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Abstract

Modern physics has been continuously developing since the 19th century, rigorous and scientific
theories have taught us that quarks and leptons constitute the mysterious and ever-changing
physical laws of nature through electromagnetic interaction, weak interaction, strong interaction,
and gravitation interaction. The strong interaction is the strongest of the four interactions and
plays an essential role in establishing the basic composition of the micro world and how the
laws of interaction and motion work between particles. The study of strong interactions has
led to the development of the strong interaction quantum field theory, also known as Quantum
Chromodynamics (QCD) theory, which is based on two fundamental components, namely quarks
and gluons, that are tightly bound inside hadrons and cannot exist independently. The lattice
QCD theory predicts that the transition from the quark-gluon confined hadron matter phase to
the deconfined Quark Gluon Plasma (QGP) phase is a smooth transition at high temperature
and low baryon density regions. However, the phase transition occurring at low temperature and
high baryon density regions is a first-order phase transition with an endpoint at the boundary
of the first-order phase transition, called the QCD Critical Point (CP). Currently, detecting and
determining critical points is a hot and frontier topic in high energy experimental and theoretical
physics. Recent theories suggest that light nuclei production based on the nucleon coalescence
model is closely related to the local baryon number density of system evolution, which predicts
that light nuclei in the final state will carry information about the phase transition of nuclear
matter, and light nuclei measurements in heavy ion collisions will also serve as an effective probe

to explore the QCD phase structure.

Light nuclei are relatively stable nuclei consisting of 2-40 nucleons, also known as nucleon
clusters. They are important objects of study in both low- and intermediate-energy nuclear physics

as well as high energy physics. After more than half a century of research and development,

iii
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many theories have been developed to try to understand the production mechanism of light nuclei
in heavy-ion collisions. Among them, the nucleon coalescence model and the thermodynamic
statistical model have been relatively successful, but there is still no definitive answer to this
question. In recent years, a theoretical proposal has been put forward that the nuclear compound
yield ratio (N, x N, /N2), light nuclei production based on the nucleon coalescence mechanism,
is directly connected to the local neutron density fluctuation in the final state system of heavy-
ion collisions. This fluctuation can be utilized as an effective signal for the phase transition of
nuclear matter. When the system undergoes a phase transition or approaches the critical point,
the correlation length of the system diverges, causing inhomogeneity of the local baryon number
density in the system. As the nucleon coalesce into light nuclei, the information related to the
fluctuation of baryon number density is directly carried in the light nuclei yield. Based on the
nucleon coalescence model, the yield of light nuclei strongly depends on the system volume and
freeze-out temperature, so the yield of individual light nuclei is very dynamic and is not an effective
observable to understand the dynamical evolution of the system. Otherwise, the compound yield
ratio N, x N,/ N2 of light nuclei can cancel the overwhelming density and volume effects, and the
possible nucleon density fluctuation hidden in the light nucleus yield has the chance of coming to

the surface.

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory in the United
States is one of the large-scale experimental facilities for high-energy heavy-ion collisions in the
world. Among them, the STAR experiment is dedicated to the experimental study of quark-gluon
plasma properties and QCD phase structure under high temperature and high density conditions.
The STAR. detector consists of multiple particle detectors with different functions. Its core track-
ing section includes a cylindrical Time Projection Chamber (TPC) and a Time-of-Flight detector
(TOF), which provide full azimuthal coverage and a large central rapidity region, as well as excel-
lent particle identification capability. Since 2010, the STAR Beam Energy Scan (BES) program
has collected data from Au+Au collision at center-of-mass energy range from 3 to 200 GeV, corre-
sponding to a baryon chemical potential of 750 to 25 MeV. This energy range covers a wide range
on the QCD phase diagram, providing an effective approach to experimentally study the QCD
phase diagram. This thesis mainly introduces: (1) the production of triton in Au+Au collisions at
VNN = 7.7, 11.5, 14.5, 19.6, 27, 39, 54.4, 62.4, and 200 GeV; (2) the extraction of the primordial
proton transverse momentum spectra and integrated yields at all energies except 200 GeV; (3) the

measurement of the nuclear compound yield ratio N, x N,/ N2 from 7.7-200 GeV. Enhancements

iv
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in the yield ratios relative to the coalescence baseline are observed in the 0%-10% most central
collisions at 19.6 and 27 GeV, with a combined significance of 4.10. The enhancements are not
observed in peripheral collisions or model calculations without critical fluctuation. Theoretical
predictions suggest that this non-monotonic behavior is closely related to the phase transition of
nuclear matter and the QCD critical point, but there is still no definitive answer. This study
systematically investigates the production of light nuclei in the first stage of the STAR BES-I, ob-
taining important experimental data for the measurement of heavy-ion collisions, including triton
yields, primordial proton yields, and yield ratios within a wide energy range. The proposed new
observations and experimental measurements provide fresh insights into the mechanisms of light
nuclei production in heavy-ion collisions and the understanding of the QCD phase diagram.

The thesis focus on the measurement process of triton production, proton weak decay correc-
tion, and the ratio of light nuclei in the STAR BES-I. The relevant analysis methods, correction
details, model comparisons, and discussions of physical significance will be presented one by one.
The paper consists of the following chapters: Chapter 1 provides an introduction to the back-
ground of modern physics and the research motivation of this subject. Chapter 2 introduces the
RHIC-STAR experimental setup, as well as the detectors and detection methods used in our study.
Chapter 3 describes the measurement of triton in the STAR BES-I, providing a detailed explanation
of the data analysis process and the final triton yield obtained. Chapter 4 addresses the weak decay
of strange particles on the published proton yield of STAR, outlining the correction process, and
providing the yield of primordial protons and the fraction of proton feed-down. Chapter 5 presents
the final results of our measurements and relevant discussions. Finally, Chapter 6 provides a brief
summary and outlook. Researching the production of light nuclei in heavy-ion collisions is of sig-
nificant scientific importance as it helps to understand the mechanisms behind their formation and
explore the QCD phase diagram.

Keywords: Relativistic heavy ion collision; QCD critical point; triton production; primordial

proton yields; light nuclei compound yield ratio.
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Chapter 1

Introduction

1.1 Elementary Particle and Standard Model

The exploration of the laws governing the microstructure of matter has been a fundamental
question in the process of human scientific exploration of natural mysteries for centuries. As far
back as the 4th century B.C., people have been studying the structure of matter. The ancient
Greek pre-Socratic philosopher Democritus proposed the atomism, in which he named the basic
elements or particles that make up matter “atom” However, this was only a hypothesis rooted in
a simple understanding of the natural world and lacked a rigorous scientific basis. In the early 19th
century, English chemist and physicist John Dalton proposed the atomic theory, which explained
many phenomena through the view that matter is made up of atoms. This theory achieved many
successes, but Dalton considered atoms as “indivisible masses” of matter. This view was prevalent
for a long time and represents a stage in the human understanding of the structure of matter. As
scientific understanding deepened, it became clear that the atom was not the “last mass”, but
was still separable and had a structure. Major discoveries at the end of the 19th century paved the
way for this new understanding of matter. The history of the discovery of the elementary particle
shown in Fig. 1.1.1. In 1895, Wilhelm Rontgen discovered X-rays. In 1896, Henri Becquerel
accidentally discovered the radioactivity of matter when studying X-rays. In 1897, J.J. Thomson
concluded that cathode rays were composed of electrons. These three discoveries ushered in a new
era in the study of the structure of matter, leading to a flourishing situation where the study of

the microstructure of matter progressed from the atomic lamina to the atomic nucleus level, and

1



RS TATS
DOCTORAL DISSERTATION

CHAPTER 1. INTRODUCTION

eventually to the elementary particle level.

In 1910, Ernest Rutherford devised the famous « particle scattering experiment that estab-
lished the fundamental nuclear model of atomic structure [17]. Four years later in 1914, Niels Bohr
proposed a model of the hydrogen atom consisting of an electron orbiting a proton, similar to a
planet moving around the sun. Bohr based his model on the opposing charges between the proton
and electron which causes them to be mutually attracted to each other, supporting the electron
in its orbit. Further utilizing the principles of early quantum mechanics, Bohr was able to calcu-
late the atomic spectrum of hydrogen resulting in data consistent with experimental observations.
However, this poses a challenge for atoms like * He, which carries only two electrons but has a
mass four times greater that that of hydrogen atom. This problem found its resolution with James
Chadwick’s discovery of the neutron [18], paving the way for the final understanding of classical
elementary particle physics, which established that matter is comprised of protons, neutrons, and
electrons. However, one difficult question remains unresolved, which is how the nucleons are held
together? From this period of classical understanding of elementary particle physics, superlative
concepts upholding the gravitas of Hideki Yukawa’s Meson, Paul Dirac’s Positron, and Wolfgang

Pauli’s Neutrino emerged.

The positively charged protons experience a strong repulsion from each other due to their
electrical charge. Despite this, they remain bound together in the nucleus of an atom, indicating
that there is a force stronger than electrical repulsion binding them together. This force is regarded
by physicists as one of the fundamental forces of nature, and it is known to be the strongest force.
However, due to its short range, it can only act over a distance equivalent to that of a nucleon.
The first theory of the strong force was proposed by Yukawa in 1934. He suggested that protons
and neutrons are attracted to each other by a field, similar to the way electrons are attracted to
atomic nuclei by the electric field. Yukawa went ahead to calculate the quantum nature of this
field, and his calculations resulted in the discovery of mesons. Mesons were particles that had a
mass approximately equivalent to 1/6 of a proton or 300 times that of an electron, and subsequent
research found the existence of other similar particles in cosmic rays. This discovery of additional
particles between the electron and the proton underscores the complexity and richness of subatomic
physics, and ongoing research is shedding more light on the structure of matter at its elementary

level.

During the early stages of exploring elementary particles, non-relativistic quantum mechanics

was already established, but developing relativistic quantum mechanics based on it was a challenge.

2



CHAPTER 1. INTRODUCTION

1890 1900 1910 1920
}"':':+:""'::"'}"'::"+}
e P
1920 1930 1940 1950
e S B A e
Pt ™ K*
1950 1960
| ~~ ..and man
IYTYrYY - and many
AT P VesR° P Vu O, '
KAZ 7 =z Ko n
K*fQ

(The Quark Idea)

(bottom)

(top)
(charm)
1970 * 1980 1990 ¢ 2000 2010

Mttt

JWY 1DY ANBWEZ B, t H
W Xc Y Z Ds Ab
Y Y =

Figure 1.1.1: History of the discovery of elementary particle.



RS TATS
DOCTORAL DISSERTATION

CHAPTER 1. INTRODUCTION

The first outstanding achievement was Dirac’s discovery of the equation named after him in 1927,
which is used to describe the free electron as given by the relativistic formula. In the initial
calculations, the electron energies had a problematic feature: for each positive energy solution,
there was a negative energy solution corresponding to it. At the end of 1931, Carl David Anderson
discovered positive charges in cosmic rays, which meant that Dirac’s theory had won a spectacular
victory. Furthermore, in 1930, scientists studying the nuclear g decay discovered that the change
from radioactive nuclide A to the slightly lighter nuclide B and the release of an electron was
contrary to the law of conservation of energy. In response to this, Pauli proposed that the end
state of 8 decay there is another electrically neutral particle emitted at the same time, which
Fermi later called neutrino. In the mid-1950s, experiments on the “inverse” 8 decay provided
conclusive evidence for the existence of neutrinos, and the law of conservation of leptonic number
was introduced. During this period, scientists discovered many previously undiscovered particles
in cosmic rays, such as K — 7% +77, K* — 7t +7t + 77, n, ¢, w, among others. The discovery
of A, =, ¥ and many other baryons in the 1950s and 1960s, as well as the operation of the first
modern accelerator (Brookhaven National Laboratory’s synchrotron), led to the conclusion that
there is a law of baryon conservation. However, this period also highlighted the dilemma faced by
physicists in exploring elementary particles, where the original simple few particles developed into
what seemed to be chaotic many particles. To find a way forward, physicists remembered Dmitri
Mendeleev’s periodic table of elements and set out to discover the “periodic table” of elementary

particles.

Murray Gell-Mann, the Mendeleev of elementary particles, is credited with introducing the
concept of the octet in 1961. This state involves arranging baryons and mesons into different
geometries based on their charges and strange number. Specifically, the eight lightest baryons are
arranged in a hexagonal square, with two in the center, in a similar manner, the eight lightest
mesons can be arranged to form a hexagonal pattern, known as the (pseudo-scalar) meson octet,
as depicted in Fig. 1.1.2. The discovery of the €2 particle in 1964 was a significant breakthrough
in the understanding of elementary particles, demonstrating the accuracy of the octet state and
decuplet state predicted by Gell-Mann. Subsequently, Gell-Mann and George Zweig independently
proposed that all hadrons are actually composed of more fundamental components, which Gell-
Mann named quarks [19]. Quarks come in three types, forming triangular octet states: u (for up)
carries charge 2/3 and has strange number 0; d (for down) carries charge —1/3 and has strange

number 0; and s (for strange) carries change —1/3 and has strange number —1. Each quark has
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an antiquark counterpart, carrying the opposite charge and strange number. Combinations of
these quarks adhere to specific rules: baryons consist of three quarks, while mesons consist of one
quark and one antiquark. This model allows scientists to classify existing particles easily, and even
predict the existence. The quark model was originally met with skepticism due to its apparent
contradiction with the Pauli exclusion principle. This principle states that no two particles with
half-integer spin, including quarks, can occupy the same state. This appeared to conflict with
the fact that the same quarks compose both the A and §2 particles. However, in 1964, Oscar W.
Greenberg introduced the concept of color, which posited that quarks have not only three flavors,
but also three colors [20]. It was suggested that all naturally existing particles are colorless, which
solved many of the problems previously encountered. For instance, it explained why particles

comprising two or four quarks were not possible and why a single quark could not exist in nature.

Figure 1.1.2: Octets of baryons and (pseudo-scalar) mesons. Figure taken from [1].

In the summer of 1974, a team led by Samuel C. C. Ting discovered the J/1) meson at
Brookhaven National Laboratory. The discovery was kept a secret until November of the same year,
when the Burton Richter group at the Stanford Linear Accelerator Center (SLAC) independently
discovered the new particle. Both teams then published their results at the same time, revealing
the discovery of the J /1 particle. After its discovery, there was significant discussion and debate
around the properties of this particle. Eventually, the explanation that the J /1 was composed of a
new kind of quark, ¢ and ¢, won out. While the fourth flavor quark was predicted by physicists years

ago, the discovery of a quark with a single ¢ confirmed the existence of the fourth generation quark,
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leading to a restoration of the quark model to its former status. The discovery of the 7 leptons in
1975 and the T baryons two years later expanded the number of leptons to six and confirmed the
existence of the b quark. As the collider continued to develop, the ¢ quarks were also confirmed in
the laboratory until 1995. Overall, these discoveries marked significant advancements in the field

of particle physics and expanded our understanding of the building blocks of the universe.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
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Figure 1.1.3: The standard model of elementary particles. The figure is from Ref. [2].

