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Abstract

The Big Bang theory holds that approximately 13.8 billion years ago, the entire universe
originated from an extremely high-energy point, known as the singularity. The temperature and
density at this point of origin were infinite. Within a very short period of time after the initial
state, the universe expanded, and its temperature and energy density dropped rapidly. The
matter in the universe gradually cooled and condensed, to form various elementary particles
such as quarks, gluons, electrons, and so on. These elementary particles further combine to form
atoms, which in turn form light elements such as hydrogen and helium. Quarks and gluons carry
a quantum number called the color charge, In nature, they are in a state of color confinement,
bound inside hadrons. In order to study the interaction between quarks and gluons, in 1972,
Murray Gell-Mann and Harald Fritzsch proposed the quantum chromodynamics (QCD) theory.
At high temperatures and high densities, the strongly interacting matter will undergo a phase
transition (QCD phase transition), at which time the quark and gluon confined in the nucleus
will escape from the nucleus, forming a quark-gluon plasma (QGP) composed of quark and
gluon. The phase structure of QCD is depicted on a two-dimensional phase diagram with
the baryon chemical potential (1) as the horizontal coordinate and the temperature (T) as
the vertical coordinate. A non-perturbative theoretical approach to QCD theory from first
principles, lattice QCD, predicts that in the high temperature (low baryon density) region of
the phase diagram, the transition from the hadronic matter phase to the quark gluon plasma
(QGP) phase is a continuous smooth traverse. In contrast, in the region of low temperature
(high baryon density), there is a first-order phase transition between the two phases. The end
point of the first-order phase transition is called the QCD critical point (CP).

Relativistic heavy-ion collision experiments provide a unique experimental tool for study-
ing the quantum chromodynamics (QCD) phase diagram and the properties of strongly inter-
acting nuclear matter under extreme conditions. Experimentally, the initial heavy ions are
accelerated with different acceleration energies to obtain different temperatures and baryon

chemical potentials. This enables the exploration of the material properties in various regions
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of the QCD phase diagram, with the aim of searching for the first-order phase boundary and
the critical point. The correlation length (&) of the system diverges near the critical point. At
this juncture, there are fluctuations in the local baryon density to varying degrees. Light nuclei
(containing at least one neutron and one proton) are particles that can be directly detected
by detectors in relativistic heavy-ion collisions. In recent years, there has been a great deal
of experimental and theoretical studies on the formation mechanisms of light nuclei, among
which the coalescence model and the statistical thermodynamic model are two more successful
theories. The coalescence model suggests that light nuclei are clusters formed by protons and
neutrons in the final state of the collision system, and therefore their yield is closely related
to the volume of the system, the kinematic freeze-out temperature, and so on. Theory pre-
dicts that the yield ratio of light nuclei (N, x N,/N, 2) can effectively eliminate the volume,
temperature and other effects in the yield of a single light nucleus. It is directly related to the
fluctuation of the neutron number density of the system and is a sensitive observation of the

QCD critical point and the first-order phase transition.

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL)
in the United States and the Large Hadron Collider (LHC) at CERN are two renowned ex-
perimental facilities for relativistic heavy-ion collision. The STAR detector is the primary
detector still in operation at RHIC. From 2010 to the present, STAR has collected data at Au
+ Au collisions in the first beam energy scan (BES-I), the second beam energy scan (BES-II),
and the Fixed-target mode (FXT). It covers a wide range of the phase diagram area with
center-of-mass collision energies |/syy = 3.0 — 200 GeV and baryon chemical potential pp =
750 — 25 MeV. These extensive datasets provide favorable conditions for studying the phase
diagram, searching for phase boundaries, and identifying critical points. In the BES-I at the
STAR experiment, i.e., the center-of-mass collision energy range from 7.7 to 200 GeV, it was
found that the light nuclei composite yield ratio (N, x N,/ N2) exhibits an energy-dependent
non-monotonic behavior in central collisions (0-10%) at 19.6 and 27 GeV, deviating from the
theoretical baseline by an enhanced factor of 4.1¢. This study primarily focuses on data at
center-of-mass collision energy /syy = 3.0 GeV. The transverse momentum spectra and yields
of protons and light nuclei (deuterons, tritons, 3He, and “He) are systematically measured over
a wide rapidity range, and for the first time, the full phase-space yields (47 yields) are ex-
tracted. The study obtains composite yield ratios of light nuclei that are sensitive to the QCD
critical point and the first-order phase transition. The measurement results provide important
experimental basis for further understanding the production mechanism of light nuclei and the
QCD phase structure at high baryon densities. Additionally, by fitting the transverse mo-

mentum spectra of protons and light nuclei using the blast-wave model, the kinetic freeze-out
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temperature and average transverse expansion velocity are extracted. The results show that
the freeze-out parameters exhibit a different centrality dependence trend compared to those
measured in ,/syy = 7.7 — 200 GeV collisions. It is implied that the hot and density medium
produced at 3 GeV collisions may have a different equation of state (EOS) compared to the
medium produced at higher energies.

The thesis presents the first measurements of the protons and light nuclei production in
FXT Au + Au collisions at /sy = 3.0 GeV. The thesis consists of the following parts: Chap-
ter 1 is an introduction, which introduces the basic information of QCD and the motivation
of this study. Chapter 2 introduces the RHIC-STAR detector, the sub-detectors used in this
study, and information on the FXT mode. Chapter 3 includes the datasets and data selection,
particle identification, efficiency correction, and estimation of systematic errors at each stage
of the analysis. Chapter 4 shows the analysis results. We measured the transverse momen-
tum (py) spectra of protons (p) and light nuclei (d,¢,® He, and 4He) at different centralities
and rapidities, calculated the centrality and rapidity dependence of average transverse mo-
mentum ((py))) and particle yield (dN/dy). The full phase space (47) yield of particles is
given. The compound yield ratio of light nuclei (N, x N,/NZ, Nay, X N,/ (Nsg, x Ny), and
Nagge X N; X Ng / (Nsye x N3Z)) are calculated and compared with several models. Chapter 5
discusses the traditional blast-wave model and non-boost-invariant blast-wave model. Chap-
ter 6 is a summary and outlook on the analysis. In this 3 GeV analysis, we have observed that
the region of high baryon density at low energies contains a wealth of physical information dis-
tinct from high energies. This holds significant importance for the study of system properties
and the formation mechanisms of light nuclei.

Keywords: Quantum Chromodynamics; Relativistic heavy ion collision; QCD critical

point; Light nuclei; 47 particle yield; Compound yield ratio.
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Chapter 1

Introduction

1.1 Standard Model

There are four fundamental interactions in nature: Strong Interaction, Electromagnetic
Interaction, Weak Interaction, and Gravitational Interaction. The relative strengths of the four

interactions, in terms of the strong interaction force, are shown in the Tab. 1.1.

Table 1.1: Relative strengths of the fundamental interaction forces !.

Strong Electromagnetic Weak Gravitational
Interaction Interaction Interaction | Interaction
1 1/60 —1/20 1013 10739

The Standard Model of particle physics is an important tool for understanding particle
physics and serves as a theoretical framework for describing strong nuclear force, electromag-
netic force, and weak nuclear force. The Standard Model has successfully explained a wide
range of experimental results and provides a comprehensive understanding of the fundamental
particles that make up matter and their interactions.

The Standard Model contains 12 “flavors” of fermions, as shown in the left three columns of
Fig. 1.1.1. Of the three particles that make up most matter: protons, neutrons, and electrons,
only the electron is the fundamental particle of this theory. Protons and neutrons are simply
composed of elementary quarks attracted by the strong force. These fermions can be divided
into three generations. The first generation, shown in the first column on the left of Fig. 1.1.1,
consists of up quarks, down quarks, electrons, and electric neutrinos. All ordinary matter is

made up of particles from this generation. The second and third columns are the second and

Thttps://zh.wikipedia.org/wiki/F:AAH 7 AFE
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Figure 1.1.1: The standard model of elementary particles. Figure taken from [1].

third generations, respectively, which are unstable matter that can only be created by cosmic
rays or high-energy experiments, and will decay into first generation particles within a short
period of time. The two rows of fermions containing the up and down quarks, and considering
the corresponding antiquarks and the three colors of each quark, there are 36 species of quarks
in total. The two rows of fermions containing the electron and the electric neutrino are leptons,
and considering the corresponding antiparticles, there are a total of 12 species of leptons. The
column on the right is the gauge boson, which is responsible for transmitting various forces.
On the far right is the Higgs particle, discovered in 2012 by Large Hadron Collider (LHC) at
CERN. According to the Higgs mechanism, elementary particles gain mass due to coupling
with the Higgs field. However, the Standard Model also has limitations. It cannot incorporate
gravitational force, and cannot account for dark matter and dark energy, which together make
up an important part of the mass and energy of the universe. In the future, it is necessary
to continue exploring extensions and modifications to the standard model and to seek more

comprehensive theories to address its shortcomings.
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1.2 Quantum Chromodynamics

In 1972, Murray Gell-Mann proposed Quantum Chromodynamics (QCD) to describe the
strong interaction [2]. It is a standard dynamic theory describing the strong interaction between
quarks and gluons. It has two unique properties: color confinement and asymptotic freedom. At
low energies, quarks and gluons interact strongly and they are confined in hadronic matter. For
example, one quark and antiquark form a meson, and three quarks form a baryon. Asymptotic
freedom is an important property of QCD discovered by David Jonathan Gross, Frank Anthony
Wilczek, and Hugh David Politzer in 1973. They found that the strong interaction operates
only over extremely short distances, whereas at long distance, the interaction between the color

charges becomes weaker.

April 2016

v T decays (N3LO)
DIS jets (NLO)
Heavy Quarkonia (NLO)

e*e jets & shapes (res. NNLO)
e.w. precision fits (N3LO)

pp —> jets (NLO)

pp —> tt (NNLO)

Q)

03+

4 <« © O O P>

02t

0.1}

= QCD 0x(M,) =0.1181 £ 0.0011 i
. 160 1600

" QGev]

Figure 1.2.1: QCD coupling constant as a function of the energy scale @. Figure taken from [3].

A parameter that describes the strength of the interaction between quarks and gluons, the

quantum chromodynamic coupling constant [4] is expressed as

7£7 Ar

2
« - - 2

(1.2.1)

where 3, = (33 — 2N;)/12m, N is the quark flavor number, A is the QCD scale parameter,
@ is the energy scale. a, becomes larger at low energy scales, resulting in strong interactions
between quarks and gluons, while at high energy scales, o, becomes smaller due to asymptotic
freedom, indicating that quarks and gluons move almost like free particles. As shown in

Fig. 1.2.1, this conclusion has been confirmed both theoretically and experimentally.
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1.3 QCD Phase Diagram and Critical Point
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Figure 1.3.1: Phase diagram of water.

