topol-
ogy and can be reconstructed using the similar topological reconstruction process as
described in section 3.2.1. Table 3.4 lists the properties and weak decay channels of
the E’(EJF), Q’(QJF) 195]. Figure 3.15 shows the decay topology of E’(EJF), Q’(QJF)

[96).

Table 3.4: Weak decay channel of E_(§+) and Q_(§+) 95].

Particles Weak decay channels Branching Ratio | ¢7 (cm)
= E) | AM)r (7)), AR) — p(p) + 7 (x+) | 99.887 +0.035% | 2.6942
Q@) | ANK—(K*),AA) = p(p) + 7~ (x*) | 67.84£0.7% | 2.461

The reconstructed A(A) candidates can be combined with bachelor charged par-

ticle tracks, 7% or K* to reconstruct the mother hyperons. This combination further
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Figure 3.11: The uncorrected transverse momentum spectra of K? under the rapidity
range [-1.5, -0.75] and [0.75, 1.5] in different collision centralities in Au+Au collisions

at /syy = 19.6 GeV.
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Figure 3.12: The uncorrected transverse momentum spectra of K° under the rapidity
range [-0.75, 0.75] in different collision centralities in Au+Au collisions at \/Syy =
19.6 GeV.
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Figure 3.13: The uncorrected transverse momentum spectra of A under the rapidity
range [-1,1] in different collision centralities in Au+Au collisions at /sy = 19.6

GeV.
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Figure 3.14: The uncorrected transverse momentum spectra of A under the rapidity
range [-1,1] in different collision centralities in Au+Au collisions at /sy = 19.6
GeV.
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Figure 3.15: The =~ decay topology with all the cuts shown in the plot. The decay
topology of 27 is similar to == where the bachelor particle is kaon. Figure is taken
from [96].

requires a DCA cut between the A(A) candidate and the bachelor charged particle
track, 7% or K*. As the A(A) candidate is produced at the decay vertex of the

mother hyperon =~ (§+) or 2~ (ﬁ+), a threshold for DCA of A(A) to the primary

vertex is set to distinguish the decay A(A) candidate from the primary A(A) can-
didates. This helps to exclude the combinatorial background arising from primary
A(A) candidates in the invariant mass distribution of parent hyperons. Further, for

the reconstruction of E_(EJr) and Q~ (§+), cuts are also applied on decaylength of

A(A) candidates and mother hyperons, the DCA of E_(§+), Q_(ﬁJr) to the primary
vertex, DCA of bachelor 7* or K* to the PV. These cuts greatly reduce the com-
binatorial background in the invariant mass distribution of mother hyperons. A cut
of |nop.,|<4.0 and Nhits>15 were used for all the corresponding charged particles
except for Q0 <§+> where, to reduce the combinatorial background, a tighter cut
of |noper|<3.0 was applied. Table 3.5 shows the default cuts used for E*(EJF) and

Q_(ﬁ+) reconstruction in this analysis.
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The residual background arising due to particle misidentification was also consid-
ered for the reconstruction of multi-strange hyperons. A proton decaying from a real
A may be combined with a random 7~ to form A candidate and then combined with
7~ daughter of real A to form a fake =~ particle. Similarly, in 2~ reconstruction,
the bachelor 7~ of a cascade can be misidentified as kaon. The residual background
arising due to these particle misidentification can be removed by considering the veto
cuts. For cascade reconstruction, the p daughter was combined with bachelor 7 to
calculate the invariant mass distribution. If the calculated invariant mass falls inside

the A invariant mass peak, the = candidate was rejected.

The decay topology of E_(EJr) and Q~ (§+) is very similar. As a result, the mis-
identified E_(EJr) significantly contributes in the background of Q_(§+) due to their
larger production cross-section. One way to exclude the mis-identified E*(§+) is to
change the mass of kaon with 7~ and reconstruct mis-identified =~ (§+). If it falls in

the invariant mass peak on =, the ) candidate was rejected.

Even after applying all the cuts mentioned above, some background is still left
in the invariant mass peak of E*(EJF) and Q*(QJF). To estimate this background,
rotational method was used in which one daughter track was rotated by angle 7
in the transverse plane. The generated rotational background imitates the random
combination contribution in E*(EJF) and Q*(QJF) reconstruction. Figure 3.16 and
Figure 3.17 show the invariant mass distribution of =7, =" and Q- o respectively,

after applying all the topological cuts discussed above.

3.2.3.1 Acceptance

Figure 3.18 shows the acceptance of =~ (§+), Q- (§+) where pr is plotted as a function

of rapidity in Au+Au collisions at \/syy = 19.6 GeV. The upgrade in iTPC enhances
the measurement of the particles towards the high rapidity region. On the other hand,
the high statistics in BES-II increases the high pr reach of different particles.