An interaction accomplished by exchanging certain particles, this posed a new challenge in
understanding weak interactions, where both theoretical predictions and experiments were difficult

to explore the mediator particles that transmit interactions. Theoretical physicists Tsung-Dao
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Lee and Chen-Ning Yang did a literature review on the question of parity conservation in all
fundamental interactions. They concluded that in the case of the weak interaction, experimental
data neither confirmed nor refuted conservation of parity. The discovery of parity violation in
the weak interaction through the Chien-Shiung Wu experiment in 1956 prompted a search for a
way to relate the weak and electromagnetic interactions [21]. The electroweak theory of Sheldon
Glashow, Steven Weinberg, and Abdus Salam finally solidified the theoretical predictions, and it
was not until 1983 that the particles, known as vector intermediate bosons, were confirmed in
the laboratory, with a mass almost 100 times that of the proton, reflecting a triumph of human
technology. In 2013, CERN made the groundbreaking announcement of the discovery of the Higgs
particle, which had been predicted for over half a century, and is considered the last piece of the
puzzle of the Standard Model, as shown in Fig. 1.1.3. The establishment of the Standard Model
marks a milestone victory, but it raises the question of what the next steps are in the development

of particle physics.

1.2 Quantum Chromodynamics(QCD) Phase Diagram and
Critical Point

In 1935, Yukawa proposed that the strong binding force between protons and neutrons in the
nucleus was due to the exchange of an unknown type of meson, a concept later confirmed by the
existence of m meson. The strong interaction is similar to the electromagnetic interaction, but with
a different mediator. While charge e marks the strength of electromagnetic interaction, g marks
that of the strong interaction. However, experiments measuring nuclear force have revealed that the
effective interaction strength is much larger than 1 with % ~ 14, compared to the electromagnetic
interaction with % = 1/137. Consequently, perturbation theory, which is applicable only when
the strength is much less than 1, has been abandoned. S-matrix theory and group theory, which
do not depend on perturbation expansions, have emerged as alternatives. In 1967, deep inelastic
scattering experiments by SLAC discovered Bjorken scaling, indicating that electrons at large
momentum transfer were interacting with many free point particles within protons, which R.
Feynman called partons. Further studies showed that partons were valence quarks and sea quarks
(quark-antiquark pairs). As momentum transfer increases, the very strong interactions between
quarks become weak, displaying an asymptotic free characteristic. Effective coupling constants are

defined for strong interactions as follows
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where f3; is a one-loop 3 function, encodes the running of a coupling parameter, N is the quark
flavor number, and A is the QCD scale. It is evident from the above equation that with an
increase in energy Q?, the strong interaction coupling constant « decrease, which refers to the
interaction between quarks tends towards 0. This finding quantitatively depicts the nature of strong
interaction. Several years of experimental tests and theoretical advancements have demonstrated
the validity of this theory, as illustrated in Fig. 1.2.1. This suggests that the QCD theory has

entered the phase of precise verification and development.

April 2016
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Figure 1.2.1: Summary of measurements of strong coupling constant as a function of the energy
scale Q. The figure is from Ref.[3], P155.

In ordinary conditions, quarks are confined among hadrons and exhibit color neutrality,
thereby making free quarks unobservable. However, when the energy density is high enough or the
medium reaches a sufficiently high temperature, the color charge will be revealed from the tightly

confined state due to the extremely environment. This process leads to a new state of matter that
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we call the Quark-Gluon Plasma (QGP), which has been shown to be produced in experiments
located at RHIC and LHC. The QCD phase diagram shown in Fig. 1.2.2 depicts the transition
between hadronic matter and the QGP at varying baryon chemical potential and temperature.
At high temperature and vanishing baryon chemical potential (uz = 0 MeV), Lattice QCD cal-
culations reveal that the transition between hadronic matter and QGP is a smooth crossover and
occurs at a temperature of 7, = 156 MeV [22, 23]. Conversely, QCD-based model calculations
suggest that there is a first-order phase transition at large baryon chemical potential, which should
end at a critical point (CP) toward the crossover region [24, 25, 26, 27, 28, 29]. If the theoretical
predictions hold, the phase transition line of first order is expected to terminate at a CP near the
crossover region. A key challenge is to identify experimentally the location of this CP in the QCD
phase diagram at finite baryon density. The experimental detection of this critical point would

constitute a major achievement in the quest to unravel the QCD phase structure.
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Figure 1.2.2: The QCD phase diagram in terms of temperature and baryon chemical potential.
The red line indicates a freeze-out line while the black line indicates the QCD phase transition

boundary. The black open square is the conjectured QCD critical point. The figure is from Ref.[4].
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1.3 Relativistic Heavy Ion Collision (HIC)

Initial State pre-equilibrium

Quark Gluon

Plasma Hadronization Hadron Gas

Figure 1.3.1: Simplified picture of a central collision of two high energy nuclei in the centre-of-mass

frame. Colliding nuclei appear as thin discs due to Lorentz contraction. The figure is from Ref. [5].

Relativistic heavy-ion collisions offer an effective method to study strong interactions. When
two nuclei moving close to the speed of light collide, or collide in a fixed target mode, the enor-
mous energy deposited at the center of the collision produces thousands of new particles. The
identification of these end-state particles, as well as their kinematic characteristics, provides new
insights into elementary particles and their interactions. The space-time evolution of relativistic
heavy-ion collisions can be roughly divided into several processes as shown in Fig. 1.3.1, the first
of which occurs under the nucleon center-of-mass reference frame of two colliding nuclei close to
the speed of light, during which the colliding nuclei become Lorentz-contracted, similar to the
overlap of two discs. In the central collision region, the energy density reaches the highest, leading
to the creation of a new state of matter known as QGP, in which the system consists of gluons
saturated in phase space. During the initial 1 fm/c, the quantum fluctuation of the classical field
is considered the reason for the system achieving spatial anisotropy as well as local thermalization,
while after a few fm/c, the system reaches local thermalization. With the expansion and cooling
of the QGP, the quarks combine into hadrons, which is the beginning of the hadronization phase.
The initially produced hadrons have high energy, and the inelastic collisions start to stop at a short
time after hadronization, which is also known as the chemical freeze-out of the system. Following
the chemical freeze-out, the chemical components of the system remain unchanged, and only the
decay of resonance and annihilation of positive and negative particles can alter the particle yields.
The multiple scattering between hadrons is elastic collisions after the chemical freeze-out, and a

collective flow continues to build up until the average distance between hadrons exceeds the range

10



Wtz prie 3 (|
DOCTORAL DISSERTATION

CHAPTER 1. INTRODUCTION

of their interactions. At this point, all collision has ceased, which is referred to as kinetic freeze-
out, and free hadrons move towards the detectors [30, 31]. The identification and kinematical
characteristics of these end-state particles will provide new insights into elementary particles and

their interactions.

1.4 Light Nuclei Production in HIC

1.4.1 Importance of Light Nuclei Production

Light nuclei are relatively stable nuclei consisting of two or more nucleons, typically containing
no more than 40 nucleons, also known as nucleon clusters. These nuclei are generally classified
according to the number of nucleons and the binding energy, as illustrated in Fig. 1.4.1. The
binding energy of a nucleus reflects the tightness of the binding between protons and neutrons,
and is best measured by the average binding energy of each nucleus. Measurements show that the
average binding energy is slightly greater than 8.6 MeV for nuclei with mass numbers ranging from
40-120, but is smaller than 8.6 MeV for nuclei with mass numbers outside of this range. Light nuclei
are significant objects of study in low-energy (Projectile energy E < 30 MeV), intermediate-energy
(50 MeV < E < 1 GeV) nuclear physics, and high-energy heavy-ion collisions [32]. Despite being
seemingly simple nucleon systems, especially in the non-relativistic approximation, the two-body
problem can be solved rigorously. However, the study of light nuclei becomes more complex as
more nucleons are introduced, enabling the exploration of nuclear forces and the discovery of rich
nuclear structures.

In nucleon-nucleon collisions, when the energy per nucleon in the momentum center-of-mass
system exceeds about 20 MeV, the nucleon is shattered, leading to multiple end-state particles due
to induced nuclear reactions. Any final state is allowed, as long as the charge and baryon numbers
are conserved. Among the end-states, the relative abundance of neutrons, protons, deuterons,
tritons, etc., is not significantly restricted by energy, momentum, and angular momentum conser-
vation. In high-energy heavy-ion nuclear reactions, the excess energy, momentum, and angular
momentum are carried by the various nuclei in the final state. Therefore, it is impossible to enu-
merate the ways in which end-states are combined, especially when larger nuclei are involved. As

a result, to understand the mechanism of light nuclei formation, we first need to conduct a large

'https://en.wikipedia.org/wiki/Nuclear binding energy
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Figure 1.4.1: Binding energy per nucleon for a selection of nucleus®.

number of studies on the reaction and states of proton-nucleus. Deuterons are the most represen-
tative light nuclei product in proton-nucleus reactions and thus, the easiest pathway for studying
the mechanism. The proton-neutron pair production kinetics into deuterons in collisional nuclear
reactions is a fundamental part of this study. Specifically, the interaction of the field excited by the
proton-neutron pair with other nuclear matter in the final state and the nuclear forces between the
proton-neutrons allow them to combine into stable deuterons. Similar principles apply to clusters

of light nuclei with more nucleons.

1.4.2 The Formation Mechanism of Light Nuclei in HIC

Over more than fifty years of research and development, many theories have been proposed
to better understand the process of light nuclei formation in HIC. Out of these, two theories that
have shown significant success are the nucleon coalescence model and thermodynamic statistical
model. In the case of the coalescence model, perturbation theory has been introduced among
theoretical physicists for calculations. The core mechanism of the coalescence model is that the
probability of cluster formation is determined by the inner product of the Wigner function of the

cluster in phase space and the freeze-out distribution function of each component particle in phase

12



P2 e 3

CHAPTER 1. INTRODUCTION
DOCTORAL DISSERTATION

space. Such as, the momentum space density of deuterons can be represented as a square of the
distribution of nucleon number density. The correlation coefficient that arises here is related solely
to the binding energy of the nucleon and the optical potential of the nucleus, while also being
a momentum-dependence factor and a Lorentz-invariant quantity. This simple model offered a
relatively effective prediction for heavy-ion experiments in the past century [33]. However, with
nuclear physics experiments becoming ever-more complex, the coalescence model has occasionally
resulted in discrepancies that scientists have attributed to other mechanisms, such as quasi-elastic
knock-out of clusters or indirect nucleon dissociation. These effects have continued to appear in
nucleon collision experiments, underscoring the importance of continued research and development

in this area [34, 35, 36].
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Figure 1.4.2: The cartoon shows the coalescence of nucleons. p, is the effective interaction radius.

The proposed idea that the formation of deuterons in proton-nucleus reactions is independent
and their momentum distribution should be proportional to the product of the proton and neutron
momentum distributions has been discussed based on phase space. The nuclei density in momen-
tum space is proportional to the proton density times the probability of finding a neutron within
a small sphere of radius p, around the proton momentum as shown in Fig. 1.4.2. In this context,
Dy is a momentum-dependent parameter that is experimentally determined, and not predicted by
the model. However, it has been proposed that this parameter applies only to a small momen-
tum interval, and can be interpreted either as the Fermi momentum of the target nucleus or as
the meson mass that mediates its interaction. When nuclei collide at high energies, a significant
amount of the longitudinal momentum (in the beam direction) is converted into excitation energy
during the nuclear reaction. However, when it comes to violent heavy-ion collisions, referring to
a static nucleon optical potential does not hold much meaning. Therefore, the validity of kinetic

models in high-energy heavy-ion collisions is brought into question. The coalescence mechanism
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in high energy heavy-ion collisions has been studied extensively, with particular attention paid to
the phase space reasoning of the mechanism. A formula for nucleon coalesce related to the number
of nucleons, A, has been developed, with coefficients varying according to the specific situation.
However, subsequent experiments on coefficients measurements and corrections have revealed that
the ratio between observed nuclear fragmentation and original proton momentum distribution is
often not accurate, as the actual data show a distribution between observed nuclear fragmentation
and observed proton momentum. Furthermore, the coalescence model does not provide insights
into the dynamics of nucleon coalesce, such as how the coalescence parameter changes depending
on nuclear fragmentation, nucleus-target combination, or beam energy.

The collision of large nuclei in the center results in the compression and excitement of nuclear
matter at enormous energies. While the correlation between nucleons is likely to be greater in
higher density nuclear matter, the presence of clusters of light nuclei is still unclear. The time
scale for independent nucleons to coalesce into light nuclei is assumed to be higher than the
interparticle collision rate, and the sudden approximation in quantum mechanics is used to estimate
the probability of forming clusters from Z protons and N neutrons, N = A — Z. The Wigner
function distribution of nucleons in phase space is used to form the wave functions of light nuclei,
including the position and momentum of their internal wave functions. Late studies have shown
that this mechanism is similar to the coalescence model in the phase space structure [37]. When
assuming the distribution of all nucleons in phase space is uniform, it takes the form of the

coalescence model, like the given formula.

A3N BN\ BN #N\
E,——2 =B,| E,—2 E,——n ~B,| E,——2 1.4.1
4 dp, A( ”d?’pp) (”d3pn> A( ”d3p,,> 4y
where Ep% is the Lorentz-invariant momentum distribution of proton before coalescence into
p

nuclear fragments, A is the mass number, Z is the proton number. p, = Ap,. The coalescence
parameter B 4 reflects the probability of nucleon coalescence, which is related to the nucleon freeze-
out correlation volume [38, 39].

Followed by the introduction of the thermodynamic model assumption. After the high tem-
perature and high density nuclear matter expansion ceases, the system reaches a state of chemical
equilibrium among the proton, neutron, and light nuclei. As time progresses, the elastic collisions
between particles completely disappear, causing all particles to move along a straight line trajec-

tory until they reach the detector. The temperature of the system, the chemical potential of the

14



Wtz prie 3 (|
DOCTORAL DISSERTATION

CHAPTER 1. INTRODUCTION

protons and neutrons, and the volume V' can be used to describe the state of the system after
freezing and dissociation. States consistent with the conservation of charge and baryon numbers
are populated based on the Boltzmann factor in the statistical mechanics partition function. It
should be noted that the conservation law still holds even if the nucleus under consideration is not
in the ground state.

For a multicomponent hadron gas system with volume V' and temperature 7, the particle

multiplicity density is

_ G S, 1 3
Ni/V = (2m)3 s /exp(W>i1d p (1.4.2)

ch
where NV, is the abundance of particle species ¢, g, is the spin degeneracy, B; and S; are the baryon
number and strangeness number, respectively, E; is the particle energy, and the integral is taken
over all momentum space. The model parameters are the chemical freeze-out temperature (7.,),
the baryon (up) and strangeness (ug) chemical potentials, and the strangeness suppression factor
(7g)- Usually, we use the statistical model THERMUS [40] and assume that the system can be

represented by a Grand Canonical Ensemble in HIC.

1.4.3 Neutron Density Fluctuation - The Light Nuclei Compound Yield
Ratio

Similar to the critical opalescence phenomenon observed in the liquid-gas phase transition,
when the system reaches its critical point, the correlation length of the system diverges, causing the
wavelength of the incident light to be comparable to the correlation length, leading to enhanced
light scattering [41]. The production of matter in relativistic heavy-ion collisions can lead to a
large baryon number density fluctuation when the conditions of its system reach a first-order phase
transition or vicinity of the critical point. The correlation length increases dramatically near the
critical point, leading to a density rise in the number of baryons formed, which reaches a maximum.
If this density rise can be retained during the hadron evolution of heavy-ion collisions, there should
be a strong fluctuation in the nucleon number density, resulting in a significant inhomogeneity in the
phase space distribution of the end-state particles during chemical freezing, as shown in Fig. 1.4.3.
Based on the nucleon coalescence model, the theory predicts that the production of light nuclei
is directly related to the fluctuation of the system in local baryon number density. The yields of

deuteron and triton are simply given by Eq. 1.4.3
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Figure 1.4.3: In the vicinity of the critical point or the first order phase transition, density fluctu-

ations become larger [6, 7].