Phase transition is the process by which a substance changes from one phase to another.
The phase transition behavior of water is a very common phenomenon in nature, extensively
studied in both daily life and scientific research. The three phases of water are solid, liquid,
and gas. To illustrate the relationship among the three phases, a water phase diagram is
constructed, depicted in Fig. 1.3.1, where temperature is represented on the X-axis and pressure
on the Y-axis. This diagram delineates the phase behavior of water under different temperature
and pressure conditions. In the upper right corner of Fig. 1.3.1, there is a critical point (CP)
at the end of the gas-liquid phase boundary. When the temperature and pressure increase and
reach this point, it will be difficult to distinguish which state the water is in. This state is
referred to as a supercritical fluid.

In the field of high energy physics, the study of phase diagrams also plays an important
role. Nuclear matter driven by strong interactions can undergo phase transitions in low-energy
heavy-ion collisions, as in the liquid-gas phase transition of water [6-9]. The QCD phase
diagram is usually plotted on the temperature-baryon chemical potential plane [5], as shown

in Fig. 1.3.2. The two color patches represent the hadronic matter phase and the Quark-

4
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Figure 1.3.2: The QCD phase diagram of temperature 7" and baryon chemical potential u .
Figure taken from [5].

Gluon Plasma (QGP) phase respectively. At vanishing baryon chemical potential (ugp = 0
MeV), Lattice QCD [10-13] calculations reveal that the transition between hadronic matter
and QGP is a smooth crossover at high temperature about 7' = 150 - 160 MeV (dashed line).
At high baryon chemical potential, QCD-based models predict that there is a first-order phase
transition (black solid line), and the first-order phase boundary line will terminate close to
the smooth crossover, i.e., there is a critical point (open square) at the finite baryon chemical
potential [9, 14-20]. The chemical freeze-out parameters extracted from the experiment by
measuring the hadron yields are shown as the red line. Understanding the details of the QCD
phase diagram, especially under high density and high temperature conditions, is challenging
and has been an active area of research for a long time. The top of the phase diagram marks

the regions on the phase diagram corresponding to different experimental collision energies.

1.4 Relativistic Heavy Ion Collision

Relativistic Heavy Ion Collisions (RHIC) aim to recreate the early moments of the universe,
when temperatures and energy densities were unusually high just a few microseconds after the

Big Bang, to study the properties of the quark-gluon plasma mentioned above. The RHIC at

5
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Brookhaven National Laboratory (BNL) in the United States and the Large Hadron Collider
(LHC) at CERN are two prominent facilities that conduct such experiments.

e s .. final detected
Relativistic HEGVY-Ion Collisions particle distributions

Kinetic
made by Chun Shen freeze-ocut

—_ N Hadronization
Initial energy

density

<

/

collision
overlap zone

¥
3

viscous hydrodynamics free streaming

collision evolution
t~0fm/c T~1fm/c t~10 fm/c T ~ 10" fm/c

Figure 1.4.1: The time evolution of relativistic heavy ion collisions experiment. It comprises
four phases: the initial state preceding the collision, the formation of quark-gluon plasma
immediately after the collision, hadronization occurring as the quark-gluon plasma expands and
cools down, and the freeze-out stage when the inelastic scattering process concludes. Figure
taken from [21].

In these experiments, two nuclei moving in opposite directions are accelerated to nearly
the speed of light. The Lorentz contraction causes the nuclei to assume a pancake-shaped
form, as depicted in Fig. 1.4.1. When they collide at extremely high energies, it induces
localized temperatures and energy densities of considerable magnitude. Under these conditions
of high temperatures and densities, atomic nuclei disintegrate into quarks and gluons, forming
a quark-gluon plasma. As the system undergoes expansion and cooling, the quarks and gluons
subsequently recombine to form hadrons once again. In the process of hadronic evolution,
the system continues to expand and cool, undergoing two stages of freeze-out. The first stage
is chemical freeze-out, after which the types of hadrons are determined, and the system no
longer undergoes inelastic collisions. The second stage is kinetic freeze-out, after which the
momentum of the hadrons no longer changes, and elastic collisions cease. Ultimately, detectors
positioned around the collision point capture the diverse particles generated in the collision.

These data are then experimentally analyzed to gain insights into the formation and properties

6
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of quark-gluon plasma.

1.5 Light Nuclei Production and Neutron Density Fluctu-

ation

1.5.1 Light Nuclei

12012

™ [ 178 193
6Be !Be!2Be 1“Bel  19Be

117§
6He| 8He|"He 1°He
SH H

240 260 280

N

S
Cd

Figure 1.5.1: Light nuclei near the neutron/proton drip line. N is the number of neutrons, Z
is the number of protons. The gray box outlines the stability interval. Figure taken from [22].

The term ‘light nucleus’ is subjective and typically denotes a nucleus with a relatively
small number of nucleons (protons and neutrons) compared to heavier nuclei. Nuclei with a
proton number less than 20 are generally considered to be light nuclei. In a nuclide diagram,
where the number of neutrons (N) is represented on the X-axis and the number of protons (Z)
on the Y-axis, as shown in Fig. 1.5.1, there are two boundary lines, called “nuclear drip lines” .
These two lines represent the proton-rich side and the neutron-rich side respectively. The area
enclosed by these two lines signifies a relatively stable combination of neutrons and protons
within the atomic nucleus. This diagram shows all stable light nuclei [22]. In a broad sense,
light nuclei encompass elements such as Hydrogen (H), Helium (He), Lithium (Li), Beryllium

(Be), Boron (B), and their corresponding isotopes. They are clusters containing at least one
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proton and one neutron, and can be detected directly. Thus the study of light nuclei can

explore nuclear forces and discover rich nuclear structures.

1.5.2 Neutron Density Fluctuation

Near the critical point, the correlation length & of fluctuations in the system increases
sharply, and the spatial correlation tends to long-range correlation. This can be expressed in

terms of correlation length by Eq. (1.5.1)
E=&(T-1,)"" (1.5.1)

where d is the space dimension, 7, is the critical temperature. This means that at critical
point, the correlation length diverges due to 7' = T,. The long-range interactions near the
critical point give rise to a temporary, ordered structure on a finite scale, consequently leading
to critical fluctuations in the system.

In heavy-ion collision, the higher order cumulants of conserved quantities, such as net-
baryon (B) number, net-charge (@) number, and net-strangeness (5) number, are highly sen-
sitive to the correlation length. These are employed as sensitive observables in experiments
to search for the QCD critical point and the first-order phase transition boundary [23-28].
Similarly, the neutron density fluctuation is a possible physical quantity to study the system
evolution and to find phase boundaries and critical point. However, neutrons are uncharged
and cannot be detected easily by detectors. Therefore, there is a need to find an observable
that can reflect neutron density fluctuations. As mentioned before, light nuclei contain at
least one neutron, so the measurement of light nuclei is considered as such an observable. The

specific research methods and existing research results will be discussed in the Sec. 1.5.3.

1.5.3 History and Current Status of Light Nuclei Research

Clusters are very important in heavy ion collisions, not only because they are emitted,
but also because the formation and existence of light clusters (with small binding energy,
2.24 MeV for d and 8.48 MeV for t) largely affect the global reaction dynamics and the
properties of bulk nuclear species. Whether theoretically [29-34] or experimentally [35, 36],
the study of light nuclei has a long history. In recent decades, the production of light nuclei
and anti-nuclei has been measured in many experiments in heavy ion collisions, mainly the
Schwerionensynchrotron (SIS) [37, 38], the Alternating Gradient Synchrotron (AGS) [39-46],
the Super Proton Synchrotron (SPS) [47-53|, the RHIC [54-62], and the LHC [63-73]. The

energy regions of these experiments cover almost the entire QCD phase diagram. Theoretical
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calculations propose the two most popular mechanisms, the nucleon coalescence [74-83] and

thermal emission [84—87], to explain the production of light nuclei in heavy ion collisions.

@ Neutron
@ Proton

Figure 1.5.2: Schematic diagram of the nuclear coalescence in heavy-ion collisions.

In the picture of the coalescence model, the idea is that nucleons come together and
“coalesce” to form a composite particle when the nucleons are close to each other in coordinate
space and momentum space as shown in Fig. 1.5.2. Taking the deuteron as an example, the

momentum distribution of the deuteron in this model is expressed as Eq. (1.5.2)

d3N,
dpf’l

d°N, d°N,

n

P dz3dp} dx3 dp;,

—g / &, d3z,dp,d* x fw (xp %09, 9,) 8% (P, — P, — P,

(1.5.2)
where g = 3/4 is the statistical factor that is given by the spin of the nucleons and deuterons.
d°N, /dz3dp3 and d°N,, /dz} dp} are the proton and neutron phase-space distributions. Assum-
ing that the internal wave function of the deuteron is represented using the harmonic oscillator

wave function, the Wigner function [88] of deuteron is
Ffw (x;,,x;; P, p%) = 8exp (—p?c? —x?/0?) (1.5.3)

where 0 = 1/, /pw and p = my /2 is the reduced mass. The relative coordinates and relative

momentum of protons and neutrons are expressed as
1
X =X}, — X, pzi(p;—p;) (1.5.4)

In the coalescence production mechanism, the spectral distribution of the composite nuclei
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is related to the one of the primordial nucleons via

4

Z A—
d3N , >N d®N
E,~—~—4A=B,|E,—2 E, ——" 1.5.5

Y, A ( ? dp, ) ( " dp, ) (1:55)

where B, is the coalescence parameter. The coalescence model describes the process by which
nuclei are created from emitted nuclei as a hot fireball cools as it expands. The quantum
mechanical mutation approximation [44, 89] is assumed and the density matrix form [75] is
used, taking into account both the positions and moments of the nuclei. B, can be related to

)A~1. Experimental studies also

the effective volume in coordinate space with B, oc (1/V,;;
clearly show the dependence of the light-nucleus yield (ratio) on the volume of the emitted
fireball [42, 59, 83].

)4~ was also found in the thermal

The conclusion that B, is proportional to (1/V, ;s
model, which assume that the system is at least in local thermal equilibrium, so that the
production of single particles and composite particles is controlled by a single temperature and
chemical potential. In the statistical thermal model [86, 90], based on the Eq. (1.5.6), the light

nuclei yields (dN/dy) are sensitive to the chemical freeze-out temperature (7,0, )-

AN /dy o (204 + 1)exp(f%) (1.5.6)
chem

where 2J 4 + 1 is the spin degeneracy factor [43, 91] for particles. However, research has found
that the thermal model can successfully describe experimental results at high energies at LHC
(up ~ 0) [86, 92], but has obvious deviations at lower energies. One potential explanation is

the significant impact of hadronic rescatterings during the hadronic expansion phase.

Assuming that protons and neutrons have the same mass and that the density fluctuations
are completely correlated, the coalescence model gives the relationship between compound yield

ratio and neutron density fluctuation [90, 93, 94] with

N, x N, B 14+ (14 2a)An

1.5,
N2 I (I alny (15.7)

where the correlation coefficient («) is 1 with above assumptions. An = ((dn)?) /(n)? is the
relative density fluctuation of neutrons. So far, the observation quantity of using light nuclei

to find the first-order phase transition boundary and critical point of QCD has been proposed.