50 Chapter 3 Experimental analysis details and techniques

Table 3.5: Topological selection criteria are applied for the reconstruction of E*(EJF)

and Q~ (§+). In this context, 7x;, ™A, and 7py refer to the decay vertex position
vectors of E’(EJF), Q’(QJF), and A, as well as the primary vertex position vector,
respectively. The momentum vectors of =~ (§+), Q- (§+), and A are represented by

Px; and Py, respectively

Cuts == and = (cm) | Q~ and o (cm)
DCA of Xi to PV < 0.8 <04
DCA of bachelor 7/K to PV > 0.8 > 1.0
DCA of A to PV [0.2,5.0] > 0.4
DCA of proton to PV > 0.5 > 0.6
DCA of 7 to PV > 1.0 > 2.0
DCA between A and bachelor 7/K < 0.8 < 0.7
DCA between A daughters < 0.8 < 0.7
Xi decay length > 3.4 > 3.0
V0 decay length > 5.0 > 4.0
(TA - TPV) - Da >0 > 0
(Fa - Pxi) - Da >0 > 0
("xi - Tpv) - Pxi >0 > 0
(Fxi - Tpv) X Dxi [ | Txi - Tev |/ | Pxil < 0.2 < 0.12
S : : : SV : : :
08" 5 =19.6 Gev AutAu, STAR BESI ] [Sw = 19.6 GeV Au+Au, STAR BES|
o Daa ¢ 021 | baa @ ]
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Figure 3.16: Invariant mass distributions for == and =" at pr > 0.4 GeV/c within
the 10-20% centrality at mid-rapidity (|y| < 0.5) in Au+Au collisions at \/syy =
19.6 GeV. The estimation of the combinatorial background was performed using the
rotational method.
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Figure 3.17: Invariant mass distributions for 2~ and Q" at pr > 0.7 GeV/c within
the 20-30% centrality at mid-rapidity (|y| < 0.5) in Au+Au collisions at \/syy =
19.6 GeV. The estimation of the combinatorial background was performed using the
rotational method.

3.2.3.2 Signal extraction

The invariant mass distribution of multi-strange hyperons was subtracted from the
corresponding rotational background for the signal extraction. The resulting invari-
ant mass distribution was fitted with a double Gaussian plus polynomial function
defined by equation 3.2. It specifies the width of the signal peak and the form of the
background remaining in the distribution. The total counts inside the signal peak
were then subtracted from that of the background inside the peak to obtain the total
number of signal candidates. The background counts were estimated using the poly-
nomial fit and subsequently subtracted from the total counts in the range 40 to get
signal counts. Due to limited statistics at high pr region, the sideband method was

used on either side of the signal peak.

Figure 3.19 shows the invariant mass distribution of =7, §+, )7, and O and
the fitting results after the rotational background subtraction at different p; bins

(in GeV/c) in different centralities at mid-rapidity (|y|<0.5) in Au+Au collisions at
\/SNN = 19.6 GeV.

Figure 3.20 shows the invariant mass distribution of =" and O as an example
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Figure 3.18: The phase space distribution of multi-strange hyperons E_(§+), Q (Q)
in Au+Au collisions at \/syy = 19.6 GeV.

of the side band method in pr bin [4.1-4.9] GeV/c in 0-5% centrality and [3.8,4.6]
GeV/c in 0-10% centrality respectively at mid-rapidity (|y|<0.5) in Au+Au collisions

at v/syy = 19.6 GeV.

3.2.3.3 Uncorrected pr spectra

The uncorrected spectra of multi-strange hyperons are obtained using equation 3.4
under different centralities and pr bins. The pr spectra of =7, =" are obtained in
the rapidity range [-1.0,1.0] with bin width Ay=0.25 and the py spectra of Q2 O s
obtained in the rapidity range [-0.9,0.9] with bin width Ay=0.3. Figures 3.21 to 3.24
show the uncorrected pr spectra of =7, §+, ™, and Q" in different rapidity bins in

Au+Au collisions at /syy = 19.6 GeV.

3.3 Efficiency correction

In experimental particle physics, not all the particles created in a collision are detected
by the detectors. The detectors have finite efficiency in detecting and reconstructing

particles. Therefore, in order to accurately determine the true production rates of
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Figure 3.19: =7, §+, ™, and Q" invariant mass distributions in Au+Au collisions

at \/syny = 19.6 GeV. The dashed lines represent the function fit results (double
Gaussian plus polynomial). The horizontal dashed lines are the fitted background
contributions. The grey area shows the corresponding rotational background.
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Figure 3.20: The invariant mass distribution of =" and Q- within the transverse

momentum bins of [4.1, 4.9] GeV/c for 0-5% centrality and [3.8, 4.6] GeV/c for 0-
10% centrality, respectively, at mid-rapidity (]y|<0.5) in Au+Au collisions at \/Syn
= 19.6 GeV.
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Figure 3.21: The uncorrected transverse momentum spectra of =~ under the rapidity
range [-1,1] in different collision centralities in Au+Au collisions at /syy = 19.6
GeV.
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Figure 3.22: The uncorrected transverse momentum spectra of =" under the rapidity
range [-1,1] in different collision centralities in Au+Au collisions at /sy = 19.6
GeV.
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Figure 3.23: The uncorrected transverse momentum spectra of 2~ under the rapidity
range [-0.9,0.9] in different collision centralities in Au+Au collisions at /sSyny = 19.6
GeV.
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Figure 3.24: The uncorrected transverse momentum spectra of Q" under the rapidity
range [-0.9,0.9] in different collision centralities in Au+Au collisions at \/sSyny = 19.6
GeV.

particles in each collision, we need to correct the tracking efficiency for each particle.