2 2T 39
N, = W(moTeff) 2N, <n > (1+aln) (1.4.3)
N, 33/2( 2T VN, <> [1+ (1 +20)An) (1.4.4)
= — n « n 4.
L4 o mgTL P

where < . > denotes the average value over space, my is rest mass of the nucleon, a being the
correlation coefficient for proton and neutron, An =< (én)? > / < n >2 is a dimensionless quantity
that characterizes the relative density fluctuation of neutrons. The ratio of the compound yields,
N, xN,/ N2 where N, is the primordial proton yield, N, is the deuteron yield, and IV, is the triton
yield, is proportional to the neutron density fluctuation of the system evolves [42, 43, 44]. Based
on the coalescence model, we understand that the production of light nuclei is strongly dependent
on the nucleon emission volume and kinetic freeze-out temperature of the system, which makes
their yields highly dynamic, influenced by the nucleon density and system volume. This dynamism
makes it challenging to spot any anomalies in the yield of deuteron and triton, without considering
the intricate details of the system’s dynamic evolution. To cancel out the overwhelming effect of

density, volume and etc., we need to take the yield ratios (N, x N,/ N2). This cancellation provides
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a chance for the nucleon density fluctuation hidden in the light nuclei yield to come to the surface.

The nucleon coalescence model and neutron density fluctuation, along with preliminary mea-
surements by the STAR Collaboration [45], have provided theoretical predictions about the po-
tential effects on the production of light nuclei as the system approaches the QCD critical point.
These effects are predicted when the system lifetime is sufficiently long in relation to the nucleon
coalescent time, and when quantum effects affecting the interaction of several nuclei at finite
temperatures are taken into consideration. To further investigate this phenomenon, additional
measurements of the light nucleus compound yield ratios are proposed, which may provide more
insight into the enhancement due to the fluctuation of the baryon number density. Specifically,
the ratios N, x N,/Nap, x Ny, He and a will be included in these measurements [46, 47, 48, 49].

1.5 Thesis Motivation

The purpose of this thesis is to systematically measure the production of light nuclei in the
STAR BES-I. The main work consists of two major parts. The first part involves the measurement
of triton production, the second part involves the proton feed-down correction from the strange
particles weak decay. The ultimate goal of this research is to extract the light nuclei compound
yield ratio (N, x N,/N3) and discuss the associated physics based on the gathered data. The
first phase beam energy scans were conducted by the STAR collaboration between 2010 and 2017.
During this time, Brookhaven National Laboratory collected critical experimental data, specifically
for the final state particle in Au+Au collisions model, with the leading energies of |/syy= 7.7,
11.5, 14.5, 19.6, 27, 39, 62.4, and 200 GeV under the center-of-mass frame. Additionally, this study
includes measurements of the light nuclei and primordial proton of 54.4 GeV produced in 2018.

The triton yield measurements were carried out in a thorough process that involved the entire
data analysis process of the STAR experiment. This included selecting relevant data, events
and tracks selection, particle identification, extracting signals, correcting for detector efficiency,
estimating errors, discussing results and making physical assessments. However, due to the rarity
of triton particles, a certain level of statistical requirements had to be met for this analysis. This
led to some difficulties in the signal extraction process during the BES-I analysis. To address
this, we used various methods such as adjusting bin widths, transforming fitting functions, bin
counting and more. We also took into account the systematic uncertainties associated with this

aspect in our final results. As a part of triton comes from the beam pipe and detector material, we
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carried out a signal background subtraction. This involved using the signal distribution of the anti-
triton, under the assumption of no knock-out of the anti-triton, for the background subtraction of
triton. However, it is worth noting that anti-triton are largely unmeasured at low energies. As a
result, the acceptance of the signal extraction in our measurements has some limitations, starting
from transverse momentum greater than 1.2 GeV/c. In heavy-ion collisions, strange baryons and
their (anti)particles, which include A, ¥*, 2% =, and Q~, undergo weak decay, resulting in the
production of (anti)protons. The primordial yields of (anti)protons are often analyzed to study the
properties of the hot dense medium formed in such collisions. However, to obtain accurate results,
it is essential to subtract the (anti)protons produced through weak decay contributions from the
inclusive yields. A data-driven method has enabled a smooth correction process.

The main objective of this study was to evaluate the ratio of light nuclei compound yields
through the formula N, x N, / Nz. Although the research had some challenges, the data necessary
to calculate the ratio was obtained successfully. However, there were difficulties in estimating the
systematic error. To address this problem, the researchers engaged in methodological discussions,
and as a result, they were able to estimate the systematic error by implementing five fit functions
to each individual particle spectra using the same function for all particles. The researchers varied
the yield and ratio with distinct functions to derive the difference in the ratio. It was concluded
during this phase that the primary source of error was the unmeasured interval, and there was a
connection between these errors in the energy-dependent distribution. Therefore, the final error
was divided into two parts: energy-dependent correlated and random.

Our research findings demonstrate interesting and important results regarding the energy-
dependent light nuclei compound yield ratio in central collisions. We observed a non-monotonic
behavior that was not seen in peripheral collisions or models without a critical point. Our study
employed the coalescence model, which revealed that the yield of light nuclei strongly depends on
the nucleon emission volume and kinetic freeze-out temperature of the system. We recognize that
the yield of light nuclei is dynamic and closely associated with the nucleon density and system
volume. This makes it challenging to identify any anomaly in the yield of deuteron and triton
without knowing the specifics of the dynamical system evolution. We utilized the yield ratios
of Ny x N, / Nfl to cancel out the overwhelming density and volume effects, allowing the possible
nucleon density fluctuation hidden in the light nuclei yield to surface. Further studies are necessary
to determine whether the enhancements seen in heavy-ion collisions are attributable to large baryon

density fluctuations near the critical point.
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Chapter 2

Experiment Setup

2.1 Relativistic Heavy Ion Collider

BRAHMS

Figure 2.1.1: The Relativistic Heavy Ion Collider located in Brookhaven National Laboratory,

USA. Accelerated heavy ions can collide at six intersection points on the RHIC ring.
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The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory on Long
Island ! is considered the highest brightness proton spin-polarization collider in the world shown
as in Fig. 2.1.1 [50]. This machine plays a crucial role in enabling physicists to study the high
energy density and high temperature matter produced microseconds after the Big Bang. The
project, which began in 1991 and completed in 1999, and it includes four detectors, namely,
BRAHMS, PHENIX, PHOBOS, and STAR 2. RHIC is a cross-storage ring particle accelerator
that contains two hexagonal-shaped storage rings ( “yellow” and “green”) with a circumference of
3834 m. The particles in these storage rings are deflected and focused using 1749 superconducting
magnets. The bird’s eye view of RHIC, as shown in Fig. 2.1.1, includes six intersections at the
midpoint of each of the six sides where particles can collide. Additionally, the entire process of
accelerating gold atoms at RHIC is multi-stage, involving electron stripping outside the nucleus
and the use of several accelerators, including the Electron Beam Ion Source (EBIS) accelerator, the
small Booster, and the Alternating Gradient Synchrotron (AGS). Finally, the gold nucleus, with a
+79 charge, is injected into the storage ring through a beam line into the two rings of RHIC [51].
Since its operation in 1999, RHIC has been an incredibly successful operation, enabling researchers
to gather valuable information about the universe’s formation.

In January 2020, the U.S. Department of Energy announced its plans to construct an Electron
Ton Collider (EIC) ® at BNL. Consequently, the STAR experiment conducted on the RHIC ring will
soon come to an end, marking a significant chapter in history. However, the announcement also
means that the RHIC ring will be assigned a new mission, and they assert that “While advancing
the state of the art of particle colliders, the EIC will enable the U.S. nuclear physics community,
with world-wide participation, to take a giant step forward in the centuries-old quest to understand
the nature of matter at its most fundamental level, providing the clearest picture yet of how the

elemental quarks and gluons interact to form the basic structure of atoms and nuclei.” [52].

2.2 STAR Detector System

The STAR detector is a crucial component of heavy-ion collision detection systems on the

RHIC ring and is one of the few such systems in the world. It is situated at 6 o’clock on the

Lhttps://www.bnl.gov
Zhttps://www.star.bnl.gov
3https://www.bnl.gov/eic/
4https://www.bnl.gov/rhic/images.php
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Figure 2.2.1: Left: Perspective view of the STAR detector, with a cutaway for viewing inner
detector systems. Right: Beam’s eye view of a STAR detector. The event on the right side was
drawn by the STAR level-3 online display®.

ring and has a very large uniform acceptance and azimuthal angle covering the mid-rapidity.
Fig. 2.2.1 provides a visual representation of the STAR detector. The primary objective of the
STAR experiment is to investigate whether a new state of matter exists at extremely high energy
density and to examine the QCD phase structure. The experiment is on the lookout for indications
of the presence of the QGP phase transition and the underlying nature of strong interactions at
high energy densities by simultaneously measuring various observables. To achieve this goal, the
detector is designed to measure hadron products at a wide solid angle, with a focus on particle

identification and momentum analysis using high spatial and time resolution.

2.2.1 Time Projection Chamber

The Time Projection Chamber (TPC) serves as the primary tracking device at STAR, as
depicted in Fig. 2.2.2. Tt has been designed to record particle trajectories and provide relevant
information about particle momentum and ionization energy loss (dE/dx) as the particle passes
through the TPC gas. STAR’ s TPC is currently the second-largest in the world, situated in a large
solenoidal magnet operating at 0.5 T. It has a cylindrical geometry with one central membrane

cathode and two end-caps, covering about 41 units of pseudorapidity (n) and the full azimuthal
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Figure 2.2.2: The time projection chamber of the STAR detector system. The collisions take place

near the center of the TPC in collision model.

angle coverage (0 < ¢ < 2m). The entire TPC is divided equally into left and right parts by the
central membrane, which can reach a high voltage of 28 kV'. The field cage is a 4.2 m long cylinder
that is 4 m in diameter, containing 183 resistive and equipotential rings along the inner and outer
field cages of the TPC, which create a uniform drift electric field ( 135 V'//em). The end-caps contain
thin-gap, Multi-Wire Proportional Chambers (MWPCs) with a pad plane readout surface on the
outermost cathode surface. Each TPC end-cap is divided into 12 identical super-sectors, each of
which comprises an outer sector and an inner sector. The outer sector has 3940 rectangular pads of
6.2 mm by 19.5 mm in size, which are arranged in 32 rows. The inner sector has 1750 rectangular
pads of 2.85 mm by 11.5 mm arranged in 13 rows, as shown in Fig. 2.2.3 [53]. For each segment of
an ionized track, the primary signal electrons are multiplied by avalanches near the anode wires.
The amplitudes of these signals are digitized as a function of time, and the measurement of drift
time allows determination of the z—coordinate (perpendicular to the MWPCs and parallel to the
RHIC beam), while the pads provide the (x,y) coordinates (perpendicular to the beam). This
three-dimensional tracking capability of a TPC allows the determination of individual momenta of

charged particles by tracking them through a solenoidal magnetic field and identifying them with
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multiple energy-loss (dE/dz) measurements. The sensitive volume of the TPC contains P10 gas
(10% methane, 90% argon) regulated at 2 mbar above atmospheric pressure. The drift velocity of
electrons in this gas is relatively fast, at 130 V' /em, and generally stable at 5.45 ¢m/us. Charged
particles can be identified by the TPC in a wide range of the transverse momentum from 0.15-30
GeV/c, and if the magnetic field is reduced to 0.25 T, the lowest lower limit of particle momentum

is 0.075 GeV /c.
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Figure 2.2.3: Pad plane layout for one super-sector.

In the STAR experiment, the Bethe-Bloch equation is utilized to calculate the theoretical
energy loss that is experienced by a charged particle while passing through the STAR TPC. The
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energy loss is commonly referred to as the mass stopping power and can be expressed using the

following equation [3]

dE Z 1,  Eno= )
_ — K22 — [p—=kin_ _ g2 __ ~ 2.2.1
dz * A,B2[ln 1 g 2] ( )

where K = 47N r2m c? is a constant equal to 0.307075 MeV mol ‘em?, z represent the
charge number of the incident particle, Z and A is the atomic number of absorber and atomic mass
of absorber, Fj* is the maximum transfer kinetic energy transferred from the incident particle
to the stationary electron. [ is the average excitation energy, is the density effect correction
parameter. The Fig.2.2.4 shows as an example, the mass stopping power for a positive muons in
copper as a function of Sy = p/Mec over nine orders of magnitude in momentum. For the STAR

TPC, the main operating work in the Bethe range.
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Figure 2.2.4: Mass stopping power (—dE/dz) for positive muons in copper as a function of v
over nine orders of magnitude in momentum. Vertical bands indicate boundaries between different

approximations region.
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2.2.2 Time of Flight

The STAR detector in the high momentum interval has been enhanced with the proposed
barrel Time of Flight (TOF) detector, which was implemented in the STAR experiment in 2010 [54,
55]. The TOF detector is based on the Multi-gap Resistive Plate Chamber (MRPC) technology
and is mounted in the outer cylinder of the TPC installation. It is made up of a total of 120 trays,
60 on each side of the east and west, with each tray containing 34 modules. The TOF detector
covers a range of pseudo-rapidity (n) of 0.9, as well as the azimuthal angle coverage with 27. The
TOF intrinsic time resolution is 80 ps, and particle identification by TOF can significantly improve
the identification of particles with high transverse momentum. It should be noted that the start
time of the TOF system is provided by the vertex detector upVpd. Fig. 2.2.5 shows the TOF
detector, and Fig. 2.2.6 shows the side view of each MRPC module schematic.

Figure 2.2.5: The Time of Flight detectors are pink cylinders with patches covering the external
cylindrical field cage of the TPC. °.

The MRPC is a resistive plate chamber that operates in avalanche mode. The gas gap in
the MRPC is divided into multiple small gas gap cells by a series of resistive plates, which are
“transparent” o the induced signal generated by the gas avalanche. The STAR MRPC module has

Shttps://nsww.org/projects/bnl/star/sub-systems.php
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six gas gaps of 220 um operating at 14 kV with a gas mixture 95% CyH,F, and 5% iso-butane at
1 atmosphere. The onset time of the time-of-flight (TOF') detector is determined by the pseudo-
vertex position detectors (pVPD) on both sides, which are located 5.4 m from the center of TPC
along the beam pipe. The starting time resolution is corrected to 85 ps. TPC detector is used to
obtain the path length (L) and momentum (p) of the particle. The velocity of flight 5 as well as

particle mass m are then calculated by

L
B=— (2.2.2)

m? =p*(= —1) (2.2.3)
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Figure 2.2.6: The time projection chamber of the STAR detector system. The collisions take place

near the center of the TPC in collision model.
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2.3 Simulation of STAR Experiment

GSTAR/Starsim is a simulation framework that is used for STAR detectors using GEANT ©
simulation package. The Starsim package currently includes multiple modules that consist of the
geometries of different sub-detectors, beam pipe, vertex detectors, TPC, etc. Additionally, it also
contains execution tasks under user control such as i/o, particle generation, on-flight analysis, and
other operational programs. We should note that in the current case, there are may be reference
to GSTAR. which was a prototype for the current system - Starsim. Due to the large degree of
backward compatibility in Starsim, all previously known information remains valid. Procedures
that are experiment specific are used to read event generator information, detector geometries,
new particles properties and decays, definition of hits are then compiled into shared libraries and
loaded in the framework for execution.