In RHIC BES-I, the STAR experiment measured the production of deuterons [59] and
tritons [62] in Au+Au collisions at \/Syy = 7.7 — 200 GeV. An enhancement of N, x N, /N7

relative to the coalescence baseline was observed in the 0-10% central Au+Au collisions at
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VAnn = 19.6 and 27 GeV with a combined significance of 4.10 [62]. To determine whether
the enhancements are related to a first-order phase transition or CP, dynamical modeling of
heavy-ion collisions with a realistic equation of state is needed to compare with the experimental
data. In addition, it was observed that the yield ratio N, x N,/ N, 2 monotonically decreases with
increasing of the charged-particle multiplicity (d N, /dn) and exhibited a scaling behavior. The
observed decreasing trend and scaling behavior can be nicely explained by coalescence models
while the thermal model predicts an opposite trend. Thus, the systematic measurement of
light nuclei production in heavy-ion collisions across a wide energy range serves as a valuable
tool not only to probe the QCD phase structure, but also to gain insight into the underlying

production mechanism.

1.6 Thesis Motivation

! i B ! T ] ]
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Figure 1.6.1: Interaction rates for heavy ion collision. Figure taken from [5].

A series of studies have shown that the QCD structure in the high baryon density region
is complex and not yet understood. Reference [5] summarizes a series of physical observations.
Collectivity (collective flow v; and v,) show different trend at lower collision energies (/Syn

< 15 GeV). Criticality (fourth order fluctuations of net-proton xo? and light nuclei yield ratio
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N, x N,/N7) show non-monotonic energy dependence in central Au+Au collisions, with a
minimum and peak around 20 GeV, respectively.

As shown in Fig. 1.6.1, the RHIC STAR BES-II and FXT experiments focus on the lower
energy (3 GeV < /syy < 20 GeV) range. This covers baryon chemical potential up to 750
MeV, providing us with a unique opportunity to explore the QCD phase structure. Therefore,
our main work will focus on the production of light nuclei in high baryon density regions to

provide more information for finding the critical point of QCD phase transition.
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Chapter 2

Experiment Setup

2.1 Relativistic Heavy Ion Collider

BRAHMS

VS
PHENIX"

&

Figure 2.1.1: The Relativistic Heavy Ion Collider ring located in Brookhaven National Labo-
ratory of the USA [95].

The Brookhaven National Laboratory !, located on Long Island in the United States, is a

Lhttps://www.bnl.gov
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highly significant research laboratory for studying the evolution of cosmic matter. The Rela-
tivistic Heavy Ton Collider (RHIC) at this laboratory, depicted in Fig. 2.1.1, is considered the
brightest proton spin polarization collider in the world. RHIC accelerates beams of particles
(e.g., the nuclei of heavy atoms such as gold) to nearly the speed of light, and smashes them
together to recreate a state of the process of high-temperature and high-density matter pro-
duced within a few microseconds after the Big Bang. By accelerating and colliding polarized
protons, RHIC can explore how the proton gets its spin and intrinsic magnetism from its quark
and gluon constituents. It provides physicists with the possibility to study the formation of

matter in the universe.

Figure 2.1.2: Detailed diagram of the RHIC particle accelerator [96]. 1: Electron Beam Ion
Source (EBIS); 2: Linear Accelerator (Linac); 3: Booster Synchrotron; 4: Alternating Gradient
Synchrotron (AGS); 5: Beamline; 6: RHIC ring.

The RHIC [96] complex is actually composed of a long “chain” of particle accelerators,
shown in Fig. 2.1.2. Heavy ions are emitted from the Electron Beam Ion Source accelerator
(EBIS), Subsequently, the ions progress to the circular Booster, where they undergo successive
accelerations, reaching higher energy levels with each pass. The ions then enter the Alternat-

ing Gradient Synchrotron, where they are injected into two rings of the RHIC via a dedicated
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beamline. Within the RHIC, the beam receives a final energy boost via radio waves. Once
accelerated, the ions can “orbit” within the ring for a long time. As mentioned at the out-
set, RHIC is also equipped for collision beam experiments involving polarized protons, which
undergo initial acceleration in the Linac and subsequent stages in the Booster, AGS, and RHIC.

The RHIC ring was completed in 1999 and has a circumference of approximately 2.4 miles.
The ring includes four detectors, namely BRAHMS (located at 2 o’clock), STAR (located at 6
o’clock), PHENIX (located at 8 o’clock), and PHOBOS (located at 10 o’clock). The first physics
program started in 2000, and over the past two decades, RHIC has successfully accelerated and
collided with different beam types: p+p, p+Al, p+Au, He+Au, Cu+Cu, Cu+Au, Au+Au,
U+U. These detectors take “snapshots” of collisions to reveal the basic components of visible
matter, quarks and gluons. In 2020, the U.S. Department of Energy announced its plans to
construct an Electron Ion Collider (EIC) ? at BNL. They announced that the EIC will be a
novel tool for exploring the inner microcosm dominated by gluons, to reveal the arrangement

of the quarks and gluons that make up the protons and neutrons of nuclei [97].

2.2 STAR Detector System

EEMC J| Magnet

upgrades completed & _— ‘ —

=
- All are in data-taking @ =¥ - Larger acceptance
for BES-II program ¢ - Excellent PID with uniform acceptance

Figure 2.2.1: Left: STAR detector perspective view, cutaway to view internal detector system.
Right: Beam’s eye view of STAR detector [98].

The STAR detector holds a pivotal role in the heavy-ion collision detection systems situ-
ated along the RHIC ring, representing one of the few systems of its kind in the world. It has a

very large and uniform acceptance, covering a broad azimuthal angle around the mid-rapidity.

Zhttps://www.bnl.gov/eic/
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Figure 2.2.1 left visually illustrates the STAR detector. The main purpose of the STAR exper-
iment is to explore the existence of new states of matter at extremely high energy densities and
to study quantum chromodynamics (QCD) phase structures. The detector has been carefully
designed to utilize high spatial and temporal resolution for particle identification and momen-
tum analysis, and can measure hadronic products with wide solid angles. Ultimately, the search
for indications of quark-gluon plasma (QGP) phase transitions and the fundamental nature of
the strong interaction at high energy densities is carried out by simultaneous measurements of

various observables.

2.2.1 Time Projection Chamber

Figure 2.2.2: The Time Projection Chamber detector is a sub-detector of the STAR detector
system, as shown by the orange cylinder in the figure. 3.

The Time Projection Chamber (TPC) [99] is a primary tracking device of STAR, it is
the central element in a suite of detectors that surrounds the interaction vertex. As shown in
Fig 2.2.2, which is placed in a large volume solenoid magnet with a magnetic field strength of
0.5 T. It is a cylinder with a length of 4.2 m and a diameter of 4 m as depicted in Fig. 2.2.3. A
uniform drifting electric field with a field strength of about 135 V/cm is placed in its interior.

The working gas inside the TPC is P10 gas (90% Argon + 10% Methane), charged particles

traverse the volume liberating electrons from the Argon causing electron avalanches, which drift

Shttps://nsww.org/projects/bnl/star/sub-systems.php
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Figure 2.2.3: The STAR TPC surrounds a beam-beam interaction region at the RHIC. Colli-
sions occur near the center of the TPC.

towards the anodes of the TPC with a velocity of (v,) ~ 5.5 cm/us. The lateral diffusion of
electrons inside the P10 gas and in the 0.5 T magnetic field is 230 pm/cm (o = 3.3 mm),
which sets the scale of the X,Y plane of the filament chamber readout system. Similarly, the
longitudinal diffusion of the electron cluster after drifting the entire length of the TPC is o,
= 5.2 mm. At the drift velocity of 5.5 cm/us, the longitudinal diffusion width is equivalent
to a drift time spread of approximately 230 ns in half-height, which sets the resolution of the
longitudinal drift direction of the trace system.

The TPC reconstructs the trajectory of the initial particle by identifying ionized clusters
along its path, determining the respective X, Y, and Z space coordinates. It can record particle
trajectories, measure their momentum, and identify particles based on their ionization energy
loss (dE/dx) within the TPC. The TPC covers the full region of azimuth (0 < ¢ < 27) and
covers the pseudo-rapidity range of || < 2 for inner radius and |n| < 1 for outer radius.

In the STAR experiment, the Bethe-Bloch equation [4] is utilized to calculate the theo-
retical energy loss (expressed by Eq. (2.2.1)) that is experienced by a charged particle while
passing through the STAR TPC.

dE _ _,Z 1 _ Epe 0§

where K = 47N 4r2m_c? is a constant equal to 0.307075 MeV mol lcm?, z is the charge
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number of the incident particle, Z and A represent the atomic number of absorber and atomic

mass of absorber, %" is the maximum transfer kinetic energy transferred from the incident
particle to the stationary electron. I is the average excitation energy, J is the density effect
correction parameter. Fig. 2.2.4 shows the particle identification (PID) capabilities up to date
with the TPC. In addition, the TOF PID capability is also shown on the plot which will be

discussed in the next section [100].
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Figure 2.2.4: pr range of particle identification capability with STAR detectors. Figure taken
form [100].

2.2.2 Time of Flight

Comparing the p, acceptance of dE/dx and TOF in Fig. 2.2.4, it is clear that TOF can
give information about particles with higher p, range.

The barrel Time of Flight (referred to as BTOF or TOF) detector was put into the
STAR experiment in 2010 [101, 102]. This detector significantly extends the reach of the
STAR scientific program, doubling the percentage of kaons and protons for which particle
identification is possible to more than 95% of all those produced within the MRPC-TOF
acceptance. Combined with the TPC, it can basically complete the identification of most
particles in high-energy experiments. The TOF detector is based on the Multi-gap Resistive
Plate Chamber (MRPC) technology and as Fig. 2.2.5 shows, it is mounted in the outer cylinder
of the TPC installation.

4https://nsww.org/projects/bnl/star/sub-systems.php
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Figure 2.2.5: The Time of Flight detector is a sub-detector of the STAR detector system, shown
as the pink cylinder in the figure. It is wrapped around the perimeter of the TPC. *.

The TOF is composed of a total of 120 trays, with 60 on each east and west side. As
shown in the Fig. 2.2.6, each tray contains 32 modules, covering a pseudo-rapidity (7) range
from 0 to 1, and providing azimuthal angle coverage across 27, the intrinsic time resolution is
80 ps.