To study the tracking efficiency, embedding data are used in the STAR experiment
where simulated particles are embedded into real events and passed through the
STAR detector environment simulated by the GEANT package [100]. The acceptance
and reconstruction efficiency is calculated by dividing the number of reconstructed
Monte Carlo (MC) strange hadrons by that of input MC ones. The same event
and track selection cuts were applied to the embedding data as those used in data
analysis. Figure 3.25 shows the acceptance x reconstruction efficiencies of strange
and multistrange particles plotted against pr (in GeV/c) in 0-5% central Au+Au
collisions at mid-rapidity (|y|<0.5). It also shows a comparison of the reconstruction
efficiencies with that of BES-I analysis [37]. From the figure, it is clear that the
iTPC upgrade significantly improves the reconstruction efficiency towards the low pp

region.

Both flat and exponential pr samples were used for the analysis. The reconstructed
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Figure 3.25: The acceptance x reconstruction efficiencies of K, A, ==, Q™ at mid-
rapidity (|y]|<0.5) in 0-5% central Au+Au collisions at \/syy = 19.6 GeV. The open
circles in each panel represent the acceptance x reconstruction efficiencies of particles
from BES-II analysis, and the solid red circles represent the acceptance x reconstruc-
tion efficiencies of particles from BES-I analysis [37]. The lower panels of each plot
provide a comparison between these two datasets. The selection cuts in BES-I and
BES-II are the same.

efficiencies have lower statistics towards low pr region and, therefore, show large
statistical errors at that region. The exponential sample, dN/dpr x prexp(-pr/T),
where T = 350 MeV, increases the statistics at lower pr region significantly and
therefore help in reducing the statistical fluctuation. In this analysis, the p7 binning
used in efficiency calculation is the same as that in uncorrected spectra. Each MC
particle was assigned a weight obtained from the fit to the corrected pr spectra. The
efficiencies at each pr bin were calculated separately with flat py distribution and
exponential py distribution. Figures 3.26 and 3.27 show the reconstruction efficiencies
of K? in the rapidity range [-1.5,1.5] in Au+Au collisions at /syy = 19.6 GeV. For

+

. . . T = _ =+t . . C . . .
reconstruction efficiencies of A, A, =7, =, Q7, and  in different rapidity bins in

Au+Au collisions at \/syy = 19.6 GeV, refer to Appendix A.

3.4 Estimation of Systematic Uncertainties

Systematic uncertainties in the measurement of strange hadron production were eval-
uated from various sources. For signal extraction, the range of the fitting function
was changed. Following this, the impact of particle identification was examined by

modifying the no cut values from 4.0 to 3.6, although this source of uncertainty is
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Figure 3.26: The acceptance x reconstruction efficiency of K? in Au+Au collisions
at /sSyn = 19.6 GeV in rapidity range [-1.5,-0.75] and [0.75,1.5].

Acceptance x Rec. efficiency

-0.75<y<-0.5

T
-0.5<y<-0.25

T T T
+ -0.25<y<0.0

10F T o E
1r koA kX kK kT Rk kK K K K * T LHRRIIK K X Kk K K K 3 * 0-5% 3
102 E*"yvvvvvvvv vyvyy :}*vvvvvv"vv yYVY VY :-*"vvvvvvvv yYYVY VY : y5_]_0%(x]_0'1)
:",“nnn DX _!",«Nnu L A AR R R A +10-20%(x107%) ]
10‘4: L AMAMMMAAL A 4 4 4 4 __"A“AAAAAA AAA A A 1 ’AAAAAAAAAA AAA A A i A20_30%()(10-3) ]
:.'IIIIIII EEE =N _-A:..lIIIIIII EEE RN ] A...Illlll EEEEEBR L n 30_40%()(10—4) ]
10—6’.”."". o:. 0000 0 o iy s0000 0 0 | 040-60%(x10'5) ]
+ .
i#+w++++ + 4+ + _,++.|,|M-l-l++++ 4+ o+ o+ _.++,,,.|+|+|-|- LR RN +60-80%(X106) ]
B
81 + # - 4
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T T T T T T T T
10 0.5<y<0.75 ¥ 0.25<y<0.75 T 0.0<y<0.25
i Y i y i ¥ 1 (Sm=196Gev
[ ik ok & o ok ok & T ook ok k %k x K [ ookioikk k& kK Kk T ]
2 "yvvvvvvvv vyVYyVvYy **v,vvvvvvvv YyYVY VY *"vvvvvvvv YYVY VY AutAu
102+ 1 'v 1
N ‘,00000000 LK I 4 _Y .,“NNOO LK K K I Iy ’.00000000 L3R B N STAR, BES-II
4 .‘AAA““A‘A A A A A A Q.AAAAAAAAAA A A A A A .AAAAAAAAA AAA A A A
10 ;A...--ll-ln EEEE N -;‘...lllllll "TEE R ‘...Ilnllll TER R 0 E
= -+ <A - B
6 000 0 o -'....uooooooooo " o000000000 0 0 0o o KS
10 ?+,,,pm4+++++++ +-i'+,,,m+o++++++ + o+ -:.+.|,|-H+H-+++++ + + 1 1
B ¥ T+ r E
—81 + o L 4
10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 1 2 3 4 5 1 2 3 4
P, (GeVlc)

Figure 3.27: The acceptance X reconstruction efficiency of K? in Au+Au collisions
at /Syn = 19.6 GeV in rapidity range [-0.75,0.75].
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found to be minimal. Further, systematic errors related to tracking were investigated
by varying the number of hits from 15 to 20, and the selection criteria for hit points
used in the dE/dx calculations, which affects track reconstruction and, consequently,

particle identification, was varied from 5 to 10.