The StMiniMcMaker package is highly relevant in our analysis as it provides data on
the acceptance efficiency of the sub-detector TPC and the simulation data on the weak decay
of strange particles into protons. StMiniMcMaker is essentially responsible for filling in the
classes in StMiniMcEvent, which are used to store basic information about the simulated and
reconstructed tracks for both embedded and fully simulated events (e.g. Hijing + GEANT + TRS).
The trees in the output file are then used to make the histograms needed for efficiencies. The output
file contains eventwise information at the top level and several branches for each event. The Monte
Carlo tracks are saved in their individual trackwise branch so that all of the original Monte Carlo
information is available. The other branches are pairwise, with each entry representing a pair
of tracks: one MC and one Reconstructed. For the reconstructed tracks, important information
like the global track parameters, the primary track parameters, the number of fit points, etc., are
stored. On the other hand, For the Monte Carlo tracks the GEANT ID, four momentum, number
of MC tpc hits, etc., is stored. In addition, pairwise information, e.g. the number of common hits
between the tracks found by the association maker is stored in several pairwise branches which are

used for different purposes [56]:

e MC Tracks: Holds all Monte Carlo tracks in the event. Uses class StTinyMcTrack.

e Matched Pairs: Holds MC track to primary track matches. Uses class StMiniMcPair, which
inherits from St TinyMcTrack and from StTinyRcTrack, and adds additional information.

Shttps://geantd.web.cern.ch
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e Contamination Pairs (weak decay products, secondary tracks): Holds MC tracks that are
not daughters of the primary vertex that are matched to reconstructed primary tracks. This
happens when a MC that can come from a decay or from a secondary interaction is deemed

by the tracking software to come from the reconstructed primary vertex. Uses class StCon-

.
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Figure 2.3.1: Left:In STAR simulation, the class StMiniMcEvent mainly stores the types of
tracks, and different types of tracks are used for different physical analyses. Right: The tracks
are stored in the form of a tree for the example of the decay of strange particle into proton in the
STAR simulation.

The remaining tracks in this class have not been individually listed. Fig. 2.3.1 partially
displays the MC tracks and Contamination pairs analysis code utilized to determine the correction
for proton weak decay feed-down. On the right-hand side, the information retained in various tracks
after data reading is visible, enabling identification and tracing of every track for the extraction of

pertinent physical information.
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Analysis Details for Triton

3.1 Data Set

In this analysis, data was collected by the STAR experiment at RHIC for Au+Au collisions
at \/syn = 7.7, 11.5, 14.5, 19.6, 27, 39, 54.4, 62.4 and 200 GeV. The 7.7, 11.5, 39, and 62.4 GeV
data were collected in 2010, the 19.6, 27, and 200 GeV data were collected in the year 2011, while
the 14.5 GeV data were collected in 2014. Moreover, the 54.4 GeV data were collected in 2018
with high statistical significance, colleague Hui Liu completed this part of the work [57]. The
data set was obtained using a minimum bias trigger, which was defined by a coincidence of hits in
the zero degree calorimeters (ZDCs) [58], vertex position detectors (VPDs) [59], and beam-beam
counter (BBCs) [60, 61]. For this analysis, two sub-detector were used. The first one was the
Time Projection Chamber (TPC) [53], and the second one was Time of Flight (TOF) [54]. These
detector systems of the STAR experiment provide tracking and identification of triton (¢) and
other charged hadrons. The number of events for each center of mass energy, its trigger and event
cuts are shown in Table 3.1. The detailed analysis procedure using these detectors is given in the
following subsections.

Prior to conducting physical analysis, the aforementioned data underwent a thorough evalu-
ation to ensure that only good runs were included, called run-by-run Quality Assurance (QA) in
the official centrality definition of STAR. The selection process involved from the event level, like
Refmult, V,, V,., from the track level, like pp, ¢, n, DCA, and other variables for run-by-run QA.

These variable depend on the runID are obtained, and some of the outlier events are excluded.
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Table 3.1: Event cuts and total numbers of minimum bias events

Energy(GeV) Trigger ID (minimum bias) Vr(cm) |Vz|(cm) Event(M)
7.7 290001,290004,290003 2 40 2.37
11.5 310004,310011,340021,310013 2 40 8.52
s 440001,440004,440005,440006, X " 1660
440007,440015,440016,440017
19.6 340001,340011,340021,340012,340022 2 40 19.64
27 360001,360002 2 40 38.41
39 280001,280002 2 40 116.78
54.4 580021 2 40 566.15
62.4 270001,270011,270021,270005 2 40 61.69
200 350003,350013,350023,350033,350043 2 30 465.07

For the remaining data, the mean and standard deviation were calculated, and typically 4+ 30 was
chosen as a good runs. The process ensures that the selected data is of high quality and reliable,
and can be used for further analysis. In our analysis, the data were produced at relative early, we

have not included the details of this procedure as it has been covered in the centrality section 3.2.

3.1.1 Event Selection

To determine the primary vertex for each event, the most probable point of the common origin
of the tracks measured by TPC is found. The distributions of V, are presented in Fig. 3.1.1, repre-
sent the results presented are analyzed from minimum bias events of Au+Au collisions, occurring
within 4+ 30 cm for 200 GeV and + 40 cm for other energies of the nominal interaction point along
the beam axis. The lower energy vertex distribution is flat while that at great than 39 GeV is
peaked. The wide z—vertex distribution at lower energies is due to the fact that the beam is more
difficult to focus at lower energy. The transverse x, y positions of the primary vertices in 7.7~200
GeV Au+Au collisions are shown in Fig. 3.1.2. In order to reject background events involving
interactions with the beam pipe of radius 3.95 cm, the event vertex radius (defined as |/V;2 + V2
where V, and V, are the vertex positions along the z and y directions) must be within 2 em and
1 em for 14.5 GeV. These values are chosen in order to achieve uniform detector performance and

sufficient statistical significance of the measured observables.
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Figure 3.1.1: The variation of z position of event vertex in Au+Au collisions at /sy = 7.7~200

Gev.
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Figure 3.1.2: The variation of x and y position of event vertex in Au+Au collisions at /sy =
7.7~200 Gev.
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3.1.2

Track Selection

Table 3.2: Tracks quality cuts applied to all energies

nHits nHits/nHitsposs

ndEdxHits DCA |y

lyl Pr

> 20 > 0.52

> 10 <lcm <1

<05 >0.2GeV

Table 3.2 shows the track quality cuts for all nine energies. To avoid the mixing of tracks

from secondary vertices, a requirement of less than 3 cm is placed on the distance of closest

approach (DCA) between each track and the event vertex. Moreover, tracks must have at least

25 points used in track fitting out of the maximum of 45 hits possible in the TPC, as depicted

in Fig. 3.1.3. To prevent multiple counting of split tracks, at least 52% of the total fit points are

necessary. Additionally, there is a condition placed on the number of dE/dx hits used to derive

dE/dx values. The results presented here are within in rapidity |y| < 0.5 and have same tracks

cuts for all energy.
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Figure 3.1.3: The example of tracks selection criteria for |/syy = 39 GeV Au+Au collisions.

3.2 Centrality Determination

In high energy heavy-ion collisions, the centrality of nucleus-nucleus collisions is an essential

parameter. It can be defined using various parameters, with the most common being the collisional

parameter b, which is the distance between the geometric center of the colliding nuclei in the cross-
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section and their direction of motion. Other geometric parameters used include the number of

participant (N

part)> and the number of nucleon-nucleon collisions, N.,;;. he number of participants

is defined as the number of nucleons, which undergo at least one inelastic nucleon-nucleon collision
and the number of binary collisions is defined as number of inelastic nucleon-nucleon collisions.
With this geometrical knowledge, we can compare the dependence of the observed quantities on
the centrality in different experiments. However, these geometric quantities cannot be observed
directly in the experiment and must be derived from a combination of observable measurements in
the experiment and Monte Carlo simulations. The figure shown in Fig. 3.2.1 provides more clarity

on the centrality parameter.
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Figure 3.2.1: The cartoon example of the correlation of the final state observable N, with Glauber

calculated quantities (b, N,,,). Figure from [8].
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Figure 3.2.2: The distribution of TPC RefMult.
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In the context of collisions between nucleons, the quantity of particles generated in the final
state is in direct proportion to the centrality of the collision. When the nucleon-nucleon pair
is at the center, more particles are produced, followed by semi-central collisions, and the least
number of particles are produced in peripheral collisions. Additionally, the number of charged
particles in the end state can reflect the initial geometric orientation of the collision. Therefore,
the charged-particle distribution can be analyzed to determine the centrality of different collision
events.

The centrality of Au+Au collision at /sy = 7.7~200 GeV cannot be directly defined through
impact parameter in the experiment. Instead, it is defined by utilizing the uncorrected charged
particle multiplicity d N /dn within |n| < 0.5 (also known as reference multiplicity). To define cen-
trality bins, a Monte Carlo Glauber calculation was used to compare with the d N /dn distribution
of the data. Moreover, the efficiency and acceptance change on the measured dN /dn were ad-
dressed by considering the dependence on collision vertex z—position and luminosity. Figure 3.2.2
displays the uncorrected dN/dn distribution measured within vertex cuts for Au+Au collision
V8NN = 7.7~200 GeV. Further details can be found at http://www.star.bnl.gov/protected/
common/common2010/centrality/index.html.

The centrality classes in this analysis were determined based on fractions of the reference
multiplicity distribution. The events were divided into nine centrality classes, ranging from 0-5%,
5-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-70%, and 70-80%. However, for the purposes
of our analysis with triton yields extracted, we combined some of these classes. Specifically, we
combined the 0-10%, 10-20%, 20-40%, and 40-80% centrality classes.

3.3 Triton Identification

In the analysis presented, TPC and TOF detectors were utilized to identify tritons. The TPC
dF /dz measurements were plotted as a function of rigidity (p/q), and the resulting dashed curves
show the Bichsel expectation values [62] in Fig. 3.3.1. It is evident that the TPC can identify
various particles at low momentum, as indicated by the color bands; however, its resolution is
reduced at higher transverse momentum, and TOF is necessary to identify these high momentum
particles. The TOF measurements of m? were also presented as a function of rigidity (p/q) with
tracks quality cuts, and the expectation values for proton, deuteron, and triton were shown as

the dashed curves in Fig. 3.3.2. Interestingly, the plot of m? distribution revealed an unexpected
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Figure 3.3.1: Energy loss dF/dx as a function of rigidity for Au+Au collisions at ,/syy = 7.7~200
Gev. Dashed lines correspond to the theoretical predicted values for different nuclei. The black

line represent electron, from low to up is =, k, proton, deuteron, triton, and >He respectively.
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Figure 3.3.2: m? as a function of rigidity for Au+Au collisions at /sy = 7.7~200 Gev. Dashed

lines correspond to m? for different nuclei.

38



CHAPTER 3. ANALYSIS DETAILS FOR TRITON e
DOCTORAL DISSERTATION

vertical band from very low to high values, which could be attributed to particles exceeding the
speed of light. Since it is impossible for any particle to travel faster than the speed of light,
this unusual fraction of particles is likely to come from either end-state particles knock-out of the
detector material or decay daughter particles of relatively long-lived but unstable particles that
fly past the vertex detector. As none of the TOF detectors can record the time of flight starting
of these particles, this could lead to the estimation of their velocities exceeding the speed of light
with the same algorithm, thus presenting them as vertical bands on the m? distribution.

Based on the measurement of the specific ionization energy deposited (dFE/dx) by charged

particles in the TPC, a new variable z is defined to properly deconvolve these effects into a Gaussian.

It is defined as
(dE/dx)

zy=In|—F"—"%]. 3.3.1
* (<dE/dx>§; 331
where X is the particle type and (dE/dx)¥ is corresponding Bichsel function for each particle

species as discussed in Eq. 2.2.1 [62, 3].
In high energy heavy-ion collisions, the rapidity y is often use to quantify the longitudinal
momentum of particle motion, which means that the beam direction is consistent. In the experi-
ments, the rapidity of a particle can be determined by the magnitude of the measured energy and

longitudinal momentum, as shown below

-1
z t 3.2
Yy In In . anh (’U2> (3 3 )

2 2
where v, = p,/F is the velocity along z direction. Rapidity is a measure of velocity but it
stretches the region around v = ¢ to avoid the relativistic scrunch, the two-dimensional plot of the
transverse momentum (p;) and rapidity (y) directly reflects the phase space distribution of the
measured particles, and also show the acceptance performance of the detector. Fig. 3.3.3 shown
the triton phase space for Au+Au collisions at /sy = 7.7~200 Gev, the identification of triton
is achieved through the combination of z, from TPC with TOF’s m? cut.

Next, we will extract signals step by step from each centrality and transverse momentum
interval, and quantitatively obtain the invariant mass spectrum of tritons. The main content
is the separation of signal and background. The zx distribution is constructed for a particular
particle type within a given p; bin at mid-rapidity. For the particle X, the most probable value
of zx is 0. Fig 3.3.4 shows the z, distribution for triton in various p; bins in Au+Au collisions
at /syn = 39 GeV, 0-10% centrality with |y| < 0.5. In order to extract the raw yields within a
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Figure 3.3.3: Triton phase space for Au+Au collisions at /syy = 7.7~200 Gev. For example,
triton at 19.6 GeV is selected by a cutoff criterion of |z,| < 0.2 and 6.9 < m? < 8.9 (GeV?/ct).
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Figure 3.3.4: The z(t) distributions for triton from the TPC detector for different p, bins and
0-10% centrality in Au+Au collisions at ,/syy = 39 GeV. The curves are Gaussian fits. Errors are

statistical only.

specific pr bin, a three-Gaussian fit is utilized on the z, distributions, as illustrated in Fig. 3.3.4.
The region of the Gaussian function with a mean value of 0 is that corresponds to the particle of
interest provides the yield for that particle within the given p, bin. At low p;, the peaks of the
triton, deuteron, and proton distributions are clearly differentiated. However, to distinguish most
of the triton from the beam pipe at low pr, we rely on the DCA distribution. In our analysis, we
exclude the 0.3 < pp < 1.2 GeV/c region, although we will discuss this further in detail later.

When p; > 1.2 GeV, it becomes difficult to distinguish triton from other particles based on
the energy loss dE/dx alone. Therefore, both the TPC and TOF were used to identify triton.
Initially, a cut of |z| < 0.3 was applied to remove most of the contamination from the triton raw
signals. Then, to extract the raw triton yields, the mass squared distribution obtained from the
TOF detector was used, which is defined as Eq. 2.2.2. The m? distribution was fitted with a
superposition of a Gaussian function and an exponential tail to distinguish the triton signal from
the background, respectively.