An MRPC consists of a stack of resistive plates with a series of uniform gas gaps. Fig-
ure 2.2.7 shows two side views of an MRPC module appropriate for STAR, where the top
panel shows the long edge view and the bottom panel shows the short edge view. Electrodes
are applied to the outer surface of the outer plates. A strong electric field is generated in each
sub-gap by applying a high voltage across these external electrodes. All the internal plates
are electrically floating. A charged particle going through the chamber generates avalanches in
the gas gaps. Because the glass plates are resistive, they are transparent to charge induction
from avalanches in the gaps. Typical resistivity for the glass plates is on the order of 103
Q/cm. Thus the induced signal on the pads is the sum of possible avalanches from all gas gaps.
The electrodes are made of resistive graphite tape and are also transparent to charge. Copper
pickup pads are used to read out the signals. There are six read-out strips on each module in
this design. A view of these pads for the present MRPCs is shown in the right of Fig. 2.2.6.
The pickup pad layers are separated from the outer electrodes by 0.35 mm of Mylar. In mul-
tiple experiments, the use of TOF detectors has demonstrated excellent detection efficiency,

exceeding 95%.

19



L = 2 A5

| CHAPTER 2. EXPERIMENT SETUP
DOCTORAL DISSERTATION

[ Batch 1
[ Bach 2
[ Batch 3 + Run-8 Trays

[ Batch 4

Figure 2.2.6: STAR Barrel TOF trays and tray geometry.
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Figure 2.2.7: (left) Two side views of the structure of an MRPC module. (right) The circuit
board with the copper read-out pads for the MRPC detectors [102].
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Based on the traveled path length (L) and the momentum (p) of the particles measured by
TPC detector, combined with the elapsed time (¢) measured by TOF, the track flight velocity

(B) and the particle mass (m) can be calculated by the equations:

(2.2.2)

m? = pQ(; —1) (2.2.3)

2.3 STAR Fixed-Target Experiment
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Figure 2.3.1: The setup of fixed-target program of the STAR experiment [103].

This section introduces the Fixed-Target (FXT) program of the STAR experiment [103].
The energy region explored in the STAR first Beam Energy Scan program (BES-I) from a
center-of-mass energy of ,/syn= 7.7 - 200 GeV. At the same time, the physics of the low
energy region is extremely important. Unfortunately, it is impractical to use RHIC’s “collider
mode” to study collisions below 7.7 GeV. Derived from early investigations during the BES

program in 2010 and 2011, which involved collisions between gold ions in the beam halo and
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Figure 2.3.2: Left panel: The gold target which is a 0.25 mm-thick foil. Right panel: A view
of the gold target installed inside the beam pipe [103].

aluminum nuclei in the beam tube, a fixed target mode employing an internal gold target
enabled the study of center-of-mass energies between 3.0 and 7.7 GeV systems are possible.

In 2018, RHIC initiated the second phase of the Beam Energy Scan program (BES-II).
Figure 2.3.1 illustrates the schematic of fixed-target setup in the STAR experiment, with the
gold target was installed in the vacuum pipe at 200.7 cm to the west of the nominal interaction
point and 2 cm down from the central beam-pipe axis of the STAR detector, which has a
thickness of 1.93 g/cm? (250 um) corresponding to a 1% interaction probability (see Fig. 2.3.2).
An incident beam, comprising 12 bunches of 7 x 10° gold ions, circulated in the RHIC ring
at 1 MHz with an energy (approximately 3.85 GeV per nucleon), entered from the right side of
the plot and bombarded the target.
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Analysis Detalils

3.1 Dataset and Event Selection

3.1.1 Dataset

The STAR FXT program [27, 104] was proposed to achieve lower center-of-mass energies
and higher baryon density regions. The dataset used in this analysis is obtained from the FXT
program of Au+Au collisions at single beam energy is 3.85 GeV, corresponding the center of
mass energy /syy = 3 GeV (y,,;¢ = —1.045) by the STAR experiment.

For FXT collisions, the lab frame and center-of-mass frame are not same, and we take
the beam-going direction as the positive direction. Thus, according to the conventions, the

rapidity in the center-of-mass can be expressed as:

Yem = — (ylab - ymid) ) (311)

In the subsequent analysis and text, y.,, is directly represented by the simplified y.

3.1.2 Event Selection

The minimum-bias event with Trigger ID == 620052 is selected. The official bad runs can
be found in the link: https://drupal.star.bnl.gov/STAR/system/files/Kimelman_3GeV_
run_by_run_QA_badRuns.pdf. In this analysis, we removed about 35 million events with the
following 24 bad runs are: 19151029, 19151045, 19152001, 19152078, 19153023, 19153032,
19153065, 19154012, 19154013, 19154014, 19154015, 19154016, 19154017, 19154018, 19154019,
19154020, 19154021, 19154022, 19154023, 19154024, 19154026, 19154046, 19154051, 19154056.
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Figure 3.1.1: The V, wvs. V,(left) distribution and V,(right) distribution in Au+Au collisions
at \/Syny = 3 GeV. The red lines represent the cuts used in this analysis.

Figure 3.1.1 shows vertex distribution and the central vertex of V,,V,,V, is 0, -2, 200 c¢m,
respectively. Thus the event selections of vertex are V2 + (V, + 2)2 < 22 and 198 < V, < 202.
The experimental data was obtained by about 260 million minimum-biased events that were
retained after applying offline event selection criteria with careful quality assurance. The
selection of minimum-biased events was realized by simultaneously detecting multiple signals
from the Beam-Beam Counter (BBC) [105] and Time of Flight (TOF) [106] detector systems.

3.1.3 Centrality Determination

Apply event cuts, the FXT multiplicity is defined as all primary tracks in single event.
Then the collision centralities were determined by Glauber model fitting of the charged-particle
multiplicity measured within the pseudo-rapidity range —2 < n < 0 (FXTMult). The details
of official centrality defination done by Zachary Sweger can be found at the link: https:
//drupal.star.bnl.gov/STAR/system/files/3p0GeV_StandardNewest20%284%29.pdf. In
the analysis, four centrality bins (0-10%, 10-20%, 20-40%, and 40-80%) were used. The FXT-
Mult ranges and the mean values of the number of participating nucleons (Np,,.) for the

corresponding centrality bins are shown in Table 3.1.
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Table 3.1: Centrality definition and the corresponding mean value of (Np,,.) along with the
statistical and systematic uncertainties in Au+Au collisions at /sy = 3 GeV.

Centrality FXTMult (Npart)

0—10% 195 —-119 310.7+0.1 +8.3
10 — 20% 118 =86  224.240.1 +£8.0
20 — 40% 85 —41 135.04+:0.14+£5.3
40 — 80% 40— 5 39.74+01+£1.9

3.2 Particle Signal Extraction

3.2.1 Track Quality Cuts

In the analysis, particle identification was done with the Time Projection Chamber (TPC) [99]
and the Time of Flight (TOF) [106]. To ensure the track quality, it was required that at least
20 of the maximum 45 possible hits (nHitsFit) in the TPC were used to reconstruct the tracks.
To avoid counting the reconstructed tracks of individual particles multiple times, more than
52% of the maximum possible fit points were required. In addition, the number of points
(nHitsDedx) used to calculate the energy loss (dE/dx) value was also required to be greater
than 10. The distance of the closest approach (DCA) from the reconstructed track to the
primary vertex was required to be less than 3 cm for protons and 1cm for light nuclei, in order
to suppress contamination from spallation in the beam pipe. In the TOF measurement, an
additional filter was implemented to include the local position of the hit in radial (Y-axis) and
beam (Z-axis) directions: |btofYLocal| < 1.8 cm and |btofZLocal| < 2.8 cm.

3.2.2 Particle Identification

Particle identification is done with two types of detectors in this analysis, at low momentum
by ionization energy loss (dE/dx) information from the Time Projection Chamber (TPC) and
high momentum by m? information from the Time of Flight (TOF). Figure 3.2.1 shows the
dE/dz versus particle rigidity (p/q) distribution, particle m? versus particle rigidity (p/q)
distribution, and particle velocity (1/3) versus rigidity (p/q) distribution, where p is particle
momentum, ¢ is particle charge.

As the top figure shows, it is clear from the dFE/dx distributions that PID is possible at
low momentum using the TPC. To identify the specified particles, the variables no, and Z

p

were defined as: ) ey
no, = —In (dE/dz)

ot (3.2.1)
P OR <dE/dI>zl73ichsel
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Figure 3.2.1: (top) The dE/dx of charged tracks versus rigidity in Au+Au collisions at /sy =
3 GeV. The dotted lines are Bichsel theoretical curves for the corresponding particles. (bottom
left) The m?/q? of particle versus rigidity distribution. (bottom right) Particle velocity (1/3)
versus rigidity distribution at same collision energy.

(dE/dz)

Z=In—7—"—"—
<dE/dx>Bichsel

(3.2.2)

where the (dE/dz)pg,.,se; 18 the theoretical value of the energy loss obtained from the
Bichsel function [107], which was represented by a dashed line in the figure, and oy is the
TPC In(dE/dx) resolution (~ 8%). Finally, the raw signal of protons was obtained by fitting
a Gaussian function to the distribution of no, with cut |no,| < 3.0, and the raw signal of light

nuclei was obtained by fitting a Gaussian function to the Z-distribution with cut |Z| < 0.3.

At high momentum, the dFE/dx distribution of different particles with a large overlap,
in order to get accurate particle information, the raw signal was extracted by using the mass

squared (m?) distributions from the TOF detector in addition to the no,, and/or Z information.

p
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The m? was calculated as )
mg:sz§44> (3.2.3)

where p is the momentum of the particle, 8 = L/ct, and L, ¢, t are the track path length, speed
of light, and time of flight, respectively. The bottom right of Fig. 3.2.1 shows the particle
velocity (1//) versus rigidity (p/q) distribution with very clear bands for all particles. As the

2

bottom left of the figure shows the particle m# versus rigidity (p/q). One can observe that

there are very clear bands in the m? distribution of different particles.
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Figure 3.2.2: The purity of proton identified by TPC at /sy = 3 GeV. Different colored lines
represent different rapidity slices.

The particle identification is more complicated according to the relationship between TPC
resolution and particle rapidity. In order to optimize particle identification, we calculated
the purity of of protons, deuterons, and tritons identified by TPC, which was calculated by
dividing the number of signals in the corresponding pT range (Gaussian fit) by the total number
of signals and backgrounds (Gaussian + exponential fit). Figure 3.2.2 and Fig. 3.2.3 shows
the purity of protons, deuterons, and tritons in 0-10%, 10-20%, 20-40%, and 40-80% Au-+Au
collisions at /syy = 3 GeV. Different colored lines represent different rapidity ranges. It can

be seen that purity has no obvious dependence on centrality. Figure 3.2.2 shows the purity of
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Figure 3.2.3: (top) The purity of deuteron identified by TPC at ,/syy = 3 GeV. Different
colored lines represent different rapidity slices. (bottom) The purity of triton identified by
TPC.
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protons. It is obvious that the proton signal given by TPC is ideal in all rapidity windows,
so we choose a uniform purity condition (greater than 80%) in all rapidity and centrality
ranges, which corresponds to a transverse momentum cutoff is p; < 1.5GeV/c. Figure 3.2.3
shows the purity of deuterons and tritons respectively. Compared with protons, TPC has
insufficient ability to identify light nuclei, especially the mid-rapidity range. In order to ensure
the quality of particle signals, we choose filtering conditions with a purity greater than 50%.
For the rapidity regions that the purity lower than 50%, TOF information is applied for particle
identification. The detailed rapidity ranges and transverse momentum (p;) cutoffs for particle
identification using TPC and TOF are listed in the Tab. 3.2.