The effect of varying the longitudinal vertex position (Vz) was considered from
145 cm to 125 cm, as changes in Vz can influence the acceptance and efficiency
of detected particles. Finally, the systematic error analysis also includes a detailed
review of topological cuts, altering each parameter sequentially to understand their
effect on particle selection and background suppression. The systematic error due
to these different topological variables was considered uncorrelated with one another
and, therefore, added to the quadrature. The total systematic uncertainty for the
pr spectrum was determined by summing all individual sources quadratically, under
the assumption that these sources are completely uncorrelated. Table 3.6 shows the
variations in the topological reconstruction for K2 and A (A), and Table 3.7 details
the variations in the topological reconstruction for =~ (EJr) and Q~ (ﬁJr) in Au+Au
collisions at /syy = 19.6 GeV. Figure 3.28 shows the percentage contribution arising

from different sources for K in the rapidity range [1.0,1.25] in Au+Au collisions at

\/SNN = 19.6 GeV.

In the extrapolated low pr region, systematic errors were calculated using dif-
ferent fitting functions. We fitted the default spectra of different particles with the
blast-wave model [101] and the exponential function for this reason. The ultimate
systematic errors in the extrapolation were derived as a quadratic sum of these two

contributions.

It is difficult to estimate systematic variations due to various selection criteria
when the number of reconstructed hadrons is small in given pr and rapidity window.
Therefore, to avoid overestimation of the errors, we used R. Barlow’s method [102]
to calculate the systematic uncertainty. This method makes a comparison of the
estimated deviation with statistical fluctuations in the signal to avoid overestimation.

Following steps are followed to assign systematic uncertainties when the number of
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Figure 3.28: The figures show the percentage of the systematic errors plotted against
the default statistical error for different systematic sources for K? in the rapidity
range [1.0, 1.25] in Au+Au collisions at \/syy = 19.6 GeV.

reconstructed hadrons is small:
Step 1: AY = |V (i'*cut) —Y (def)|

where Y(def) is the yield using default cuts and Y (i"cut) is a particular cut used

for systematic analysis.

Step 2: Aogw = /|02 (it cut) — 02, (def)]

stat stat

where o2, ,(i'""cut) and o2, ,(def) are the statistical uncertainty in the i cut and

default cut respectively.

Step 3: if (AY < Aogar) , Ogys(icut) = AY

Step 4: if (AY > Aogat) asys(ithcut) = \/(AY)2 — (Aospar)?

3.5 Feed-down correction for A

Although a tight cut on the DCA of A candidates to the primary vertex is used
to diminish the secondary A contributions from multistrange hyperons such as =
and Z°, yet a fraction of the secondary A passes this criterion and reconstructed

as a primary A candidate. The primary A candidates produced in the collisions
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Table 3.6: Default cuts and their variations for K and A (A).
Cuts K A @)
default cuts | variations | default cuts variations
DCA of VO to PV <08 cm |0.6-1.2 cm < 0.8 cm 0.6-1.0 cm
DCA of daughters to PV| > 0.7cm |[0.6-0.8 cm | > 0.3 cm 0.3-0.45 cm
(proton) (proton)
> 1.0 em (7) | 1.0-2.0 cm (7)
DCA between daughters | > 0.8 cm [0.6-1.0cm | > 0.8 cm 0.6-1.0 cm
VO decay length > 2.5cm |2.5-3.3 cm > 3.0 cm 3.0-4.5 cm
Table 3.7: Default cuts and their variations for =~ (§+) and Q~ (§+)
Cuts = (EJr) L (gf)
default cuts | variations | default cuts | variations
Xi decay length >34cm |3.1-3.7cm| > 3.0cm 2.5-3.4 cm
VO decay length >b50cm [4855cm| >5.0cm 4.0-6.0 cm
DCA of Xi to PV <08cm [0.7-09cm| <0.4cm |0.35-0.45 cm
DCA of bachelor 7/K to PV >08cm |0.6-1.0cm | > 1.0cm 0.9-1.1 cm
DCA of A to PV >02cm [02-04cm| >04cm |0.35-0.45 cm
DCA of A daughter p to PV <05cm [04-06cm| <0.6cm | 0.5-0.70 cm
DCA of A daughter 7 to PV <1lcm 1.0-1.2 ecm | < 2.0 cm 1.8-2.2 ecm
DCA between A and bachelor 7/K | < 0.8 cm |0.7-0.9 cm | < 0.7 cm 0.6-0.8 cm
DCA between A-daughters <08cm [0.7-09cm | < 0.7 cm 0.6-0.8 cm

help in understanding the production mechanisms and dynamics of A hyperons in

the collisions. Therefore, the contribution from secondary A candidates needs to be

removed. The contribution from secondary A candidates was assessed using = and

=Y Monte Carlo (MC) embedding data. Prompt A selection criteria were applied to

reconstruct secondary MC A particles from the decay of MC = and =°. The resulting

number of these secondary MC A particles was subsequently scaled according to the

corrected yields of the experimentally measured = and =° particles. Those scaled

values represent the feed-down contribution and are deducted from the raw A yields