To extract the triton signal from the m? distribution, there are primarily three cases. Firstly,
for low collision energies (,/syy < 39 GeV) and relatively small intervals of transverse momentum
or peripheral collisions, the background contamination is negligible for the triton signal. In these
scenarios, the distribution of the signal can be directly fitted with a Gaussian function, and the

raw counts can be obtained by the integral function. It is also important to verify that the signal
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Figure 3.3.5: The m? distributions for triton in the TOF in Au+Au collisions at |/syy = 7.7 GeV,
0-10%. The curves are Gaussian and exponential function fits. Errors are statistical only.
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Figure 3.3.6: The m? distributions for triton in the TOF in Au+Au collisions at |/syy = 7.7 GeV,

10-20%. The curves are Gaussian and exponential function fits. Errors are statistical only.
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Figure 3.3.7: The m? distributions for triton in the TOF in Au+Au collisions at ,/syy = 7.7 GeV,

20-40%. The curves are Gaussian and exponential function fits. Errors are statistical only.
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Figure 3.3.8: The m? distributions for triton in the TOF in Au+Au collisions at /sy = 7.7 GeV,

40-80%. The curves are Gaussian and exponential function fits. Errors are statistical only.
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Figure 3.3.9: The m? distributions for triton in the TOF for different p; bins in Au+Au collisions
at /sy = 39 GeV, 0-10%. The curves are Gaussian and exponential function fits. Statistical

error only.
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Figure 3.3.10: The m? distributions for triton in the TOF for different p;. bins in Au+Au collisions
at /syn = 39 GeV, 10-20%. The curves are Gaussian and exponential function fits. Statistical

error only.
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Figure 3.3.11: The m? distributions for triton in the TOF for different p; bins in Au+Au collisions
at /syn = 39 GeV, 20-40%. The curves are Gaussian and exponential function fits. Statistical

error only.
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Figure 3.3.12: The m? distributions for triton in the TOF for different p, bins in Au+Au collisions
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counts are consistent with the results obtained by counting bin by bin for the p, intervals without
background contamination. Secondly, as the p; increases, the resolution of the TPC deteriorates,
resulting in more background after the z, cut. In such cases, background reduction techniques
must be employed to extract the triton signal. The Gaussian+Exponential function is defined to
fit the total m? distribution, with initial parameters derived from the fitting of the signal at 6.9
< m? < 89 (GeV?/ch) and background intervals of m? < 6.9 GeV?2/c* or m? > 9.0 GeV?/c?.
The Gaussian function parameters obtained from this step are used to select the triton candidates.
Lastly, for the p; range where there is a limitation in statistics, only the number of signals in the
signal interval can be counted. However, this is only applicable to low collision energies.

Fig. 3.3.5 - Fig. 3.3.12 illustrate the distribution of m? for triton at different p, bins and
collision centralities in Au+Au 7.7 GeV and 39 GeV respectively. To extract the triton signal, we
have applied the methods mentioned above. The solid red line and magenta dashed line represent
signal, while the blue dashed line represents background in all plots. after careful analysis, it was
found that the statistical of data are not sufficient enough for extracting the triton signal, so we set
different bin widths for different p, ranges of m? distribution in order to mitigate the fluctuations
in the triton spectra, which will contribute to the systematic uncertainty of triton yield. The m?

distribution for other energy can be found in the STAR triton note [63].

3.4 Data Correction

3.4.1 TPC Tracking Efficiency

The detector acceptance and efficiency of reconstructing particle tracks are determined by
embedding together. The simulated triton is generated and pass through GSTAR as discussed
in section 2.3. The ratio of the distribution for reconstructed and original Monte Carlo tracks
gives the TPC tracking efficiency (efficiency x acceptance eppc ) correction as a function of pg.
The typical TPC tracking efficiency for triton in different collision centralities at mid-rapidity
(lyl < 0.5) in Aut+Au 39 GeV is shown in Fig. 3.4.1. TPC tracking efficiency does not have a
strong energy dependence, and for other energy can be found in Ref. [63].

The TPC tracking efficiency is fitted by the function 3.4.1, which has been used in our raw
yield correction.

b\ —3(pr—e)
erpo(Pr) = aexp — () +dexp ————— (3.4.1)
pPr f
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Figure 3.4.1: Efficiency x acceptance for reconstructed triton at /sy = 39 GeV in the TPC as a
function of py at mid-rapidity (|y| <0.5) in Au+Au collisions. The lines are fitting by the function

shown in the text.
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Figure 3.4.2: First row: Triton signal extraction from 200 GeV, the region of side-band is m? €
[6.3,7.1] & [8.7,9.5] GeV?/c*, the signal region is 7.1 <m? <8.7 GeV?/c*. Second row: normalized

side-band x background counts.

When using embedding data, it is crucial to ensure that the embedding data can be matched
to the real data. To verify this, a further check was performed and the results are depicted in
Fig. 3.4.2. The top row of each panel exhibits the m? distribution at varying p, bins. Since the
triton mass square is approximately 7.9 GeV?/c?, the signal region in the m? distribution was
selected to be 7.1 - 8.7 GeV?/c*, whereas the background region from the side-band is defined as
m? € [6.3, 7.1] & [8.7, 9.5] GeV?/ct. In the signal region, the triton signal and background are
included as two components. However, it is not possible to count the background from the signal
region. To compare the DCA distribution with the embedding DCA distribution of triton, it was
assumed that the background from the signal region is the same as the side-band background. The
second row of Fig. 3.4.2 shows the normalized side-band DCA distribution, which was used to scale

the total counts in the side-band from the m? distribution. The magenta solid line represents the
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side-band distribution. The signal region DCA distribution was then subtracted from the magenta
line, and the resulting triton DCA distribution is represented by the blue triangle. The consistency
between the DCA distribution from the embedding data can be observed.

3.4.2 TOF Matching Efficiency

The TPC and the TOF are separate detectors. While the TPC identifies low-p, (< 1.2 GeV /¢)
particles well, the TOF gives better particle identification than the TPC at higher momentum.
However, not all TPC tracks give a hit in the TOF, so there is an extra correction called TOF
matching efficiency correction needed for the spectra obtained using the TOF detector. This is
done with a data-driven technique. The matching efficiency from TPC to TOF (eqpgp) is studied
via comparing the number of the tracks which match TOF and the total number of TPC primary
tracks from real data and the definition is shown in Eq. 3.4.2. The tracks selection is the necessary
tracks quality cuts and |z,| < 0.3 for triton the same as what we used in m? fitting. Typical TOF
matching efficiency for triton in different collision centralities at mid-rapidity (|y| < 0.5) in Au+Au
39 GeV is shown in Fig. 3.4.3. TOF matching efficiency does not have a strong energy dependence,
and for other energy can be found in Ref. [63]. TOF matching efficiency is fitted by the function
of 3.4.3.

the number of TOF Matched Tracks

_ 4.2
eror (Pr) the number of TPC Tracks (342)
b &

The TOF system consists of 60 trays, each containing several MRPC modules. Each module
is further divided into 6 readout pads. TOF’s primary algorithm for track recording involves
matching the points measured on the TOF with the TPC (global) tracks. If multiple tracks in
the TPC appear in one pad of the TOF simultaneously, they are not recorded as tracks measured
by the TOF. When a track corresponds to several hit points in the TOF, the closest hit point is
selected. During the TOF track reading process, every track contains various pieces of information.

As following

¢ mMatchFlag: 0 - no matching; 1 - one two one matching; 2 - one to two matching, but the
one with higher TOT picked; 3 - one to two matching, but the one with smaller |yLocal| got
picked.
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Figure 3.4.3: TOF matching efficiency for triton as a function of p; at mid-rapidity (|y| <0.5) in
Au+Au collisions at 39 GeV. The lines are fitting by the function shown in Eq. 3.4.3.
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mYLocal/mZLocal/mThetaLocal: hit local position/incident angle.

mPosition: track projected point position in the STAR global coordinates.

mTimeOfFlight: time of flight for matched TOF hit (with respect to the primary vertex).

mPathLength: track path length from primary vertex to TOF.

In high energy central collisions where the track density is high and detector resolution is
not optimal, it may be necessary to use mYLocal/mZLocal/mThetaLocal cut information
to reduce background noise and improve signal detection. However, it is important to note that
implementing these track cuts may affect the efficiency of TOF matching, and careful consideration

must be given to track cut conditions in the analysis.

3.4.3 Energy Loss Correction

The particle will lose energy while traversing the detector material. The energy loss for TPC
tracks was studied by embedding the sample with the full detector simulation. Figure 3.4.4 shows
the difference between reconstructed triton p*°¢ and input pl}/lc from embedding sample for Au+Au
39 GeV collisions. The distribution was parametrized by the function defined in Eq. 3.4.4, where

parameter A approaches zero at high pp. It is shown in Fig. 3.4.4.
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Figure 3.4.4: Left: The p; difference of reconstructed and embedded triton as a function of pi7° in
Au+Au collision at 39 GeV, 0-10% centrality. Middle: The energy loss of the triton as a function

of collision centrality. Right: The energy loss of the triton as a function of collision energy.

D
fpr) =A+B (1 + %) (3.4.4)
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It was found that the energy loss for a given p; range is collision centrality independent,
and collision energy independent, except 14.5 GeV because at Run14 the HFT detectors [64] were
installed. The middle and right side of the Fig. 3.4.4 shows the centrality and energy dependence

of energy loss correction for these pr bins.

3.4.4 Absorption Correction

In the embedding simulation, the GEANT3 was used to extract the reconstruction efficiency.
There are no cross-sections available for light (anti-)nuclei, GEANT3 basically treats light (anti-
Jnuclei as generic hadrons (p and p). So, embedding efficiencies of light (anti-)nuclei are too
high. Every STAR publication so far, all on (anti-)nuclei, typically treats this deficiency with an
additional “Absorption correction”. These corrections were studied using GEANT4, which has
extensively validated cross-sections for light (anti-)nuclei based on experimental data. The detail
can be found at http://www.star.bnl.gov/protected/1lfsupc/yuning/BES/pwg/bill_llope_
20130524 .pdf by Bill Llope. We used the absorption correction function for triton by a polynomial
of degree eight as below,

f() = po + pipr + Popt + P3Pt + PapT + PsPT + DePG + PPT + DD (3.4.5)

The parameter are shown in the Table. 3.3

Table 3.3: Parameters for absorption correction

Po Py D2 P3 Py
1.19534 -0.276449 0.172299 -0.0578214 | 0.0118125
Ps Ps by Ps
-0.00152635 | 0.000122568 | -5.60466e-06 | 1.11765e-07

3.4.5 Triton Background Estimation

Same with other particles, the triton sample contains background triton knocked out from
the beam pipe and the detector materials [65]. Most of these triton have large DCA (the distance
of closest approach) and are not reconstructed as primary particles. However, some of these

background tritons have small DCA and are therefore included in the primary track sample, and a
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correction is needed [66]. Fig. 3.4.5 shows the DCA distribution of triton for selected by a dE/dz
cut of |z,] < 0.2 in 39 GeV Au + Au collisions, where z, is given by Eq. 3.3.1. We take the triton
DCA distribution from 39 Gev at 0-10% centrality to explain the low pp (pp < 1.2 GeV/c) signal
we cannot extracted due to the large background contamination. For 0.6 < pp < 0.9 GeV/c, the
triton counts increase with DCA increasing, that mean the knock-out triton dominated at this pp
region. The anti-triton almost zero. For 0.9 < p; < 1.2 GeV/c we can see the DCA distribution
with long nearly flat tail, which also the knock-out triton contribution. The anti-triton has rarely
statistic. When the pp > 1.2 GeV/c, the tail become significantly diminished. The anti-triton is
increase with pp increasing. Brief summary, the long nearly flat DCA tail in the triton distribution
comes mainly from knock-out triton. The effect is obviously at low p; and significantly diminished
at high pp. Anti-triton have no knock-out background, the flat DCA tail is absent from their DCA
distribution. The triton background fraction decreases with increasing p; and decreasing energy
which can be seen from Fig 3.4.5 with the cut DCA <1 ¢m. Because of the insufficient statistics,
the DCA distribution of the anti-triton cannot be obtained, and we have to abandon the signal
extraction in the low pt interval (pp < 1.2 GeV/c). DCA distribution for other centralities and

energies can be found in Ref. [63].

From the 200 GeV triton signal distribution (first row of the Fig. 3.4.2), we can see that the
signal significance of triton decreases very quickly as p; increasing. We made a further examination
of the triton signal and background with embedding data. We first compared the DCA distribution
of the experimental measurement triton signals (|z,| < 0.2 and 7.1 <m? <8.7 GeV?/c*) with the
DCA distribution of the triton in the embedding data, as shown in Fig. 3.4.6. Here, we also learn
that we can use embedding data for background subtraction when we cannot get the anti-particles,

and this method still needs further study considering the errors introduced.

In the signal extraction, we use the exponential function in the signal interval to subtract a
large background, in the signal concentration interval, whether this part of the background will
be enhanced? whether the method used is reasonable? We use the side-band method to verify,
we take the two sides of the signal, that is, the same width of the region adjacent to the signal
interval, this part is called “side-band” as shown in Fig. 3.4.2 first row, their DCA distribution can
be obtained from the experiment, and the DCA distribution of the total (signal + background)
in the signal interval can also be obtained. We use the total dca distribution, subtract the dca
distribution of the background provided by the side-band, we get the blue triangle in Fig. 3.4.2

second and third row, we use its dca distribution in the embedding data for comparison, from the
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figure we can see that the dca distribution of the triton after subtracting the background matches
very well with that of the embedding, this also shows that the background subtraction in our
signal extraction is not a problem. Again, note that the DCA cut of the triton is taken as 1 ¢m in
our experimental analysis, which shows that our measurement interval does not seem to introduce

many knock-out triton.

3.5 Systematic Uncertainty Estimation

3.5.1 On transverse momentum spectra

Systematic uncertainties on the spectra are estimated by varying cuts and by assessing the
purity of identified triton samples from dE/dxz measurements. Details of various sources of sys-
tematic uncertainties on the triton yields in Au+Au collisions at /sy = 39 GeV, 0-10% are given
below. The systematic uncertainties for other energy are estimated in a similar manner and are of
a similar order. The point-to-point systematic uncertainties on the transverse momentum spectra
are estimated by varying event cuts(~4%), track selection (Table 3.4), PID cuts, i.e., |z| from
0.3 to 0.25 and 0.35, and bin width of the m? distribution. Combined systematic uncertainties
due to all these analyses cut around 7%. The systematic uncertainty due to track reconstruction
efficiency and acceptance estimates is of the order of 5%, which is correlated with p, and obtained

by varying parameters of the MC simulation.

Table 3.4: Tracks cuts for systematic error.

nFitPts > | ndE/dz > DCA <
Default cut 20 10 1 cm
Varying cut 15,25 8,12 0.8 cm, 1.2cm

The results presented here are quadrature sums of these systematic uncertainties (~10%),
Table 3.5 gives a summary of various sources of systematic uncertainties for 39 Gev, 0-10%. For
the other centralities and energies, the estimates of systematic error are of similar source, and the
magnitude of the specific values is essentially similar. More detail for other energy can be found
in Ref. [63].

The systematic errors are obtained by varying DCA, ndEdxHits, nHits, Bin width of m?
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Table 3.5: Sources of percentage systematic uncertainties for triton spectra at 39 GeV, 0-10%.

Source Track cuts | Tracking eff. | m? distr. bin width | PID cuts
percentage 2-7% 5% 1-13% 1-7%

distribution and PID cuts in the analysis.

18 X, —Y
RMS—\jNZ( ) (3.5.1)

=1

where X stand for values with varying cuts, Y for value with default cut. For total systematic

SumErr =Y x /Z RMS? (3.5.2)

The corresponding system error distribution of 39 GeV is shown in Fig. 3.5.1.

error,

3.5.2 On dN/dy and (p;)

The triton yield measured at mid-rapidity (|y| < 0.5) is calculated from the measured p, range
and extrapolated to the unmeasured regions with various parameterizations. The percentage con-
tribution to the yields on extrapolation is about 10-20%, unmeasured regions of p, are additional

source of systematic error. The extrapolation is done by the individual blast-wave model fits [67].