Table 3.2: The p; range (in GeV/c) of PID by TPC or TPC+TOF for different particles.

Particle TPC TPC+TOF
proton pr < 1.5 pr > 1.5
deuteron(—0.1 < y < 0) — pr > 0.6
deuteron(—1.0 <y < —0.1) pp <2.6  pp>26
triton(—0.2 <y < 0) — pr > 0.6
triton(—1.0 < y < —0.2) pr <30  pp>3.0
3He — pp > 0.9
4He — pr > 0.9

Figure 3.2.4 shows the atomic mass number normalized transverse momentum p,/A ver-
sus center-of-mass rapidity distribution for each particle. The rapidity coverage for the FXT
Au+Au collisions at \/syy = 3 GeV is from -1.0 to 0.2. For protons, deuterons, and tritons,
the portion identified only via TPC is superimposed on the corresponding panel. Yellow boxes
indicate the region for further analysis. The rapidity range measured for each particle in this

analysis was -1.0 to 0, divided into 10 uniform rapidity windows with a width of 0.1.

3.2.3 Signal Extraction

To obtain the exact signal of the particles, we fit the signal distribution of the particles
using a correspondence function. The final signal values are obtained by integrating the fitted
functions. Figure 3.2.5 and Fig. 3.2.6 show the distribution of no,, for protons, Z for light
nuclei, and m? for all particles at different p; bins. The most central collision (0-10%) and
—0.2 < y < —0.1 rapidity window are as the examples.

At low pp, as we mentioned above that the particle signal was extracted by TPC, we used
a Gaussian function (shown by Eq. (3.2.4)) to fit the no, and Z signal distribution (the red

lines) and another Gaussian functions to fit the background (the blue and pink lines), then the
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Figure 3.2.4: Atomic mass number normalized transverse momentum (p,/A) versus rapidity
distributions for identified protons, deuterons, tritons, *He, and *He. For protons, deuterons,
and tritons, the portion identified only by TPC is superimposed. Yellow boxes indicate the
region for further analysis.

Gaussian fits were integrated to find the raw yields of the particles.

flz) = poeféczl) (3.2.4)

where p, = ﬁ, py = 02, and o denotes the standard deviation of the Gaussian function. p,

is the mean value of the distribution.

At high p;, the m? signal distribution (the red lines) can be fitted well by the student-t
function as expressed with Eq. (3.2.5), and the background (the blue lines) of the m? distribu-

tion is fitted by a exponentional function, then the student-t fits were integrated to obtain the

raw yields.
pi+l
I‘(pl_H> T2\~ P
f(Tp) = —2H4~ (1 + —) (3.2.5)
! \/plﬂr (%) b1
where p, is the degree of freedom of the distribution. T = %2 denotes the cumulative

probability value of the fit, i.e., the confidence level. T'() is the Gamma function and can be

expressed as follows:
I'(z) = / t="le~tdt (3.2.6)
0
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Figure 3.2.5: no, and Z distribution in the first py bin of particles at —0.2 < y < —0.1
rapidity range in 0-10% Au+Au collisions at /syy = 3 GeV. The red lines indicate the signal
fits by the Gaussian function. The blue and pink lines indicate the background fits also by the
Gaussian function. The green lines represent the result of the simultaneous fitting of signal
and background.
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Figure 3.2.6: m? distribution in the first p, bin of particles at —0.2 < y < —0.1 rapidity range
in 0-10% Au+Au collisions at /syy = 3 GeV. The red lines indicate the signal fits by the
student-t function. The blue lines indicate the background fits by the exponential function.
The green lines represent the result of the simultaneous fitting of signal and background.
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where z is a plural number. In the real number domain, the definition of the Gamma function
is restricted to the positive real numbers.

Appendix B shows more signal distributions at other rapidities and centralities. The signal
distribution for all measured rapidity and centrality bins can be found in the STAR paper note

about protons and light nuclei production [108].

3.3 Efficiency Correction

In order to obtain final particle spectra in each rapidity interval, efficiency correction
needed to be done. In general, TPC tracking efficiency, TOF matching efficiency, energy loss
correction, absorption correction, and beampipe correction are all required. While for the 3 GeV
datasets, we corrected the raw spectrum with TPC tracking efficiency, TOF matching efficiency
and energy loss correction. For the absorption correction, due to the lack of antiparticles at
low energies, the correction parameter based on the ratio of antiparticles to particles at higher

energies does not apply to this energy, so this correction is not taken into account.

3.3.1 TPC Tracking Efficiency

The TPC tracking efficiency and acceptance were determined by the so-called embedding
technique. The technique is to embed sampled Monte Carlo (MC) tracks, within a given
kinematic range, simulated using a GEANT model [109, 110] of the STAR detector and detector
response simulators, into real events at the raw data level to determine the quality and quantity
of the reconstructed embedded tracks. The acceptance and reconstruction efficiency is finally

given by the ratio of reconstructed tracks to embedded MC tracks, as shown by Eq. (3.3.1):

N,.. (Track quality cuts)

o rec.
€rpc =
Nemb.

(3.3.1)

where N, and N, are the number of reconstructed MC tracks satisfying the track quality
cuts and the number of embedded MC tracks, respectively.

The embedding data we used are https://drupal.star.bnl.gov/STAR/starsimrequests/
2020/jul/10/fxt-auau-30-gev-2018-pi-k-p for proton,https://drupal.star.bnl.gov/STAR/
starsimrequests/2020/jul/10/fxt-auau-30-gev-2018-p-d-t-3he and https://drupal.
star.bnl.gov/STAR/node/54208 for light nuclei. Figure 3.3.1 shows the p; dependence of the
TPC efficiency in most central (0-10%) Au+Au collisions /sy = 3 GeV, there are only three
rapidity windows (—0.1 <y < 0, —0.5 <y < —0.4, and —1.0 < y < —0.9) for deuterons as
example. The final value of TPC tracking efficiency is obtained by fitting with Eq. (3.3.2), as
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Figure 3.3.1: The TPC tracking efficiency for deuteron in 0-10% Au-+Au collisions at ,/syy =
3 GeV. Here show the efficiency at rapidity windows with —0.1 <y < 0, —0.5 < y < —0.4, and
—1.0 < y < —0.9, respectively. The dashed lines are fitted by the function shown in the text.

shown by the blue dotted line in the figure.

2
Py (pT—P4)

P2
erpc (Pr) = Po X ei(pT) +pgxe s (3.3.2)

The TPC tracking efficiency at mid-rapidity (—0.1 < y < 0) for all particles (same result
for the deuteron) without strong centrality dependence as shown in the Fig. 3.3.2. Figure 3.3.3
shows the TPC tracking efficiency for p,t,> He, and *He in 0-10% centrality (same result for
the deuteron), different colored markers represent the results at different rapidity windows. In
contrast to the weak centrality dependence, a significant dependence on rapidity was observed
for each particle. At low pp, all efficiencies demonstrated an increasing trend with increasing
pp. Conversely, at high pp, the efficiency at mid-rapidity stabilized to a constant value as pp
increased. However, in proximity to the target rapidity, the efficiencies exhibited a trend of

decreasing with increasing p.
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Figure 3.3.2: The TPC tracking efficiency for particles at mid-rapidity in Au+Au collisions at
VSnn = 3 GeV. The vertical line indicates the function fit uncertainty.
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Figure 3.3.3: The TPC tracking efficiency for particles in 0-10% Au+Au collisions at /Syy =
3 GeV. The vertical line indicates the function fit uncertainty.

3.3.2 TOF Matching Efficiency

For proton, deuteron, and triton, we can get the particle signal clearly at low p by TPC,
while as p, increases, particles cannot be distinguished by TPC, and it is necessary to obtain
the particle information by TOF. For the *He and *He analysis, we use the TPC and TOF for
all p- space. Based on the cylindrical structure of the STAR detector, the TOF is located at
the periphery of the TPC and has a different acceptance from the TPC. The primary algorithm
for recording tracks on the TOF consists of matching points measured on the TOF to TPC
(global) tracks. If multiple tracks in the TPC appear on a single read pad of the TOF at the
same time, those tracks are not recorded as measured by the TOF. When a track corresponds
to multiple hit points in the TOF, the closest hit point is selected. Therefore it is necessary to
calculate the correction efficiency of the TOF. The TOF matching efficiency is defined as the
ratio between the number of tracks matched with TOF and the number of tracks identified by
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Figure 3.3.4: The TOF matching efficiency of particles at mid-rapidity in Au+Au collisions
VSnn = 3 GeV. The vertical line indicates the uncertainty of efficiency, which is calculated

changing the range of |Z| in the identification of TPC particles.
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Figure 3.3.5: The TOF matching efficiency of particles in 0-10% Au+Au collisions at /syy =
3 GeV. The vertical line indicates the uncertainty of efficiency, which is calculated by changing
the range of |Z| in the identification of TPC particles.

38



e
DOCTORAL DISSERTATION

CHAPTER 3. ANALYSIS DETAILS

TPC, as shown by the Eq. (3.3.3):

the number of TOF matched tracks
the number of TPC tracks

ETOF = (3.3.3)

The TOF matching efficiency is realized by a data-driven technique and applied to point-
by-point spectral correction. As mentioned above, by calculating the ratio of TOF to TPC, the
pr-dependent efficiency under the corresponding truncation condition is obtained. Figure 3.3.4
shows the TOF matching efficiency at mid-rapidity (—0.1 < y < 0) for particles, different
colored markers represent different centrality collisions, the results have no obvious dependence
on centrality.

Figure 3.3.5 illustrates the TOF matching efficiency for particles in 0-10% centrality col-
lisions, different colored markers represent the results at various rapidity windows. This effi-
ciency demonstrates a strong rapidity dependence, shows completely different p; trends from
mid-rapidity to target rapidity. At mid-rapidity, the efficiency for each particle increases with
increasing pp, and stabilizes to a maximum value at high pp. At semi-middle rapidity, the
efficiency at high p, decreases with increasing pp. At target rapidity, the overall efficiency
trend mirrors that of mid-rapidity, but its maximum value aligns with the minimum value of

the semi-middle rapidity.
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Figure 3.3.6: The energy loss distribution for proton and deuteron in Au+Au collisions at

‘/SNN - 3 GeV

3.3.3 Energy Loss Correction

Low-momentum particles experience a substantial energy loss while traversing the detector

material.