[37]. The feed-down contribution to the uncorrected signal counts in the i-th pr bin

can be written as
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Figure 3.29: Fig. (a) shows the feed-down fraction for A. The plot shows the cor-
rections applied due to the contributions from both == and =Y particles. Fig. (b)
shows feed-down fractions for A. The plot shows the corrections applied due to the
contributions from both =, = particles. Fig. (c) shows feed-down fractions for A.
The plot shows the corrections applied due to the contributions from both [

i Ni_- dN _
NA,FD = Nevents (% d_y E AyBT(:, — A7T) +

N/i\<—50 dN

—0
Neo  dy | AyBr(=Z" — Aﬂ'))

(3.5)

where Br are the corresponding branching ratios, Ay is the width of rapidity,
dN/dy is the particle yield obtained from the integral of pr spectra of = or Z°. For
the Z°, we assumed that its yield is the same as that of =, as it cannot be directly
measured by STAR. Consequently, a separate = embedding sample was produced
for the A feed-down study. Given that the lifetime of Z° is significantly longer than
that of =, the distributions of the topological variables are also markedly different.
Figure 3.29 shows the feed-down fractions for A and A at mid-rapidity (|y|<0.5) in
Au+Au collisions at /syy = 19.6 GeV. For A, feed-down corrections from §+, have

also been considered.

3.6 Corrected py spectra

The efficiency-corrected transverse momentum spectra of strange and multi-strange
particles refer to the distribution of efficiency-corrected yields of particles as a func-
tion of pr in different collision centralities under a certain rapidity window. The

transverse momentum spectra are important for studying the production mechanism
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and properties of the particles.

Figures 3.30, 3.31, and 3.32 show the corrected transverse momentum spectra of
K? A(A), and =~ (§+) respectively at mid-rapidity (]y|<0.5) and the comparison
with that of the previous BES analysis. The pr spectra of strange particles from
previous BES analysis and current BES analysis at mid-rapidity (|y|<0.5) exhibit a
good agreement between the two analyses. Figure 3.33 to 3.40 represent the corrected
transverse momentum spectra of K2, A, A, =7, §+, Q- QO at different rapidity bins

in Au+Au collisions at \/syy = 19.6 GeV.
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Figure 3.30: The corrected transverse momentum spectra of K° at mid-rapidity
(Jy|<0.5) in Au+Au collisions at /syy = 19.6 GeV. The open circles represent K°
corrected transverse momentum spectra from BES-II analysis, and the solid circles
represent the corrected transverse momentum spectra from BES-I analysis. The lower
panel provides a comparison between these two datasets.



64 Chapter 3 Experimental analysis details and techniques

& 105:‘“\““\‘ LS LA I AL B B BN I
C T o 0-5% ]
% e VS = 19.6 GeV, AutAu =l ly|<0.5 : ‘rﬁ)%/(ﬁ%)?) 3
3 F O xT o 20-30%(x10%)
RS 1 00 ©O00) T OO 30-40%(x10%) ]
A E °°oo .@ + e L meis
x e ®8 ON) T ®® ® - w—smﬁiw% 3
= 5;8@8@8@ T 88@89 3
o 10°F ® ® ® © =+ 00! °° ® —
S L e, Po s @ o © I 0ol 0 8 ® @ E
- E O 0600 3 © 9 6 F ®@8 © 2 3
- oep, 0 o © o © F ®@ © 3
N ~10[_ RPN ® I C0) ©5 0 3
< 107°F ® ® T @® © ® B
3 = ® ® ® F ® ® -
= a O] T ® s
S | Solidcirdes Runi, BES o T 3
s 10 [ Opencircles: Run19, BESI T 7
. oy NI R i | I m I 14
27_ T T T T T - T T T T T 3
7 15 A
g ;
g 1%-@%@@5@&3@-@-@--?-- o
&b E r
@ O05F + E
E Il Il Il Il 1 F 1 Il Il Il 1
0 1 2 3 4 5 1 2 3 4 5
P, (GeVlc)

Figure 3.31: The corrected transverse momentum spectra of A and A at mid-rapidity
(Jy]<0.5) in Au+Au collisions at \/syny = 19.6 GeV. The open circles in both the
panels represent A and A corrected transverse momentum spectra from BES-II anal-
ysis, and the solid circles represent the corrected transverse momentum spectra from
BES-I analysis. The lower panels provide a comparison between these two datasets.
The square boxes in case of A show systematic errors.
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Figure 3.32: The corrected transverse momentum spectra of =~ and =" at mid-
rapidity (|y|<0.5) in Au+Au collisions at /syy = 19.6 GeV. The open circles in
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spectra from BES-I analysis. The lower panels provide a comparison between these
two datasets.
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Figure 3.33: The corrected transverse momentum spectra of K? in rapidity range |-
1.5,-0.75] and [0.75,1.5] in Au+Au collisions at \/syy = 19.6 GeV. The vertical bars
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Figure 3.35: The corrected transverse momentum spectra of A in rapidity range [-1,1]
in Au+Au collisions at \/syy = 19.6 GeV. The vertical bars represent the statistical
error, and the vertical bands represent the systematic errors.
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Figure 3.36: The corrected transverse momentum spectra of A in rapidity range [-1,1]
in Au+Au collisions at \/syy = 19.6 GeV. The vertical bars represent the statistical
error, and the vertical bands represent the systematic errors.
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Figure 3.37: The corrected transverse momentum
[-1,1] in Au+Au collisions at /syy = 19.6 GeV.
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Chapter 4

Results and discussions

In high-energy heavy-ion collisions, the study of strange and multi-strange particle
production provides crucial insights into the properties of the QGP and the dynamics
of the collision environment. Rapidity spectra, nuclear modification factor (R,,), and
baryon-to-meson ratios are one of the key observables that help in understanding the
interplay between partonic and hadronic phases of matter. In this chapter, we will
discuss the rapidity spectra, nuclear modification factor, and baryon-to-meson ratios

of strange and multi-strange particles.