1 d?°N R pr sinh p m- cosh p
— drmpl AJL———)KT<AE¥———> 3.5.3
21y dppdy (X/o rarmr o ( T 1 T (35.3)
p= tanh " B,

ram
B, =5(%)
where the extracted fit parameters are kinetic freeze-out temperature Ty;,, average radial flow
velocity (), and the flow velocity profile exponent n.
The systematic uncertainties on the extrapolated yields are estimated by comparing the ex-

trapolation with those using other fit functions. Another fit function is
Double exponential : A; exp(—p%/T2) + Ay exp(—p2/T3) (3.5.4)

The systematic uncertainties on the extrapolated total yields are dominated by the uncer-
tainties in the extrapolation, which are estimated to be 10-20% of the extrapolated part of the
integrated yields for triton. The 5% overall MC uncertainty is added in quadrature.
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To ensure reasonable systematic error estimations for the different function fits, an alternative
method was implemented. The specific procedure involved fitting the measured p, spectra with
the Blast-wave function to obtain return parameters and errors for temperature 7}, and collective
velocity () while fixing parameters mass and n. After the fitting, a parameter scan was performed
within the parameter error, and the results for the two and one sigma error range were shown in
the contours on the left of Fig. 3.5.3. All of the parameters used in the scan were then brought
into the Blast-wave function, and the specific results were shown in the range presented in the
middle panel of the figure in green. The rightmost part of the figure showed the variation range
of the parameters (upper for T},,, middle for (3)) and the integral dN/dy (lower) due to the
variation in the one sigma range of the parameter error. The calculations showed that the error
estimated through this alternative method is comparable to that obtained using different functions,
demonstrating the trustworthiness of the error estimation method used.

The triton average transverse momentum (p,) is also extracted from the measured p; range
and extrapolation. Systematic uncertainties on (p;) are also estimated by using the various func-

tional forms mentioned before for extrapolation of the yield.
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Chapter 4

Analysis Details for Proton

In heavy-ion collisions, one of the main production sources of the (anti)protons is the weak
decay of strange baryons and their anti-particles, such as A, ¥, 2%, ==, Q. The corresponding

decay channels and branching ratios are [3]

A — p + 7, branching ratio = 63.9%

¥+ — p + 7%, branching ratio = 51.57%
=~ — A + 7, branching ratio = 99.887%
20 — A 4+ 79, branching ratio = 99.524%
Q~ — A + K, branching ratio = 67.8%

Usually, the primordial yields of (anti)protons are more commonly used to study the properties
of the hot dense medium created in heavy-ion collisions. Therefore, those (anti)protons from the

weak decay contributions need to be subtracted from their inclusive yields.

4.1 Data Set

The STAR experiment has published the inclusive yields of protons and (anti)protons at
mid-rapidity in Au+Au collisions at /sy = 7.7 - 200 GeV [68, 66, 69, 70, 71]. In STAR, the
subtractions are not done on an event-by-event basis, but by subtracting the decayed (anti)protons
pr spectra from the spectra of inclusive (anti)protons. To simulate the decay kinematics of strange

baryons within real detector acceptance, the so-called Monte Carlo (MC) embedding technique is
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used. The MC strange baryons with flat p; are embedded into the real data and go through a re-
alistic GEANT detector simulation. Then, the MC strange baryons are decayed into (anti)protons
based on the branching ratios. Finally, the p, spectra of decayed (anti)protons are weighted by a
factor, which is the ratio of the measured p; spectra of strange baryons over the embedded ones.
Experimentally, the pp spectra and yields of A, =~ and 7 in Au+Au collisions measured at RHIC
BES-I energies have been reported in Ref. [72, 73]. As the 7° and their decay daughters are difficult
to detect at mid-rapidity in the STAR experiment, the Z° and ©* are not measured. However,
we assume that the Z° and =~ have the same p; spectra due to the similar mass and lifetime.
In addition, based on the ¥ /A ratio from thermal model, the p, spectra of ¥ are obtained by
multiplying the p; spectra of A by a factor of 0.27, which is py and centrality independent. To

account for the uncertainty from this assumption, a 20% relative error is added to the X spectra.

Table 4.1: Spectra data reference

SNN Year Inclusive Proton Strangeness Hadron Embedding Data
7.7 2010 ly] < 0.1 [68] ly| < 0.5 [73] Official(2010)
11.5 2010 ly] < 0.1 [68] ly| < 0.5 [73] Official(2010)
14.5 2014 ly| < 0.1 [69] ly| < 0.5 STAR Prelim. Official(2014)
19.6 2011 ly] < 0.1 [68] ly| < 0.5 [73] Official(2011)
27 2011 ly] < 0.1 [68] ly| < 0.5 [73] Official(2011)
39 2010 ly| < 0.1 [68] ly| < 0.5 [73] Official(2010)
54.4 2018 ly] < 0.1 STAR Prelim. ly| < 0.5 STAR Prelim. Official(2018)
62.4 2004 Iyl < 05 [70) ly| < 1.0 [72] New Request(2010)

|yl < 0.1 [66]
200 2011 ly] < 0.1 [66] [74] -

Table 4.1 presents the inclusive proton spectra, strange hadron spectra, and STAR official
simulation data from GSTAR that were used for the proton feed-down correction. At energies
of 62.4 and 200 GeV, special instructions are required. For 62.4 GeV, the inclusive proton and
strangeness hadron spectra were taken from the same data collected in 2004, but there are two
different spectra for inclusive proton with rapidity of 0.1 [66] and 0.5 [70]. Due to changes in
the STAR server, only the same collision energy data collected in 2010 is currently accessible, so

we have requested new embedding data based on the 2010 data. When performing the proton
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weak-decay feed-down correction, the rapidity window for decayed proton cannot be the same as
that for inclusive proton; otherwise, we would obtain relatively different results. Therefore, we use
the same rapidity as that for strange hadron particles as it yields a more reasonable result. We
understand that due to the different data sets, only particles with the same mid-rapidity can be
selected. For 200 GeV, the feed-down correction for proton is provided in [66], and we have used
the same method as the one in the mentioned paper. Therefore, we have not made any further

correction and have directly used the yields and fractions available in the paper data.

4.2 Feed-down Correction Procedure

In this study, we performed two main steps. Firstly, we parameterized the strange hadron
spectra and calculated the extrapolated uncertainties based on the difference between Blast-wave
and Boltzmann functions. Secondly, we weighted the input MC A, =, and 2~ using the corrected
spectra and decayed these strange hadrons, while considering the different branching ratios for each
hyperon. We obtained daughter protons from the decay process, which were then appropriately
scaled using the weight factor obtained from the previous step.

To illustrate the detailed process of the proton feed-down correction, we will use the 39GeV
at 0-10% centrality as an example. In Fig. 4.2.1, we present the weighted MC transverse mo-
mentum spectra of the strange hadron, where the black circles represent the STAR experimental
measurements. This step allows us to obtain the weighting factor at each transverse momentum.

Fig. 4.2.2 depicts the transverse momentum distribution of a proton that has undergone decay
from a strange hadron. It is noteworthy that in the STAR embedding data, each particle can be
labeled and identified using its respective ID. After the strange hadron decay, open circles can
be observed in the figure. The red circles represent the blast-wave function, parameterized based
on the strange hadron spectra, whereas the blue ones symbolize the Boltzmann function that is
parameterized based on the strangeness hadron transverse momentum distribution. It is important
to highlight that the difference between these two functions plays a critical role in the calculation
of the systematic error in the decayed proton yield. Additionally, it is worth noting that the

embedding data employed in this step relies heavily on the primary relations:

NProtons come from the decay of MC strange particles NProtons come from the decay of measured strange particles

NStrange particles generated by MC NStrange particles from measurement

(4.2.1)
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Figure 4.2.2: Decayed proton from the embedding sample from Au+Au collision 0-10% at 39 GeV.
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where N, represents the differential yield on each particle transverse momentum spectra.

The proton weak decay feed-down fraction is defined as

Feed-down fraction =

dN/dyProtons come from the weak decay of strange particles (4 2 2)
dN/dyInclusive proton

Fig. 4.2.3 on the left shows all daughter protons from different parent particles on the same
plot. The lower panel displays the feed-down fraction, with the decayed proton from lambda being
dominant. To obtain a smooth correction as a function of p,, a function that approximates the
shape of the decayed proton is utilized. We then subtract the daughter proton to obtain the
primordial proton, eventually utilizing the standard error propagation formula to handle errors.
Fig. 4.2.3 on the right, the red and blue solid circles depict the differential yield for the inclusive
and primordial protons, respectively. The open blue circles show the primordial protons from
a published paper [75], which have been corrected for weak decay feed-down using UrQMD +
GEANT simulation. However, this correction introduces significant uncertainties to the model, and
the cause of the difference between the corrected and uncorrected data is not yet fully understood.

Therefore, further investigation is necessary to elucidate this issue.
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Figure 4.2.3: The primordial proton from total feed-down correction from Au+Au collision 0-10%

at 39 GeV.
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4.3 Feed-down Correction Results
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Figure 4.3.1: Mid-rapidity transverse momentum spectra for primordial protons.

After implementing the necessary correction steps, we were able to derive the transverse
momentum dependent distribution of the primordial protons, as depicted in Fig. 4.3.1. It is
important to note that, for a proton energy of 62.4 GeV, we utilized an inclusive proton with
ly| < 0.5, however, other energies may necessitate different rapidity windows. Recently, the STAR
Collaboration updated the strange particle yields of ,/syy= 62.4 GeV, which may prompt us to
update our primordial proton yield estimates. Our preliminary findings suggest that the updated
results will not differ significantly from our present outcomes. With regard to the primordial
proton yield of 200 GeV, previous study employed a data-driven method for weak decay feed-down
correction with py up to 10 GeV, however, we have only included results before 2 GeV in the
plot to enable further comparison with other energy outcomes. Additional details regarding our
methodology may be found in Ref. [63].

In Fig 4.3.2, the energy dependence of the weak decay fraction for protons and (anti)protons in
0-10% central Au+Au collisions is presented. The results for protons and (anti)protons are shown
using black-filled and black-open circles, respectively. It can be observed that the weak decay
feed-down fraction of protons decreases monotonically with decreasing collision energy, while the
results for (anti)protons show the opposite trend.

It is worth noting that prior to measuring strange particles, STAR performed weak decay feed-

down corrections for protons using UrQMD + GEANT simulation [75]. However, when compared
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Figure 4.3.2: The energy dependence of the weak decay feed-down fraction of proton yields at
mid-rapidity estimated from the data-driven method. The black-filled circles and the black-open
circles are the results of protons and (anti)protons, respectively. The black-shaded bands are the
corresponding calculation from the MUSIC+UrQMD hybrid model [9]. Figure made by Dr. Nu
Xu.
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Figure 4.3.3: The energy dependence of the primordial proton yields at mid-rapidity estimated
from the data-driven method (red filled squares) and UrQMD+GEANT (open squares). The
black filled circles are inclusive protons. The ratio of the data-drive method to UrQMD-+GEANT

method is shown in the inner panel.
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to the results from the data-driven method mentioned above, the UrQMD+Geant simulation
overestimated the primordial proton yields at mid-rapidity, as shown in Fig. 4.3.3. For data on the

primordial (anti)proton p, spectra in Au+Au collisions at 7.7 - 200 GeV, please refer to Ref. [76].

4.4 Systematic Uncertainty Estimation

4.4.1 On Primordial Proton Yields

We used the standard error propagation formula to transfer the error of the inclusive proton
spectra to the error of the primordial proton spectra. For the variable x;, x,, the standard error

Oy, s 04, the general error evolution is as follows

Tq?
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(x1 +x9) £ /02 + 03, (4.4.1)
Ty — Ty) +4/02 + 02 4.4.2
1 2 T, To

For the statistical error, the error of the inclusive proton is given in the published data, and the
statistical error of the proton from the decay of the strange particle is combined by the statistical
error of the simulation data. When the spectrum of the inclusive protons is subtracted from the
spectrum of the protons from decay, the error is propagate by Eq. 4.4.1.

For the systematic error on the transverse momentum of the decayed protons, it is obtained
by the difference between the different decayed proton spectra, which obtained from the weak
decay of the strange particles parameterized by different functions, as shown in Fig. 4.2.2. The
systematic error of the primordial proton spectra is then obtained from these two components by
Eq. 4.4.1. For the protons from X7 decay, because the X7 spectra cannot be measured directly, a
systematic error of 20% is added in this step with respect to the protons from Xt decay.

We fitted the decayed proton spectrum with different functions to obtain the integral yield
and statistical error of the decayed protons, as well as the systematic error. As shown in Fig. 4.4.1,
the systematic errors are extracted from the differences of the different functions. The primordial
proton integral yield is obtained by subtracting the decayed proton integral yield from the inclusive
proton integral yield, and its statistical and systematic errors are obtained from the statistical and
systematic errors of the inclusive proton integral yield and the integral yield of the decayed proton
by Eq. 4.4.1.

4.4.2 On Light Nuclei Yield Ratio (N, x N,/N7)

The estimation of systematic errors in the light nuclei yield ratio (N, x N,,/N7) is a complex
problem that has undergone much investigation. The ratio is calculated based on the yields of
protons, deuterons, and tritons, and the systematic error in the yields of these particles mostly
comes from the unmeasured interval. The challenge in the error estimation of the ratio arises from
the fact that these different particles are distributed mainly in different transverse momentum
intervals. After extensive discussions, the final approach was to employ five different functions to
simultaneously fit the proton, deuteron, and tritium nuclei, as demonstrated in Fig. 4.4.2.

The Blast-wave and Double p, exponential as shown in Eq. 3.5.3 and Eq. 3.5.4. Other

functions are showing at below.
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Figure 4.4.1: The decayed proton spectra fitted by different function.
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Figure 4.4.2: Applying the same fit function to each individual particle spectra.

To obtain consistent results across different particles, the fits utilized in this analysis are
mostly based on the low momentum interval, with adjustments made to the fit interval as needed.
The fit criteria are established based on the returned y?/ndf, ensuring that the same function
is fitted to different particles under the same criteria. Once the fit is completed, the yields of
the proton, deuteron and triton are obtained under the same function. The N, x N,/ N2 ratio is
then calculated using the default value obtained from the Blast-wave function, while any difference
between this default value and the other functions reflects the systematic error associated with the
ratio.

After analyzing the ratios obtained by different functions, as shown in the upper panel of
Fig. 4.4.3, which includes Blast-wave (ry,,), double p; exponential function (r,,), Boltzmann
function (ry,), Levy function (r,,), and m, exponential function (r,,,), it can be seen that the
results of the other functions are significantly larger than Blast-wave. This indicates that there
is a correlated systematic error in the distribution of energy dependence obtained in the previous
discussion. To estimate the standard deviation w.r.t the default, we used Eq. 4.4.6 and separated

the error into two parts: a common and a random part.

(po - rbw)Z + (sz - rbw)Z + (Tlv - wa)2 + (Tmt - wa)Q

The standard deviations of the results of the other functions with respect to Blast-wave were

(4.4.6)

obtained in the lower panel of Fig. 4.4.3, and the experimental standard deviation of the mean
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calculated by Eq. 4.4.7-4.4.9 (x; indicates the each R

COMIMON €ITOT T gye omm Of Ny X N/ N2 as a function of collision energy, as shown the red dashed

varying — Fw) Was obtained as the correlated

line in the lower panel of Fig. 4.4.3. The random systematic error (o ) was estimated at

sys—random
each energy point using Eq. 4.4.10. In the distribution of N, x N, /N7 as a function of N, /dn, the
average of the common error of different centrality was taken as the error correlated with dN,_,, /dn,
which is the common error, and the random error of each point was kept, as shown in Fig. 5.4.2

and Fig. 5.4.3.