Thus, it is necessary to correct the energy loss of these particles, especially the

heavier ones. The energy loss can be corrected with the embedding data by comparing the
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pr difference between the reconstructed (pZ¢¢) and embedded MC tracks (p/©). The p;-

dependent correction factor was parametrized with Eq. (3.3.4).

p3

ec. p

p7ee —py'Y = po + 1 (1 + Tei 2) (3.3.4)
(P7)

where p,, p;, Py, and p; are the fit parameters. For each particle, a set of fit parameters was
obtained to estimated the pp-dependent energy loss effect. These parameters were utilized to

correct the final particle p; when accounting for these efficiencies.

Figure 3.3.6 shows the difference between reconstructed particle p?ec and qu\ff ¢ from em-

bedding sample at target rapidity in 3 GeV Au+Au collisions. The distributions was parame-
terized (blue dashed line) by the function defined in Eq. (3.3.4). For proton and deuteron, we
applied energy loss correction at —1.0 < y < —0.6 and —1.0 < y < —0.3 respectively after we

check the value of pltec - p2C.

SimTrack Parent GEANT ID p {5, = 3 GeV

| 11
e by + T kO P 0 T 0L 203 QO oS t
N e e v Uit xoms 1 KOKHKCn P B KD) A Dol 308 0y X Dpoisoseied Q““'tf"n'enko

Figure 3.3.7: Simulated parent ID for protons reconstructed from UrQMD events run through
a full GEANT simulation of the STAR detector.
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3.3.4 Particle Background Correction

A potential source of background contamination in the spectra and yield analysis are
knockout-particles produced through interactions of high-energy particles with detectors ma-
terials or the beam pipe. We completed a full GEANT simulation of the STAR detector with 1
million UrQMD Au+Au events at /syy = 3 GeV, the parent IDs of protons from this UrQMD
sample can be seen in Fig. 3.3.7. In order to correct for knockout protons, in each centrality bin
and for each pT and rapidity bin, a ratio is constructed where the numerator is the number of
protons from knockout sources (pions, kaons, nucleons, and light nuclei) and the denominator
is the number of protons from knockout sources and protons from the collision is constructed.
We found that knockout-particles constitute less that 2% of the background contamination in

the measured acceptance region. Therefore, no knockout correction was applied.
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Figure 3.3.8: The p; dependence of the inclusive, primordial, and week-decay feed-down frac-
tion of proton yields in Au+Au collisions at /sy = 3 GeV.

3.3.5 Weak-decay Feed-down Correction for Protons

In heavy-ion collisions, weak decays of strange baryons, such as A and = and their anti-
particles, will contribute to the final yields of the (anti-)protons [111-113]. To obtain the
primordial yields of (anti-)protons, it is necessary to subtract the contributions from weak
decay. As reported in Ref. [62], the STAR experiment has published the energy dependence
of the weak decay fractions for (anti-)protons in Au+Au collisions at /sy = 7.7 — 200 GeV.
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Similarly to the previous analysis, for 3 GeV the measured p, spectra of A and Z~ [114] were
used as inputs for the embedding to simulate the decay kinematics of hyperons and p; spectra
of the daughter protons. The main decay channels and branching ratios (BR) are shown
below [4]:

A — p+7,BR=063.9%

Y+ — p+ 7% BR = 51.57%
== — A +7,BR = 99.887%
=0 — A+ 7%, BR = 99.524%

The p; spectra of X% were obtained by multiplying the A spectra by a factor of 0.224 (X1/A
= 0.224 was estimated from the thermal model). Based on the ART [115] calculation, we
assumed the spectra of Z° and Z~ are the same and took 30% of the Z° yield into the estimate

of uncertainty.

80:—E]Inclusive Proton |E| EI |E| _:
- |© Primordial Proton |E| El .
60— ]
> °°F ]
s t 0 m & 3
pzd B & m = [ (=] 7
o 405 i
C g RS @ e g wmwm B
20,_ —
B = =] 2] oo o C ] E3 =, - . *

—_ —_— | — :
s | 3 GeV Au+Au Collisions ]
S 2F @ ]
g I % @ % @ ]
FER T s fg®H 1
g 17 ””” EL"”‘I"”" ””””””””” E ""E’”””E’ ]
S i E E v ™ ]
T [ T =™ - 0-10% = 10-20%
L o -+ 20-40% -+ 40-80%
C 1 ) ) ) ) L

T o5
Particle Rapidity

Figure 3.3.9: The rapidity dependence of the inclusive, primordial, and week-decay feed-down
fraction of proton yields in Au+Au collisions at /sy = 3 GeV.
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At this low energy collisions, the yield of the strange baryons is much lower than that of
protons. As seen in Fig. 3.3.8, we show the most central collisions (0-10%) at mid-rapidity
(—0.1 < y < 0) and the peripheral collisions (40-80%) at target rapidity (—0.9 < y < —0.8)
feed-down informations. The top panel includes the p; spectra of the inclusive protons, the pro-
tons from the weak-decay of strange baryons, and the primordial protons in Au+Au collisions
at \/syn = 3 GeV. The bottom panel shows the p; dependence of the fraction from feed-down
contribution. Due to the lack of =~ measurements at target rapidity, at —0.9 < y < —0.8,
we only considered the weak-decay contribution from A and X*. By the same method, we
calculate the fractions in each centrality bin and rapidity window (See note [108]).

Finally, the obtained weak decay feed-down fractions of protons for each centrality and
rapidity window were shown on Fig. 3.3.9, here the top panel shows the dN/dy of inclusive
proton and primordial proton, and the bottom panel shows the rapidity dependence of feed-
down fraction. The final calculations show that the maximum contribution for the yield of

protons from the (A, £, =7, and ZY) weak-decay feed-down is about 2%.
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Figure 3.3.10: Energy dependence of the weak decay feed-down fraction of protons (filled circle)
and anti-protons (open squares) in 0-10% Au+Au collisions at RHIC. Those results are based
on the data driven approach. The calculations from HRG (orange marker), JAM (dark-green
band) and MUSIC+UrQMD (dashed-blue area) models are plotted for comparison.

Figure 3.3.10 shows the energy dependence of the weak decay feed-down fraction for pro-

tons and anti-protons at mid-rapidity and in 0-10% central Au+Au collisions. The filled circles
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and open squares are the results of protons and anti-protons, respectively. While the weak
decayed proton fractions decrease as collision energy decreases, the fractions of anti-protons
show an opposite increasing trend. At high energies, both fractions get close to each other
and reach saturation around ~40%. The weak decay fraction of (anti-)protons calculated from
Hadron-resonance Gas (HRG) and MUSIC+UrQMD models show good agreement with the
measured data while the JAM model underestimates the feed-down fractions with respect to

our results.

3.4 Systematic Uncertainty

3.4.1 Systematic Uncertainty on p, Spectra

There are two dominant sources of systematic uncertainties for the p; spectra. The first
one comes from the variation of the track quality cuts, such as nHitsFit, nHitsDedx, and DCA.
At Sec. 3.2.1 we gave the default cuts, the systematic uncertainty is estimate by the following
cuts (nHits: 20 to 15 and 25; ndE/dx: 10 to 8 and 12; DCA: 1.0 to 0.8 and 1.2 for light nuclei,
3.0 to 2.4 and 2.6 for proton). The total systematic uncertainty from the track quality cuts is
obtained by the orthogonal combination with Eq. (3.4.1)

1L /X, — Y
RMS = J - ; ( - ) (3.4.1)
The other one is from the uncertainty of the tracking efficiency obtained by the embedding
simulation and 5% was quoted for all particles. Furthermore, we evaluated the variances of
several particle identification (PID) cuts. With the excellent PID performance, the differences
among the PID cuts are negligible and have a minimal impact on the final systematic error.
Thus, these variances were not considered while calculating the systematic uncertainty. The
final systematic uncertainty is obtained by the orthogonal combination of errors mentioned

above. The details of the systematic uncertainty for all particles are shown in Table 3.3.

3.4.2 Systematic Uncertainty on dN/dy and (p;)

The p; integral yield (d N /dy) for various particles was obtained by adding the yields in the
measured pp region and the unmeasured pp range, which was extrapolated from the blast-wave
function [116]. The specific form of the blast-wave model will be discussed in Sec. 4.1.

The main source of systematic uncertainty for d N /dy originated from the extrapolation of

the unmeasured yield at low pp region. As shown in mid-panel in Fig. 3.4.1. This uncertainty
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Table 3.3: Systematic uncertainty of the particle p; spectra at all rapidity and centrality
ranges.

Sources P d t 3He 1He
nHitsFit 3—5% 2—4% 3-5% 2-3% 1-5%
nHitsDedx 1-2% 1-2% 1—2% 1-2% 1—-4%
DCA 3—6% 1—4% 3-5% 1-3% 1-5%

Cuts (total) 3—7% 2-5% 3—6% 2—4% 2—6%
Tracking eff. 5% 5% 5% 5% 5%

3GeV Proton 0-10% F 3GeV Deuteron 0-10%
X2/ ndf 03/13 X2/ ndf 2217
Temp. 0062 +0.004 Temp. 0.080 £ 0,001
B 0.449 £ 0.012 B 0.387 £ 0.006
1.000 £ 0.000 n 1.000 £ 0.000

3GeV Triton 0-10%
X2 I ndf 32/4
Temp. 0.089 +0.001
4 0.351 0.004
1.000 + 0.000
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Figure 3.4.1: The p spectra of proton, deuteron, and triton at mid-rapidity (—0.1 < y < 0) in
0-10% Au+Au collisions at /syny = 3 GeV. Colored dashed lines are the results of fitting the
function mentioned above.

was estimated by using double p2 exponential function (as shown by Eq. (3.4.2)) to fit the p;
spectra and compare the corresponding extrapolated yields to the default ones obtained from

the blast-wave model.

2 2

X Py exXp (‘pﬁ%) + Py €xp (;pT) , (3.4.2)

1 3

1  d3N
2mpr dprdy

The systematic uncertainties from the extrapolation at different centralities are about 3-6%
for protons and increase for light nuclei with a maximum contribution to 18% for “He. The final
systematic uncertainties were calculated by using quadrature summation of the uncertainties
from extrapolation and tracking efficiency (5%). The total uncertainties were about 6-8% for
protons, 6-12% for deuteron, 6-11% for triton, 7-11% for 3He, and 6-20% for *He, respectively.

For the (pp) of particles, the systematic uncertainties were estimated in the same way as
for dN /dy (from extrapolation part) and the total systematic uncertainties on (p,) are 1-3%
for protons, 3-9% for deuterons, 5-13% for tritons, 3-12% for *He, and 3-12% for *He.
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3.4.3 Systematic Uncertainty on Full Phase Space Yield

To fit the dN/dy distribution of particle, we obtained the yield for full phase space (47
yield). The dN /dy distributions were fitted by the three-Gaussians function and the modified
generalized Gaussian function [117-119]. The determination of this fit function is based on
the assumption that there are three emission sources for the observable particles: one at mid-
rapidity and two located to the beam/target rapidity. The modified generalized Gaussian
function can be expressed by Eq. (3.4.3).