4.1 Rapidity spectra

Due to the detector acceptance, it is difficult to reconstruct strange baryons in the low
pr region. The extrapolation to the unmeasured region in the transverse momentum
(pr) spectra of strange and multi-strange particles was performed in order to obtain
the pr integrated yield (%) of the particles. The extrapolation at low pr is crucial
as it makes a significant contribution to the % measurement, whereas the high pr
extrapolation contributes much less. The low pr extrapolation to strange and multi-

strange particles was done using the Boltzmann function of the form

d*N mp
T

_ - 4.1
2rprdprdy e ( )

where my = /m? + p% denotes the transverse mass of the particles, dy is the
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change in rapidity, T" represents the temperature, pr is the transverse momentum,

and dpp signifies the change in transverse momentum.

The integrated yield (%) obtained from the py spectra of particles and antiparti-
cles was plotted as a function of rapidity (y) for different centrality ranges to obtain
the rapidity spectra of strange hadrons. Figure 4.1 shows the rapidity spectra of K?,
A A, =, §+, Q~, and Q" in AutAu collisions at VSnvn = 19.6 GeV. For K?, the
rapidity spectra were calculated in the range [-1.5, 1.5] with a rapidity bin width
Ay =0.25. For A, A, 2, and §+, the rapidity spectra were calculated in the range
[—1.0,1.0] with a bin width Ay = 0.25. For Q~ and §+, the rapidity spectra were
calculated in the range [—0.9,0.9] with a bin width Ay = 0.3.

For K?, the lowest pr is ~ 0, hence extrapolation was not needed at low pr. For
A and A unmeasured pr region (< 0.2 GeV/c), the Boltzmann function was fitted
in the range [0.2,3.2] GeV /c for all the centralities. For 2~ and = unmeasured py
region (< 0.5 GeV/c), the Boltzmann function was fitted in the range [0.5,2.6] GeV /c.
For O~ and Q' unmeasured pr region, Boltzmann function was fitted in the range
[0.8,4.2] GeV/c. The blast-wave model [101] of the form

d*N R prsinhp(r) mrcoshp(r)
_ d | ——= K|———= 4.2
sy, " ( T ) " ( T ) o

In the above equation, I and K are the modified Bessel functions and p(r) =
tanh™' (), where 3 = Bs(r/R)". Here, fs is the surface velocity, and r/R and n
represent the relative radial position and the velocity profile parameter, respectively.
The value of n is set to 1. The exponential function of the form

2
_ &N x e T (4.3)
2nprdprdy

was also used as an alternative function for the low pr extrapolation to determine

the systematic uncertainty for dN/dy.

The rapidity spectra of K2, A, and =" exhibit Gaussian-like distributions, whereas
the spectra of A and =~ show broader distributions. This is mainly attributed to the

extra contributions from stopped baryons. At this energy, baryons and antibaryons
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Figure 4.1: Rapidity spectra of K2, A, A, Z, §+, ™, and Q" for different centrality
ranges in Au+Au collisions at /syy = 19.6 GeV. Vertical bands indicate systematic
errors.

can be produced via pair production, resulting in these effects. As a result, the
distribution of baryons show a plateau at midrapidity, whereas antibaryon distribution
remain Gaussian-like. The NA49 collaboration shows similar trends for baryons and

antibaryons [81].

4.2 Particle yield

Figures 4.2 and 4.3 show the normalized particle yields dN/dy/({Npart)/2) as a func-
tion of the average number of participating nucleon pairs (Np,) for various particles
(K° A, A, 27, §+, Q- ﬁ+) across multiple rapidity intervals in Au+Au collisions
at /syy = 19.6 GeV. Each panel represents a different particle type and is fur-
ther divided to show data within specific rapidity ranges, illustrating how particle
production varies with both the centrality and the rapidity of the collision. The nor-
malization by (Npart)/2 adjusts for the average number of interacting nucleon pairs,

providing a clearer comparison of particle production efficiencies across different colli-
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sion centralities. These normalized yield increase from peripheral to central collisions
at both negative and positive rapidities. This trend suggests a higher efficiency of par-
ticle production in more central collisions. Different rapidity ranges show consistent

trends.
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Figure 4.2: Particle yields denoted as dN/dy/({Npat)/2) as a function of the av-
erage number of participating nucleon pairs (Npu¢) for K2, A, 27, and Q in
Au+Au collisions at /syy = 19.6 GeV. The left panels in the above figure rep-
resent dN/dy/({Npart)/2) in the negative rapidity region [-1.5,0] for K?, [-1.0,0] for
A, =7, and [-0.9,0] for Q. The right panels represent dN/dy/((Npart)/2) in the pos-
itive rapidity region [0,1.5] for K?, [0,1.0] for A, ==, and [0,0.9] for Q. Systematic
uncertainties are indicated by vertical bands.
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Figure 4.3: Particle yields denoted as dN/dy/({Npart)/2) as a function of the average
number of participating nucleon pairs (Npat) for A, §+, Q" in Aut+Au collisions at
VNN = 19.6 GeV. The left panels in the above figure represent dN/dy/({Npart)/2)
in the negative rapidity region [-1.0,0] for A, =" and [-0.9,0] for Q" The right panels
represent dN/dy/({Npar)/2) in the positive rapidity region [0,1.0] for A, =", and
[0,0.9] for Q. Systematic uncertainties are indicated by vertical bands.