PR IL 4.4.7
n

v, =T; — T (4.4.8)

2 2 2

vy + U5 + Uy
= 4.4.9
O sys—comm \/ n—1 ( )
Rsysfrandom = \/(Swa)2 - (Usysfcomm)2 (4410)
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Chapter 5

Results and Discussion

5.1 Transverse Momentum Spectra
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Figure 5.1.1: Transverse momentum (p;) spectra for mid-rapidity (|y| < 0.5) tritons from 0%-10%,

10%-20%, 20%-40%, and 40%-80% centralities in Au + Au ¢

ollisions at

San= 7.7, 11.5, 14.5,

19.6, 27, 39, 54.4, 62.4, and 200 GeV. Dashed-lines are the corresponding Blast-Wave fits with the

profile parameter n = 1. The statistical and systematic uncertainties are shown as vertical lines

and boxes, respectively.

In Fig. 5.1.1, the mid-rapidity (Jy| < 0.5) transverse momentum spectra for triton (¢) in
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Au+Au collisions at /syy = 7.7, 11.5, 14.5, 19.6, 27, 39, 54.4, 62.4, and 200 GeV for 0-10%, 10-
20%, 20-40%, and 40-80% centralities are presented. The systematic error is shown in the boxes
and the statistical error is shown separately by vertical lines. The dash lines show the individual fits
with the blast-wave function. The p; spectra show a clear evolution and become somewhat softer
from central to peripheral collisions, this behavior is also observed for other measured hadrons.

These spectra can be further characterized by the dN/dy and (py) for the produced tritons.

5.2 Coalescence Parameters

In the coalescence picture, the invariant yield of light nuclei is directly proportional to that
of nucleons as previously discussed in section 1.4.2. It is essential to note that this assumption
considers the ratio of neutrons to protons to be unity. Furthermore, the coalescence parameter,
represented by B ,, serves as a measure of the probability of nucleon coalescence, which is depen-
dent on local nucleon density. In this study, the triton results are analyzed in conjunction with
primordial proton spectra, and the data is corrected using a data-driven approach that combines

strange hadron spectra.
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Figure 5.2.1: Coalescence parameter B; as a function of transverse momentum scaled with the
mass number (pp/A) for triton from 7.7 GeV (left panel) and 200 GeV (right panel) 0-10%, 10-20%,
20-40%, and 40-80% Au+Au collisions. The square brackets show systematic error and vertical

lines show the statistical error separately.

The coalescence parameters are presented in Fig 5.2.1. The coalescence parameters B for
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Figure 5.2.2: Coalescence parameter By as a function of collision energy at p;/A =0.65 GeV/c.
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other energy can be found in Ref. [63]. It can be found that By increase with increasing p, which
might suppose an expanding collision system. B; increase with centrality which can be explained
by a decreasing source volume, the smaller the distance between the protons and neutrons which
are created in the collision, the more likely it is that they coalesce. Fig. 5.2.2 shows 0-10% Bj
(pp/A =0.65 GeV/c) from triton. The coalescence parameters B; trend decrease with increasing

/Sy implied that the emitting source increase with decreasing collision energy.

5.3 Particle Integral Yields (dN/dy) and Average Transverse
Momentum (< pp >)

We used the blast wave function to describe the triton spectra presented in Fig. 5.3.1. Thought
the fit, we were able to determine the kinetic freeze-out temperature, transverse radio flow velocity
and integral the function, as well as calculate the yield of triton and (p;). The blast wave function
also provided a fit for the triton spectra at different energies and centralities, which can be found
in Ref. [63].
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Figure 5.3.1: Blast-Wave function fit for triton spectra. Centrality dependence of 0-10% (left
panel) and 10-20% (right panel) in Au+4Au collisions at /syy = 39 GeV.
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In Fig. 5.3.2 upper panel, we have shown the dN /dy results for triton in collisions with /syy
= 7.7 ~ 200 GeV. The statistical and systematic uncertainties are shown separately. The triton
yield is higher at lower collision energy, implying a higher baryon density at mid-rapidity due to
the baryon stopping effect. Proton production at STAR comes from two mechanisms: baryon
stopping and pair production. The observed energy dependence trend for the triton is a result of
the interplay between these two mechanisms. Similarly to protons and deuterons, the centrality

dependence of the triton shows that the yield decreases from central to peripheral collisions.

7 T T T T T T T T T T T T T
" [~ CollisonEnergy e 7.7 m 115 + 145 A 196 27 ]
107 (GeV)  x 39 544 ¢ 624 * 200 E
: ) n

-
1072 = —e— - =
> = - + 3
E - —— —— & _
Z 10°L e 4 e -
° T E - - s - -
I~ + —Y—t = * N
104 =+ = X * —
S ke E
- ]
_ s
10 5 E_ . . . | . . . . | . . . . | . . . =
N N N N T N N N N T N N N N T N N N N
2 + -
- L i
(&) | g i
S —+ na 4
) i T 3 * 1
o - = -
~ 15 I —
T |
o L i i
v . o Au+Au->X+t ]
I i
n n n n Il n n n n Il n n n n Il n n n n
]O 100 200 300 400
<N part>

Figure 5.3.2: Centrality dependence of dN /dy (upper panel)and (py) (lower panel) of triton in
Au+Au collisions at /syy = 7.7 ~ 200 GeV. Errors shown are the statistical and systematic

uncertainties separately.

The lower panel in Fig. 5.3.2 shows the average transverse momentum ((p)) of triton as a

function of average number of participating nucleons ((N,,,)) in Au+Au collisions at /syy =
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7.7 ~ 200 GeV. It is observed that (p;) of tritons increase significantly as the centrality of the
collisions increase. This trend is consistent across all energies. For a given collision centrality,
the (pp) of tritons at higher energies is almost always larger than at lower energies, indicating a

stronger radial flow.
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Figure 5.3.3: Mass dependence of light nuclei yields (divided by the spin degeneracy factor)
dN /dy (upper panel) in Au+Au collisions at /sy = 7.7 ~ 200 GeV. Mass dependence of average
transverse momentum (p;) for the particles in in Au+Au collisions at |/syy = 7.7 ~ 200 GeV.

The figure presented in the left side of Fig. 5.3.3 shows the integral yield distribution of the
particle mass dependence, with the yield on the vertical axis divided by the spin degeneracy factor.
The distribution indicates that the decrease from proton to triton is quicker with increasing collision
energy since the baryon number density decreases as the energy increases. The distribution on
the left side was fitted with an exponential function and showed an excellent fit result. In the
thermodynamic statistical model, particle yields are filled with the Boltzmann factor, which is
expressed in the form of an exponential function. The temperature of the system is characterized
by the denominator on the exponential factor, identified as the p; parameter in this fit. On the
right side of Fig. 5.3.3, we observe the increase of the (p;) with increasing energy and particle

mass, indicating the influence of radial flow.
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Figure 5.4.1: Collision energy dependence of the mid-rapidity ratios N,;/N,, (blue solid square) and
N;/N,, (red solid circles) from the top 0-10% central Au+Au collisions. Statistical and systematic
uncertainties are shown as vertical lines and brackets, respectively. For comparison, results from
FOPI [10], E864 [11], PHENIX [12, 13], and ALICE [14] are also shown. The solid and dashed lines
are results from thermal model [15, 16] and MUSIC+COAL. model [9] calculations, respectively.
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5.4 Particle Ratios

One of our goals in experiments involving relativistic heavy-ion collisions is to understand the
properties and evolution of hot and dense matter. In medium energy nuclear collisions, a point of
contention was the ratio of deuterons to protons, R, /p> which is proportional to the neutron density
in the phase space of the fireball, and characterizes the entropy of the fireball. The correlation
between nuclear cluster formation and entropy can easily be understood as entropy serves as a
metric for the level of organization in the system. Higher entropy indicates that the nucleons
are loosely interacting with each other, while lower entropy signifies that a significant number of
nucleons are grouped together in the form of cold nuclei [77, 78, 39]. In relativistic heavy ion
collisions, light nuclear abundance can be used to characterize the entropy of the system, and

further understand the mechanism of light nuclear formation and the equation of state of matter.

Figure 5.4.1 shows the energy dependence of dN/dy ratios, N;/N, [79] and N,/N,, in the
mid-rapidity of central heavy-ion collisions from different experiments, including the FOPI [10],
E864 [11], PHENIX [12, 13], and ALICE [14] experiments. Both the N,/N, and N;/N, ratios
decrease monotonically with increasing collision energy and the differences between the ratios get
smaller at lower collision energies. The solid lines represent the results calculated from the thermal
model which does not include excited nuclei [80], in which the parametrization of chemical freeze-
out temperature and pp from Ref. [15, 16] are used. Quantitatively, the thermal model describes
the N/ N, ratios well, but it systematically overestimates the N, / N,, ratios except for the results
from central Pb+Pb collisions at /Syy= 2.76 TeV [14]. In addition, the coalescence model, which
predicts light nuclei production at mid-rapidity based on baryon density (pg) via the relationship

N4 /N, o pp~!, can also describe energy dependence trends [9].

The thermal model has been successful in describing the measured yields of hadrons and light
(anti-)nuclei in central Pb+Pb collisions at the Large Hadron Collider (LHC) [81, 82]. However,
the survival of light nuclei in the hot medium created in heavy-ion collisions remains a puzzle.
One possible explanation is that the hadronic re-scatterings play a crucial role during the hadronic
expansion phase. Dynamical model calculations with hadronic re-scatterings implemented using
both the saha [83] and rate equations [84] show that the deuteron, triton, and helium-3 yields
remain unchanged during hadronic expansion. A similar conclusion is obtained in a transport
model simulation of hadronic re-scattering processes realized by the dissociation and regeneration of

deuterons via the reaction TNN <> wd [85]. Recently, a calculation using the kinetic approach [86]
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showed that the effects of hadronic re-scatterings during the hadronic expansion stage could reduce
the triton and helium-3 yields by approximately a factor of 1.8 from their initial values predicted
by the thermal model.

As mentioned earlier, the yield ratio N, x N, / N§ is predicted to be sensitive to the local baryon
density fluctuations and can be used to probe the QCD phase structure. Figure 5.4.2 shows the
charged-particle multiplicity dN,;,/dn (In| < 0.5) dependence of the yield ratio N, x N,,/N3 in
Au+Au collisions at |/syy= 7.7 - 200 GeV. The data from each collision energy presented in the
figure include four centrality bins: 0-10%, 10-20%, 20-40%, and 40-80%, in addition, a single O-
20% centrality bin is also presented for 54.4 GeV. It is observed that the yield ratio N, x N, /N3
exhibits scaling, regardless of collision energy and centrality. The shaded bands in Fig. 5.4.2 are the
corresponding results from the calculations of hadronic transport AMPT and MUSIC+UrQMD
hybrid models [9]. MUSIC is a (3+1)D viscous hydrodynamics model [87, 88|, which conserves
both energy-momentum and baryon number and is used to describe the dynamical evolution of
the QGP. To provide a reliable baseline, neither critical point nor first-order phase transition
is included in the AMPT and MUSIC+UrQMD hybrid model calculations. These two models
are employed to generate the nucleon phase space at kinetic freeze-out, when light nuclei are
formed via nucleon coalescence. It is found that the overall trend of the experimental data is well
described by the model calculations. The light blue dashed line is the result calculated from the
thermal model at chemical freeze-out [15, 16] for central Au+Au collisions, which overestimates the
experimental data by more than a factor of two at dN,_,/dn ~ 600. As discussed in Ref. [86], this
overestimation could be due to the effects of hadronic re-scatterings during hadronic expansion,
which reduce the triton and helium-3 yields by about a factor of 1.8 from their initial values
predicted by thermal model. However, this cannot explain the agreement between the thermal
model calculations and the Nay, x N,/ N2 ratio from central Pb+Pb collisions at VSNN= 2.76 TeV
where dN,_;,/dn ~ 1100 [14, 89]. Obviously, further investigations are needed to understand the
discrepancy.

The black dot-dashed line is a fit to the data based on the coalescence model. As discussed

in Ref. [9], assuming a thermal equilibrated and static spherical Gaussian nucleon source, one can

3
N, x N R? 4 2r3
u:pox <3rd 7 (5.4.1)

obtain the fit function as:

N7 R? + 37
where R = p, x (dN,;,/dn)*/? denotes the radius of the spherical nucleon emission source.
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Figure 5.4.2: The yield ratio N, x N,/ N2 as a function of charged-particle multiplicity d N, /dn
(In] < 0.5) in Au+Au collisions at /sSyy= 7.7 — 200 GeV for 0-10%, 10-20%, 20-40%, and 40-
80% centralities. Statistical and systematic uncertainties are shown as vertical lines and brackets,
respectively. The black dot-dashed line denotes the coalescence-inspired fit. The open diamond
denotes the yield ratio of 0-20% central Au+Au collisions at ,/syy= 54.4 GeV. The red shaded
vertical band on the right side of the figure represents the multiplicity independent systematic
uncertainties on these ratios. The significance of the deviation relative to the fit is shown in the
lower panel. The results calculated from thermal model are shown as the blue long-dashed line.
Calculations from AMPT and MUSIC+UrQMD hybrid models [90, 9] are shown as shaded bands.
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ry = 1.96 fm and r, = 1.59 fm are the nucleonic point root-mean-square radius of deuteron and
triton [91], respectively. p, and p; are the two fitting parameters where the best fit values are
0.37 + 0.008 and 0.75 4 0.04, respectively. At small values of dN_;,/dn, when the system size
is comparable to the size of light nuclei, the yield ratio shows a rapid increase with decreasing
dN,_,/dn, while it saturates at large charged-particle multiplicity. The general trend of the yield
ratio N, x N,/ N2 is driven by the interplay between the finite size of light nuclei and the overall
size of the fireball created in heavy-ion collisions. This provides strong evidence that nucleon
coalescence is the correct formation mechanism to describe the light nuclei production in such
collisions. If we use the coalescence-inspired fit as the baseline, the lower panel of the Fig. 5.4.2
shows that most of the measurements are within significance of 2¢ from the coalescence baseline,
except there are enhancements observed for the yield ratios in the 0-10% most central Au+Au
collisions at /syy= 19.6 and 27 GeV with significance of 2.30 and 3.40, respectively, and for a
combined significance of 4.10, as shown in the lower panel of Fig. 5.4.2. The yield ratio of 0-20%
central Au+Au collisions at 54.4 GeV is also shown in Fig. 5.4.2 as an open diamond. It agrees with
the coalescence baseline at the same value of dN;, /dn as those data points from central collisions
at \/syn= 19.6 and 27 GeV. Therefore, the observed enhancement may be driven by the baryon
density rather than the overall size of the system which is proportional to the charged-particle
density dN,,/dn. In order to understand the origin of the observed enhancement in the ratios,

further dynamical modeling of heavy-ion collisions with a realistic equation of state is needed.