2 2
1 (10g(17%(:c7w1) ) 1 (log(l+%((x:+w1) )

Fitfunc. = p, e’ i + ¢ i +p,-e 0 (z gs)Z
2 .= . . P
O N Ver-(p—k-(z—zxl))  Vor-(p+k-(z+21)) N
(3.4.3)

where the parts in parentheses are the variant of the standard form of the generalized
Gaussian distribution (GGD) function [118]: p(z;«, ) = me’“””'/ma,a,ﬁ > 0. The

distribution is symmetric around x = 0 and typically has a sharp peak at x = 0. k, p, and z1

L L L L L B L ey PR L L L L LN LA RLELELES P 03023114
Con 65.47 £ 4676 Con. 11.38 +6.633

0-10% @ 3:GeV Primordial proton M, 0.4499 + 0.08027 = 0-10% @ 3 GeV deuteron M, 0.6195 + 0.1646
Fit yield = 134.5446 aty 0[-2.0,2.0 v 06236 0217 20F-Fityield = 28.8064-at y- B[-2.0,2.0} o oss2x0063s

SK -1.057 +1.041 SK -1.014 + 0.8717
loo m_Cou. 11.58 +8.037 I~ m_Cou 6.133 + 4,547
= m_Mean 0: 0 L m_Mean 0+ 0
L MM m_o 0.1497 + 0.06713 m_o 03957 + 0.2338
. e .

5 -1 05 0 05 1 15 2 2 05 0 05 1
Rapidity Rapidity

dN/dy

10

dN/dy

Figure 3.4.2: The rapidity distribution for proton and deuteron in 0-10% Au+Au collisions.
Red line is fitted by the modified generalized Gaussian function. Dashed lines are the result of
fitting each of the three parts of Eq. (3.4.3).

in the formula are given in the following forms:

A=p3+\/p5+4p3 +2 (3.4.4)
= o[ (2) 4 (2)' ] 349
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1,2
p=py-k-—— (3.4.6)
ek —1
2 2
p ke’ 4p(1—eF
zl = - ekQ( ) (3.4.7)

with the above functions, the sharp peak will be at £p;. p, is standard deviation, p; represents
skewness. The part outside the parentheses is a Gaussian function with expected value p; = 0,
which is determined from the mid-rapidity emission source. Figure 3.4.2 and Fig. 3.4.3 illustrate
the fitting results of the two fitting functions, both of which can well describe the fastness

distribution of the particles.
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Figure 3.4.3: The rapidity distribution for proton and deuteron in 0-10% Au+Au collisions.
Red line is fitted by the three-Gaussians function. Dashed lines are the result of fitting each
of the three parts.

The 47 yield was obtained by summing the true value of the measured region with the
fitted value of the unmeasured region. The average of the two fits outside the target rapidity

region (1.0 < |y| < 2.0) is used as the yield value of the extrapolation region.

The systematic uncertainty of the 47 yield, in the measured rapidity region (—1.0 < y <
0), is the sum of the measured dN/dy systematic errors. For the unmeasured region, the
discrepancy between the two fits described above was considered the systematic uncertainty.
Finally, the systematic uncertainties of the 47 yields are 6-11% for protons, 7-20% for deuterons,
11-28% for tritons, 13-25% for *He, and 14-28% for “He. Table 4.1 lists the values, statistical,

and systematic uncertainties for each particle and all centrality bins.
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CHAPTER 3. ANALYSIS DETAILS

3.4.4 Systematic Uncertainty on Compound Yield Ratio

For the systematic uncertainties of compound yield ratios, the default yield ratios were
obtained by fitting the spectra with the blast-wave model. Different functions, such as the
double p, exponential function (Eq. (3.4.2)), Boltzmann function (Eq. (3.4.8)), Levy function
(Eq. (3.4.9)), and mq exponential function (Eq. (3.4.10)) were also applied to calculate the
yield ratio.

Boltzmann: 2N
1 —M
3.4.8
2rmey dmpdy > Poriim S5 ( b1 ) ( )
Levy:
1 d*N mp —mg\
X Do (1 + ) (3.4.9)
2mmy dmqpdy P1P2
mqp exponential:
1 d?N —
X Py €XP Tt (3.4.10)
2mmp dmpdy j 2

Figure 3.4.1 shows the fitting informations for proton, deuteron, and triton as an example.
For each fit, calculate the corresponding particle yield and yield ratio. The differences between
those results and the default value were the main source of systematic uncertainty. The total
systematic uncertainty for the ratio (N,, x N,/N7) was about 2-15% for different rapidity and
centrality bins. The systematic uncertainty increased to 25% when we considered *He, and

4He in the yield ratio.
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Chapter 4

Results and Discussions

4.1 Transverse Momentum Spectra

Figure 4.1.1 - Fig. 4.1.5 show the transverse momentum spectra (p) for primordial proton,
deuteron, triton, *He and *He in 0-10%, 10-20%, 20-40%, and 40-80% Au-+Au collisions at
V3nn = 3 GeV. The results are shown in various rapidity windows with bin width of 0.1. For
illustration purpose, the data points are scaled by a factor from 1 at mid-rapidity to 1072 at
target rapidity. As shown in phase space figure, the particle spectra can be measured at lower
pp for target rapidity and mid-rapidity. The dotted lines represent the blast-wave model fit,
which can be expressed by Eq. (4.1.1)

1 d2N R inh sh
1 &N o</ rdrm I, (pTSHlW)) K, (”W) (41.1)
27tpr dppdy 0 Tin

where m is the transverse mass of particle, I, and K, are the modified Bessel functions,

Ty.in is the kinetic freeze-out temperature, and p(r) = tanh ' B is the velocity profile, respec-

tively. The transverse radial flow velocity Sr in the region 0 < r < R can be expressed as

Br = Bg(r/R)"™, where (g is the surface velocity, r/R is relative radial extent of the thermal

source, and the exponent n reflects the form of the flow velocity profile (fixed n = 1 in this
2

analysis). (8r) can be obtained from (87) = 55 85. The temperature T};,, as a free parameter

can be extracted directly from the fit.
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Figure 4.1.1: Transverse momentum spectra (p) of protons from different rapidity ranges
and centrality bins in Au+Au collisions at /syy = 3 GeV. For illustration purpose, those
spectra are scaled by a factor from 1 at mid-rapidity to 1079 at target rapidity. Systematic
uncertainties are represented by boxes. The dotted lines are blast-wave model fits.
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Figure 4.1.4: Transverse momentum spectra (py) of *He from different rapidity ranges and
centrality bins in Au+Au collisions at ,/syny = 3 GeV.
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Figure 4.1.5: Transverse momentum spectra (p;) of *He from different rapidity ranges and
centrality bins in Au+Au collisions at ,/syny = 3 GeV.
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4.2 Averaged Transverse Momentum ({(pr))

The averaged transverse momentum (p,) was calculated from the measured p, range and
extrapolated to the unmeasured region with individual blast-wave model fits. The rapidity
dependence of (py) for p,d,t,> He, and “He in 0-10%, 10-20%, 20-40%, and 40-80% Au-+Au
collisions at /sy = 3GeV is shown in Fig. 4.2.1. The (p7) of each particle shows a trend of

monotonically decreasing from mid-rapidity to target rapidity and from central to peripheral

collisions.
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Figure 4.2.1: Collision centrality and particle rapidity dependence of averaged transverse mo-
mentum (py) of protons and light nuclei from Au+Au collisions at /sSyy = 3 GeV. The boxes
indicate systematic uncertainties.

4.3 dN/dy and Full Phase Space Yields of Particle

Figure 4.2.2 shows the rapidity dependence of the p;- integrated yield (dN/dy) for primor-
dial protons and light nuclei in 0-10%, 10-20%, 20-40%, and 40-80% central Au+Au collisions
at /sy = 3 GeV. In each panel, different markers represent the distributions for different
particles. Due to the interplay between baryon stopping and spectators’ contribution, the
dN /dy of protons and deuterons decrease from middle to target rapidity in the 0-10% most
central collisions, while in peripheral collisions, the values of d N /dy are peaked near the target
rapidity. For tritons, *He, and *He, the peak structures at target rapidity are increasingly
prominent as we move from central to peripheral collisions, due primarily to the fragmentation

of the spectators [120]. Calculations of proton and light nuclei dN/dy distributions using the
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Figure 4.2.2: Collision centrality dependence of primordial protons and light nuclei dN/dy
from Au+Au collisions at /syy = 3 GeV. The vertical lines represent the orthogonal sum of
statistical and systematic errors. The gray bands and colored dotted lines are results from the
hadronic transport model (SMASH of p, d, t, and *He, JAM and UrQMD of p) calculations
for all centralities. The colored grid bands are results from PHQMD calculations of p, d, t,
3He, and *He for the top 0-10% collisions.

hadronic transport models (JAM, PHQMD, SMASH, and UrQMD) were compared with the
experimental data. The rapidity distributions of protons d N /dy in 0-10%, 10-20%, and 20-40%
centrality bins can be well described by the models. For SMASH model calculations of light
nuclei (d, t, and 3He), the Wigner function [88, 121] was used to compute their formation
probability. It was found that the rapidity distributions of d and t were well described by
the SMASH model in central and mid-central collisions. On the other hand, in the PHQMD
model calculations, clusters were dynamically formed using attractive interactions and identi-
fied with an advanced Minimum Spanning Tree (aMST) in coordinate space [122, 123]. The
only parameter, the MST radius, is set to r = 4 fm. As one can see in Fig. 4.2.3 (colored
grid bands), in central collisions, although the PHQMD model result of proton rapidity distri-
bution is consistent with data, the yields of d, t, *He, and *He were all underpredicted at the
mid-rapidity.

As we mentioned on Section 3.4.3; to obtain the 47 yield, the dN /dy distributions were
fitted by the three-Gaussians function and the modified generalized Gaussian function shows
by Eq. (3.4.3). The 47 yield was obtained by summing the true value of the measured region
with the fitted value of the unmeasured region. As shown by the red and blue lines in Fig. 4.2.3,
they represent the fitting results of the generalized Gaussian and three-Gaussians functions.
The average of the two fits outside the target rapidity region (1.0 < |y| < 2.0) is used as the

yield value of the extrapolation region. Table 4.1 lists the values, statistical, and systematic
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uncertainties for each particle and all centrality bins.

Table 4.1: 47 yield for primordial protons and light nuclei. The errors represent statistical and
systematic (from measurements and fitting) uncertainties, respectively.