4.3 Nuclear Modification Factor (R,,)

Figure 4.4 shows the nuclear modification factor for K2, A+A, E_—{—§+, and Q- +Q
at mid-rapidity (|y|<0.5) and in a higher rapidity range (0.5<|y|<1.0) for Au+Au
collisions at /syny = 19.6 GeV. For py>2 GeV/c, the ratio is relatively flat and
exceeds unity. This enhancement in the high pr region could be attributed to the
dominance of coalescence over fragmentation during hadronization. Apart from this,
the R., values at mid-rapidity (|y|<0.5) are comparable to those at higher rapidity
(0.5<]y|<1.0), suggesting minimal dependence on rapidity.

Figure 4.5 shows the R, for A, A E, §+, Q- Q" in Aut-Au collisions at V/SNN
= 19.6 GeV. It also shows the R, results for 7=, 77, K, K~, p, and p taken from
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Figure 4.4: The R, values for K° A+A, E_+§+, and Q" +Q " at mid-rapidity
(ly|<0.5) and higher rapidity (0.5<|y|<1.0) in Au+Au collisions at /syy = 19.6
GeV.

[103]. We observe that the R, of particles and antiparticles of mesons are equal at
low pr region. However, the R, of antibaryons is lower than that of baryons at low
pr region. The lowering of R, of antibaryon than that of baryons may be due to

the annihilation of antibaryons in a baryon-rich environment in Au+Au collisions at

\/SNN = 19.6 GeV.

Figure 4.6 shows the R, values for A and A at different collision energies. The
R, of A, A at \/syn = 200 GeV is taken from [104]. The R, values of A, A at \/syn
= 39 GeV and 27 GeV were calculated using the transverse momentum spectra of A
and A taken from BES-1 [37]. The R, values of A and A at \/syy = 19.6 GeV is
calculated using the data from BES-II. We observe that the R., of A, A at \/synv =
200 GeV is similar to each other. For \/syy = 39 GeV and 27 GeV, the R, of A
is lower than that of A in low pp region. The difference between the A and A R, is
more pronounced at /syy = 19.6 GeV. This decrease of R, with decrease in collision
energy may indicate the annihilation of antibaryons in a baryon-rich environment at

low pr.

Figure 4.7 shows a similar effect in the R, of =~ and =" at different collision

energies. The R, of =7, =" at /sy = 200 GeV is taken from [104] and the R,, at
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Figure 4.5: Fig. (a), Fig. (b), and Fig. (c) show the R, values for 7%, 7=, K™, K,
p, and p taken from [103]. Fig. (d), Fig. (e), Fig. (f) show the R, of A, A, =~ =,

Q- Q" in AutAu collisions at Vsnn = 19.6 GeV. The bottom panel shows ratio of
antiparticle to particle.

Vsny = 2.76 TeV is calculated from the transverse momentum spectra taken from
[105]. For /syn = 39 GeV and 27 GeV, the R, of == and =" were calculated
using the transverse momentum spectra of =, =" taken from [37]. We observe that
the R., of =~ and =" at Vsnvn = 200 GeV and 2.76 TeV is similar to each other.
However, for \/syy = 39 GeV and 27 GeV, the R, of =" is lower than that of =~ at
low pr region. The difference between =~ and =" R, is more pronounced at /syn
= 19.6 GeV. This decrease of R, with decrease in collision energy may indicate the

annihilation of antibaryons in a baryon-rich environment at low pr.

4.4 Baryon-to-meson ratio

The baryon-to-meson (A/K?, == /K? Q= /K?) ratios and antibaryon-to-meson (A/K?,
Z7/K°, Q" /KY) ratios are studied at mid-rapidity (|y|<0.5) and the higher rapid-
ity range (0.5<|y|<1.0). Figures 4.8 and 4.9 show the baryon-to-meson ratios and
antibaryon-to-meson ratios, respectively, in Au+Au collisions at \/syny = 19.6 GeV.
An enhancement in the baryon-to-meson ratios and antibaryon-to-meson ratios is ob-
served at intermediate pr in most central collisions compared to peripheral collisions.