Figure 5.4.3 shows the energy dependence of the yield ratio N, x N,/ N2 at mid-rapidity in
central (0-10%) and peripheral (40-80%) Au+Au collisions at |/syy= 7.7 - 200 GeV. For compar-
ison, the coalescence baselines obtained by fitting the dN_; /dn dependence of the yield ratio as
shown in Fig. 5.4.2 and the calculations of AMPT, MUSIC+UrQMD hybrid models are displayed
in Fig. 5.4.3. For the 0-10% most central Au+Au collisions, the yield ratios are consistent with
the coalescence baseline and model calculations, except for the enhancements of the yield ratios
to coalescence baseline with a significance of 2.30 and 3.40 observed at /syy= 19.6 and 27 GeV,
respectively. The colored bands in panel (a) denote the yield ratios, in which the proton, deuteron,
and triton yields are obtained from the commonly measured p;/A range without any extrapolation.
The enhancements and the significance of the measurements decrease with smaller p, acceptance
in the region of interest. The combined (19.6 and 27 GeV) significance of enhancements to the
corresponding coalescence baselines for 0.5 < p;/A < 1.0 GeV/c, 0.4 < pyp/A < 1.2 GeV/c, and
the full p/A range are 1.60, 2.50, and 4.10, respectively. In the model calculations, the physics
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Figure 5.4.3: Collision energy, cetrality, and p; dependence of the yield ratio N, x N, /NZin
Au+Au collisions at RHIC. Solid circles are the results from 0-10% central (left panel) and 40-80%
peripheral (right panel) collisions. Colored-bands in panel (a) denote p; acceptance dependence,
for which the statistical and systematic uncertainties are added in quadrature. Red solid circles are
the final results with extrapolation to the full p, range. Statistical and systematic uncertainteis are
shown as bars and brackets, respectively. Red vertical bands on the right side of panels represent
the common systematic uncertainties. Dashed lines are the coalescence baselines obtained from
the coalescence-inspired fit. Shaded areas denote the calculations from hadronic transport AMPT
and MUSIC+UrQMD hydrid models.
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of the critical point or first-order phase transition are not included. Therefore, the non-monotonic
behavior observed in the energy dependence of the yield ratio N, x N, / N?l from 0-10% central
Au+Au collisions may be due to the enhanced baryon density fluctuations induced by the critical
point or first-order phase transition in heavy-ion collisions. The right panel of Fig. 5.4.3 shows the
energy dependence of the yield ratio in peripheral (40-80%) Au+Au collisions. Within uncertain-
ties, the experimental data can be well described by the coalescence baseline (black-dashed line)
whereas the calculations from AMPT and MUSIC+UrQMD hybrid models overestimate the data.

Since the ALICE collaboration has published the proton and light nuclei yield of p+p 7.0
TeV [92, 93, 94], p+Pb 5.02 TeV [95, 96] and Pb+Pb 2.76 GeV [97, 14|, we calculated the corre-
sponding light nuclei yield ratio based on these published data. In the error processing, we have
cancelled the correlated part of the systematic error of this ratio using the following formula. The

definition of light nuclei yield ratio is

tXp

R = e (5.4.2)
According to the stand error propagation, the statistic error is
A Ad At
AR =R x \/(p)2+4>< (—)2 4+ (—)? (5.4.3)
P d t
The Systematic uncertainties without correlation is
op od ot op Ot od
R=R —)2 2 x —)2 —)2 — 4+ ——2x —)2 5.4.4
X \/( p )’LLTLCOT"I' + ( X d )'LL’N,CO’FT' + ( t )uncorr + ( p + t X d )COTT ( )

The calculation results of the Thermal-FIST model also added the light nuclei ratio at ug
= 0 MeV for different temperature [98]. As we can see from the Fig. 5.4.4, it seems that ALICE
measurements are closer to the thermal model, while STAR results can be better described using
coalescence model.

The formation of light nuclei is correlated to the nucleon correlator, which can be directly
measured. The critical point can be identified by the non-monotonous behavior of the fluctuation
observable. By knowing the correlator for three-body, one can make quantitative predictions
for fluctuation measures used in experiments. However, extracting the density fluctuation in
heavy-ion collisions from experimental observables is challenging as only the particle momentum
distribution is generally measured. Although the fireball created in heavy-ion collisions undergoes

rapid expansion, density fluctuations resulting from spinodal instability or critical fluctuations
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Figure 5.4.4: The yield ratio (N, x N,/N7) as a function of charge particle multiplicity dN,,,/dn
in Au + Au collisions at /sy = 7.7 - 200 GeV from STAR by solid symbols. The open diamond
denotes the yield ratio of 0-20% central Au+Au collisions at /sy = 54.4 GeV. Statistical and
systematic uncertainties are shown as vertical lines and brackets, respectively. The black dot-
dashed line denotes the coalescence-inspired fit. The red shaded vertical band on the right side of
the figure represents the multiplicity independence systematic uncertainties on these ratios from
STAR measurements. From ALICE results: The open square is from p+p 7 TeV [92, 93, 94], the
open triangle is from p-+Pb 5.02 TeV [95, 96], and the open circle is from Pb+Pb 2.76 TeV [97, 14].
Statistical error and systematic error are combined shown as vertical lines. The results from
a Thermal-FIST model with pp = 0 MeV at different temperature are shown as the blue dotted
lines. Calculations from AMPT [90] and MUSIC+UrQMD hybrid [9] models are shown as shaded

blue and green bands, respectively.
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may persist despite final-state interactions. These fluctuations have the potential to influence
observables that reflect nucleon density fluctuations and correlations at kinetic freeze-out, when
particles cease interacting [28]. However, detecting large magnitude fluctuations alone does not
confirm the existence of a critical point, as there are other factors contributing to fluctuations that
are challenging to quantify. The event-by-event fluctuations of conserved quantities in relativistic
heavy-ion collisions have extensively been studied both theoretically and experimentally. The
energy dependence of the fourth-order fluctuation of net-proton distribution measured in the BES-
I program by the STAR collaboration is found to exhibit the largest deviation from unity in Au
+ Au collisions at 19.6 GeV [99, 100, 101, 102]. Whether there is a correlation between the
non-monotonous behavior of the fluctuation observable and the fourth-order fluctuation is still
a question worth answering. With the upgrade of STAR detectors and the implementation of
the BES-II program, the high statistical data and excellent detector performance will push the
accurate measurement of these observables and even understanding of QCD phase diagram to a

new level.
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Chapter 6

Summary, Others, and Outlook

6.1 Summary

In summary, we present the measurement of triton production and the compound yield ratio
N, x Np/Ni in Au+Au collisions at /syy= 7.7 — 200 GeV measured by the STAR experiment
at RHIC. The yield ratio monotonically decreases with increasing charged-particle multiplicity
(dN,;,/dn) and exhibits a scaling behavior, which is explained by the formation of deuteron and
triton via nucleon coalescence. On the other hand, the thermal model overestimates the triton over
proton yield ratio N;/N,, and the N, x N, /N2 ratio at RHIC energies. This overestimation could
indicate that the effects of hadronic re-scatterings during hadronic expansion play important role
for light nuclei production in heavy-ion collisions. In the 0-10% most central Au+Au collisions at
VSnn= 19.6 and 27 GeV, the yield ratio shows enhancements relative to the coalescence baseline
with a significance of 2.30 and 3.40, respectively, and a combined significance of 4.1¢. The sig-
nificance of the measurement decreases with reduced pp range. This suggests that the possible
enhancement may have a strong dependence on the p; acceptance. In peripheral collisions, similar
to data, model calculations have a smooth decreasing trend as a function of energy. Further de-
tailed calculations from dynamical modeling of heavy-ion collisions with a realistic equation of state
are required to determine whether the enhancements are due to large baryon density fluctuations
induced by critical point. In the BES program, the STAR experiment has measured the energy
dependence of observables that are sensitive to the CP and/or first-order phase transition, includ-
ing pion HBT radii [103, 104], baryon directed flow [105, 106], net-proton fluctuations [107, 108]
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and intermittency of charged hadrons [109]. Non-monotonic energy dependencies were observed
in all of these observables, and the energy ranges where peak or dip structures appear are around
V8NN ~ 10-30 GeV. Those intriguing observations are of great interest and more investigation and
analysis are required to reach definitive conclusion. The systematic measurements of light nuclei
yields and their ratios over a broad energy range provide important insights into the production
dynamics of light nuclei and our understanding of the QCD phase diagram.

The exploration of the microstructure of matter is one of the fundamental questions in
mankind’s quest for understanding the mysteries of nature. This pursuit dates back to as early
as the 4th century B.C., where people pondered the structure of matter in terms of particle the-
ory and the “atom” idea. However, these were only hypotheses without sufficient and rigorous
scientific basis. As human civilization progressed, science and technology gradually became an
integral part of people’s lives and began to dominate them. With the discovery of electricity, rays
and the deepening understanding of nature, it inspired generations of explorers of scientific and
technological civilization who continued to explore in the darkness, where unknown dangers could
not stop them from seeking the truth. Today, modern physics and human civilization appear to be
at the pinnacle of development but standing in the depths of the distant universe and looking back
at the earth. We realize that the advancement of science and technology has brought tremendous
changes and will continue to do so. The development of civilization doesn’t seem to have an end,

and therefore, it is essential to ponder more about the meaning of human civilization’s existence.

6.2 Di-lepton Production

One of the main research goals behind high-energy experiments of relativistic heavy-ion colli-
sions is the study of the properties of QCD substances. However, the use of final state hadrons as
probes to examine the properties of QGP can be affected by strong interactions during the evolu-
tion of the system. Alternatively, electromagnetic probes such as di-electron are not impacted by
strong interactions during system collisions and can offer a more precise and direct understanding
of the collisions.

Di-electrons are produced through various mechanisms during collisions. The mass of the
produced di-electrons determines their generation time in the collision. In the early stages of
the collision, positive and negative quarks are mainly produced by Drell-Yan annihilation of the

di-electron, which contributes primarily to the high-invariant mass region (M,, > 3 GeV/c?).
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As the high-density and high-temperature medium generated by the collision heats up rapidly,
leptons from heavier quarks through semi-leptonic decay accumulate mainly in the intermediate
mass region (1 < M,, < 3 GeV /c?), following the thermodynamic statistical distribution. In the
later stages of the collision, di-electrons are produced through meson annihilation and the decay
of other hadrons, which contribute mainly to the low-mass region (M,, < 1GeV /c?). Fig. 6.2.1

shows the invariant mass spectrum of di-electrons [110].

Drell-Yan

Low- Intermediate- High-Mass Region

>10fm ! >1fm <0.1fm
1 1 1 |' I 1 1 1 1 I 1 1 1 '| I 1 1 1 1 I 1 1 1 1
0 1 2 3 4 5

mass [GeV/cz]

Figure 6.2.1: Expected source for di-lepton productions as a function of invariant mass in ultra-

relativistic heavy-ion collisions.

The measurement of di-electrons presents a significant challenge in distinguishing between the
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combinatorial background and the signal. To overcome this challenge, experiments have tried to
include detailed invariant mass intervals. Recently, the GSI HADES experiments on p-+p, p+A,
and A+A have expanded the measured mass intervals to include lower mass ranges [111]. With
the STAR Collaboration’s Phase II energy collection of Au+4Au collisions, which provides high
statistics at 3 GeV, there is an excellent opportunity to analyze the di-electron invariant mass

spectrum [112].

6.3 Outlook

upgrade

vent !'lane | Jetector

Figure 6.3.1: A view of the STAR detector with the BES-II upgrades highlighted. The EPD and
iTPC are symmetric in STAR. The eTOF is only on the east side.

The STAR detector is an amazing masterpiece of advanced human technology, as a very
successful exploration tool for studying strong interactions. The upgrade of the STAR detector
has the central goal of maximizing the physical output of the Beam Energy Scan II (BES-II),
which is achieved through detector upgrades (Fig. 6.3.1) and high precision data (Fig. 6.3.2). The
upgraded detectors include, Event Plane Detector (EPD), inner TPC upgrade (iTPC), endcap
TOF (eTOF), etc.. The iTPC will increase the acceptance of the TPC from |n| < 1 to |n| < 1,5,

imporve the dE/dx resolution, and allow tracks to be reconstructed down to p; ~ 60 MeV /c. The
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eTOF will extend STAR’s PID capabilites at forward rapidities (-1.6 < < -1.1), complementing
the existing Barrel TOF measurements in the region |n| < 0.9. The EPD will replace the BBC as
a minimum-bais trigger detector and will provide forward measurements of the events plane and
centrality.

The acquisition of data for the BES-II/FXT program has been successfully concluded, sur-
passing all the set targets for data acquisition. A bar chart in Fig. 6.3.2 illustrates the BES-II/FXT
recorded data sets as compared to the older BES-I data sets, and the energies for which there is
overlapping coverage from both the collider and fixed-target plans are also included. The bars are
presented with respect to pp show the range of up as well as the step size. The collision energies
(v/5nn) are annotated on the top edge of the plot to improve clarity. Overall, with its enhanced
capabilities in gathering highly accurate data, the STAR detector is well-equipped to make signif-
icant strides towards understanding the mysteries of the Quark Gluon Plasma and unlocking the

secrets of the universe.
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Figure 6.3.2: A summary of the good events acquired for the various collision energies (translated
to up). The BES-II collider data sets are shown in red bars. The FXT data sets are shown in

hashed blue bars. For comparsion the BES-I data sets are shown in gery bars.
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A PRSP SCRIY

RIS B T RE S, e R H R BT R s B 7 @sh Jr2: (QCD) KA
ghtly, MRS E AN RS A T FERARSD, SRR TR TR T
i, R A SE AT - Rl N AR RIS R B S e T, X AR AR A S T
WIS T RIEIE G T IR AL R, PR S K TF s 7k (QGP). L
IR RS AN R G, SRS 2 A AR A, il 4 DI S O v 4 o 8 B M iR B R
PEBATVEENI IS i TR TR, PO AR A AR g, Bhar 5K R DL i
WV NG I ARESRL 174y, X SERERL T APER S dfE QGP i1 o DA S AE Rl i aed A
AR A AR . B A PRI R0 S QCD 15458, e Tea 3o i K, Wy
QGP ME 58 TR P 258 . X E P B s i X, #0 QCD W8l T4 1
AR, BT QCD AR M A R EWIHER K E TS o — Al AE . — i Aea 4
L, PR Z A QCD AL Rl KINPAKIRZR QCD MIEHIRITF4K QCD i it i e B g 1l

PR, SEEQ 5T, Ry S H R S B BE B T ROR XA A TR R QCD Il B T
.

AN E R TS ERRE Y —, HIBHLEH B — R — R AR, &
WAL R, T AR RNy 2 e AR A A A A O AL U 1 48k I R 4
R, HRARE MRS . RIS IR, B TRENETEIRA, BN
SEATRILEN, x N, /NG W ASRIBCH R G0 e i oh RO Bk, S AR QCD ISt
AT ARAR B TR B A R . M AR AW XIS, REERREK AL, Ko FBURE
TR, MRS T A G, B TEOR KR 2 B 2 R
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B. RHIC-STAR H 2010-2017 4F55—FrEae it R, RET &% SN, T REER>
7.7-200 GeV B, B R BTN 750 -25 MeV, X K5 R T QCD Al HAR i X Ik,
XSO R A B S ER AL T A R . AR AR B P2 TR AT S 50 I v BB I A R
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W B g A A% e T T FRATEETE TR, ARE TR E T AR
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5 R DA SRR AR AT 5

W SCHI DA U B 4 A

55 1 BENE T A OIS 5t DFFEEILA K187 B2 AR 53 A v FH 300 1) S 5 08 D0 -

WFSET 5t gl A e g TR B s i K S i, AR 1 IR R B R A ALY
@, A TERKNAIEER. 1895 FMEEY I FI T IR I X-G14, BHE DUl /R K3
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AR, RIH T REETER R U E N AR GELE R, MXEE TRERSFEEH, B4 A
AT RE RSP E AR T BERT, AR AHAEE T il 5 I AFAE , XRF R PR 28 1Y) ) A AR B
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