This enhancement may be significantly influenced by hadron formation through par-
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Figure 4.6: The R, of A, A at different collision energies from /syny = 200 GeV, 119
GeV, 27 GeV, and 19.6 GeV. The lower panel compares the ratio of R, of A and A.

ton recombination in the dense and thermalized medium of central collisions. The
enhancement decrease progressively from A/K? (A/K?) ratio to 2~/ K? (§+ /K?), and
O~ /K° (Q"/K?). This trend suggests a hierarchy in baryon production relative to
meson production, influenced by the varying masses and quark compositions of these
particles. Further, a clear rapidity dependence was observed between mid-rapidity

(ly|<0.5) and the larger rapidity range (0.5<|y|<1.0) in both baryon-to-meson ratios

and antibaryon-to-meson ratios.
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Chapter 5

Conclusion and outlook

In this thesis, we investigated the production of strange and multi-strange particles in
Au+Au collisions at y/syy = 19.6 GeV as part of the BES-II program. The significant
upgrade in the inner Time Projection Chamber (iTPC) during BES-II has enabled us
to extend the rapidity range from the previous BES analysis at mid-rapidity (]y|<0.5)
to a higher range (|y|<1.0) for A(A), = (") and for |y|<0.9 for Q_(ﬁ+).

We studied the rapidity spectra of strange and multi-strange particles. The re-
sults indicated that the rapidity spectra of particles are wider compared to those of
antiparticles and K? meson, which exhibited a more Gaussian-like distribution. This
is mainly due to the extra contributions from stopped baryons, where baryons are
more likely to be stopped in the collision zone, leading to a wider distribution. The
baryon stopping is a process where incoming nucleons lose a significant portion of
their longitudinal momentum, effectively becoming part of the hot, dense medium
created in the collision. This mechanism results in a higher density of baryons at
mid-rapidity, thus widening their rapidity distribution compared to that of K? meson

and antiparticles.

The R, at mid-rapidity (]y|<0.5) and higher rapidity (0.5<|y|<1.0) does not
show much rapidity dependence. Apart from this, we also studied the R,, of particles
and antiparticles separately. We observed that the R, of antibaryons is lower than

that of baryons at low pr, indicating the annihilation of antibaryons in a baryon-rich

81



82 Chapter 5 Conclusion and outlook

environment at low pr. Moreover, this effect decreases from the R, of A(A) to the
R, of E_(§+) and Q‘(ﬁ+). We also compared the separate R, of baryons and
antibaryons at different collision energies and observed that the R, of antibaryons

show a distinct split at low pr from that of baryons with decreasing collision energies.

We also studied the baryon-to-meson ratios (A/K?, 27 /K? Q7 /K?), and antibary-
on-to-meson ratios (A/K?, §+/K2, §+/Kg at both mid-rapidity (]y|<0.5) and higher
rapidity (0.5<[|y|<1.0). We observed an enhancement in the ratio of A/K? (A/K?)
at intermediate py in the most central collisions compared to peripheral collisions at
mid-rapidity (]y|<0.5) as well as at higher rapidity (0.5<|y|<1.0). This enhancement
was found to decrease as we moved from A/K° (A/K%) ratio to 2= /K (' /K°s), and
0~ /K° (0" /KY). This trend may indicate a hierarchy in the enhancement of baryon
production relative to meson production, which is most pronounced for A( A) and
diminishes for E*(EJF), and Q*(QJF). The decreasing enhancement could be due to
the varying masses and quark compositions of these particles. Multi-strange baryons
such as =7, =" and Q- Q" have higher masses and contain more strange quarks,
making them less abundant and more sensitive to the conditions in the medium. Fur-
ther, a clear rapidity dependence was observed between mid-rapidity (]y|<0.5) and
the higher rapidity (0.5<|y|<1.0) in both baryon-to-meson ratios and antibaryon-to-

meson ratios.

In conclusion, the observed split in R, of baryons and antibaryons at low pr, the
wider rapidity spectra of baryons compared to antibaryons, and the varying enhance-
ments in baryon-to-meson ratios at different centralities for strange and multi-strange
particles provide compelling evidence of the complex interplay between hadronic and
partonic interactions in the dense medium created in Au+Au collisions at \/syy =

19.6 GeV.

The results presented in this thesis are restricted to rapidity |y|<1.0 for A(A),

”_(EJF) and for |y|<0.9 for Q~ (Q+) The rapidity range beyond +1.0 for A(A) and

[1

E*(EJF) and beyond £0.9 for Q*(ﬁ+) does not provide a clear signal-to-background

ratio, making signal extraction in these ranges challenging. The signal-to-background
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ratio in the invariant mass distribution of strange hadrons at larger rapidity can be
improved by using sophisticated machine learning techniques. Omne such effective
approach is utilizing the TMVA (Toolkit for Multivariate Analysis) framework, which
is a ROOT-based package. Moreover, the STAR experiment has taken data at other
energies like the \/syy = 7.7, 9.2, 11.5, 14.5, and 17.3 GeV for Au+Au collisions.
The enhancement in baryon-to-meson ratios and antibaryon-to-meson ratios in the
most central collisions compared to peripheral collisions at intermediate pr and their
rapidity dependence can be further evaluated at these lower center-of-mass energies.
The baryon-stopping effect observed in the case of particles in Au+Au collisions at
Vsnny = 19.6 GeV, as indicated by the rapidity spectra, can be evaluated at different

collision energies.
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Appendix A

Appendix

A.1 Acceptance x Reconstruction Efficiency

Figure A.1: The acceptance x reconstruction efficiencies of A under the rapidity range
[-1,1] in different collision centralities in Au+Au collisions at /syy = 19.6 GeV.
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Figure A.2: The acceptance x reconstruction efficiencies of A under the rapidity range
[-1,1] in different collision centralities in Au+Au collisions at \/syy = 19.6 GeV.
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Figure A.5: The acceptance X reconstruction efficiencies of {2~ under the rapidity
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