Centrality 0—10% 10 — 20% 20 — 40% 40 — 80%

proton 134.78 £0.10 £ 8.64 105.47 +£0.09 £6.50 66.82 4+ 0.05 +£5.43 23.38 £ 0.03 4+ 2.65
deuteron 29.03 £0.05 +£2.10 27.3440.0564+£2.56 19.33+£0.034+£3.50 6.664+0.01 4+1.36
triton 4.70 £ 0.02 4-0.47 5.15+0.02 £ 0.90 4.324+0.01+£0.97 1.86+0.01 4£0.48
3He 3.55 £0.02 £ 0.48 4.28 4-0.02 £ 0.62 3.57+0.01+£071 1.204£0.01+£0.26
‘He 0.56 + 0.01 £ 0.08 0.84 4 0.01 £ 0.17 1.06 £0.01+0.26 0.33 £0.01 40.08

4.4 Particle Mass Dependence of dN/dy and (pp)

Figure 4.4.1 shows the mid-rapidity dN/dy, the dN/dy ratio of target rapidity (—1.0 <
y < —0.9) to mid-rapidity (—0.1 < y < 0), and (p;) as a function of particle mass for four
centralities. The dN/dy values for different particles are scaled by their corresponding spin
degeneracy factor (2J + 1) [43, 91], which is explained by the fact that the yield is found to be
proportional to the spin coefficient in a statistical approach to light nuclei formation. Fitting
this distribution with an exponential function form: p,/ PA~1 where P is the penalty factor
and determined by the Boltzmann factor e(™~~#5)/T [124-127]. The penalty factor is about
6.1 £ 0.5 and 10.5 £ 0.8 for the most central and peripheral Au+Au collisions at /syy =
3 GeV, respectively. The uncertainty of the penalty factor is obtained from the difference
in the fit of different particle combinations. Figure 4.4.2 illustrates the results of these fits.
The black dashed line represents the result of fitting all particles simultaneously, as the mean
value of the penalty factor. The blue long dashed line and the red dotted line are fitting with
(p,d,®He,*He) and (p,d,t) and are used as sources of uncertainty.

Figure 4.4.1 (b) shows that the (py) increases linearly with increasing mass of the particle
and exhibits centrality dependence. This reflects that the collective expansion in the radial
direction is stronger in central collisions than in peripheral collisions. Figure 4.4.1 (c¢) shows
the ratio of the dN/dy values measured at target rapidity to mid-rapidity as a function of
particle mass. The ratio reveals the relative contributions of nuclear fragmentation to the
yields of light nuclei at different collision centralities and particle mass. The ratio increases
exponentially with increasing particle mass, with this upward trend being more pronounced in
peripheral collisions compared to central collisions. It indicates that, as the light nuclei become
heavier, the proportion of contributions originating from the nuclear fragments increases.

The energy dependence of dN /dy and (py) versus particle mass in 0-10% Au+Au collisions
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Figure 4.4.1: (a) Mid-rapidity particle yields dN/dy, (b) mean transverse momentum (pp),
and (c) ratio of the dN/dy measured at target rapidity (—1.0 < y < —0.9) to mid-rapidity
(0.1 < y < 0) as a function of collision centrality and particle mass m, (A is mass num-
ber) from Au+Au collisions at /syy = 3 GeV. For clarity, the mass of 3He is shifted by 0.1
GeV/c?. The boxes represent the quadratic sum of the measured statistical uncertainties and
the extrapolation uncertainties. Dashed lines are fitting results of an exponential function to
(a) the yields and (c) the yields ratio, and first-order polynomial (b) mean (p;), respectively.
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Figure 4.4.2: Mid-rapidity particle yields d N /dy as a function of collision centrality and particle
mass m 4 from Au+Au collisions at /syy = 3 GeV. Lines of different colors and styles represent
the results of different fits and are used to calculate the uncertainty of the penalty factor.

at mid-rapidity are shown in Fig. 4.4.3, for the /sy = 7.7 — 200 GeV collisions, the yields
of p, d, and t are taken from Refs. [59, 62, 128, 129]. The left panel shows that the penalty
factor P increases with increasing collision energy, indicate that the higher the energy is, the
more difficult is it to form light nuclei. The right panel illustrates the linear distribution of

(p) with particle mass (m,) or nucleon number (A) observed at all collision energy.

4.5 Particle Ratios

In relativistic heavy ion collisions, the increase in system entropy can be seen as a conse-
quence associated with high energy, high density, and the formation of a quark-gluon plasma [29,
84]. One possible explanation for how light nuclei can survive under the high temperatures

of chemical freeze-out is that the system expansion after the chemical freeze—out is supposed
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Figure 4.4.3: (left) Mid-rapidity particle yields dN/dy as a function of collision energy and
particle mass m 4 (A is mass number) from Au+Au collisions. Dashed lines are fitting results
of an exponential function. (right) Mean transverse momentum (p;) as a function of collision
energy and particle mass my . Dashed lines are fitting results of a first-order polynomial
function. For clarity, the mass of 3He is shifted by 0.1 GeV/c?. The vertical lines represent the
statistical uncertainties and the boxes represent the systematical uncertainties.

to conserve the entropy density, and this preservation could be a steering mechanism for the
nuclei production. Therefore, the ratio of light nuclei to protons can be used as an indicator
to reflect the entropy change of the system.

Figure 4.4.4 shows the rapidity and centrality dependence of the light nuclei to proton
ratios, include d/p, t/p, *He/p, and “He/p in Au+Au collisions at /sy = 3 GeV. Based on
the conclusions from the previous analysis of spectator contributions, it is found that these
particle ratios monotonically decrease from target to mid-rapidity and show stronger rapidity
dependence in peripheral collisions than in central collisions. As a comparison, we used the
SMASH + Coalescence (gray bands) model to calculate the particle ratios (d/p and t/p), those
give the same rapidity and centrality dependence with STAR experimental data. However, the
ratio of He/p exhibits weaker rapidity dependence than the experiment data. In addition,
using the parameters 7' = 85 MeV, up = 728 MeV [130], we estimated the mid-rapidity
particle yield ratios in 0-10% central collisions from the thermal model without excited nuclei
contributions [130, 131]. Ref. [131] states that feeddown corrections are necessary at lower
energies. They calculated that at low collision energy, ,/syy < 10 GeV, the feed contribution
to the d yield can reach up to 30%, while the contribution to ¢, He, and *He is even greater,
up to 70% of the final yield.

The energy dependence of d/p and t/p ratios can be seen in the Fig. 4.5.1. Both the d/p
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Figure 4.4.4: Rapidity dependence of d/p, t/p, *He/p, and *He/p for 0-10%, 10-20%, 20-40%,
and 40-80% centrality bins in Au+Au collisions at ,/syy = 3 GeV. The boxes indicate the
systematic uncertainties. Color solid lines represent SMASH + Coalescence model results.
Color dash lines show thermal model results in most central bin at mid-rapidity.

and t/p at 3GeV follow the energy dependence trend observed by the STAR BES-I [59, 62],
FOPI [34, 37], and AGS [41, 44] experiments, and the values of d/p and t/p are close to each
other at very low energies. These ratios obtained from the SMASH model are also on the
energy trend. Moreover, as shown in the curves, the trends of d/p and t/p can be described

qualitatively by the thermal model [85].

4.6 Coalescence Parameter

In the coalescence picture [132, 133], light nuclei are formed via the coalescence of their
constituents (protons and neutrons), thus the relation between the momentum spectra of light

nuclei, protons, and neutrons is as follows:

I3N BN 1 BN BN\
E,~—A-B,|E -2 E - ~ (1.3)4%4B, | E. —2
Ydrpy, T ( P dp, ) ( " dip, ) LB By,
Pp=Pn="4
(4.6.1)

where is assumed the same p, rapidity, and centrality dependence between protons and
neutrons. The neutron spectrum is derived by scaling the proton spectrum with a factor
of n/p = 1.3 £ 0.1. This scaling factor is estimated from the t/>He ratio [52] measured at
3 GeV, and this ratio is consistent with 1.28 calculated by the thermal model. The coalescence
parameter B, o (1/V,) A~V which is to reflect the kinetic freeze-out property, give the

information of coalescence probability of light nuclei with the mass number A. V4 is the
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Figure 4.5.1: Energy dependence of d/p and t/p yield ratios. The vertical lines indicate the
statistical uncertainties. The boxes indicate the systematic uncertainties. The curves represent
the thermal model results.

effective volume of the nucleon emission source.

Figure 4.6.1 shows the rapidity dependence of the coalescence parameters B, for deuterons,
\/Bi3 for tritons and 3He at p;/A = 0.65 GeV /c in different centrality bins. B, and \/Bi3 are
consistent, the observed rapidity dependence of them is weak to negligible. And both B, and
\/FS increase from central to peripheral collisions and, as mentioned before, these behaviors
can be interpreted as the effective source volume getting smaller from central to peripheral
collisions.

Figure 4.6.2 describes the scaled transverse momentum dependence of the coalescence
parameters for By(d), Bs(t), and Bs(3He) at mid-rapidity in 0-10%, 10-20%, 20-40%, and 40-
80% centrality bins. Within the uncertainties, 4~1\/B 4 of d(A=2), t(A=3), and *He(A=3) are
consistent, and their values increase with increasing p;-. This increasing trend can be explained
by the presence of collective flow [134], and the length of homogeneity becomes smaller at higher
transverse momentum [79].

The energy dependence of coalescence parameter in central heavy-ion collisions is shown
in Fig. 4.6.3. The experimental data include the measurements from the EOS [127], NA44 [49],
AGS [40, 44], PHENIX [55] and STAR BES-I [54, 62] experiments. The mid-rapidity By(d),
Bs(t), and Bs(*He) with transverse momentum pp/A = 0.65GeV /c at /sy = 3 GeV follows
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Figure 4.6.1: Rapidity dependence of the coalescence parameter for By(d), Bs(t), and B;(*He)
at pp/A = 0.65 GeV/c for different centrality bins in AutAu collisions at \/syy = 3 GeV.
The boxes represent the systematic uncertainties. The color bands represent the common
uncertainties in rapidity dependence.

the world trend, and there is a clear upward trend towards low energy, which implies that the
overall effective volume of the nucleon emitting source (V) decreases with decreasing collision

energies.
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Figure 4.6.2: Coalescence parameters By(d), \/Bs(t) and \/B;(*He) as a function of p/A
for different centrality bins in Au+Au collisions at ,/syy = 3 GeV. The boxes represent the
systematic uncertainties.

4.7 The Compound Yield Ratio of Light Nuclei

As mentioned in Sec. 1.5, light nuclei are formed in a restricted volume of phase space,
their yields are expected to be sensitive to baryon density fluctuations and can be used to probe
the QCD critical point and/or the signatures of the first-order phase transition in heavy-ion
collisions. Recent research has shown that the charge multiplicity dependence of the yield ratio
N, x N,/ N2 increases in peripheral collisions due to the effects of finite nuclei sizes [30, 79, 135].

In addition, based on the Eq. (1.5.6), the exponential factor can be canceled out by the
ratio of the corresponding particles, as the Ref. [34, 90] explained. Thus the N, x N,/ N2 ratio

can be expressed as:

N < e—3V(r)/T>
——— ~029———3 (4.7.1)
Ny <67V(r)/T>
where 0.29 is corresponding statistical weight, factor 3 represent there are three nucleon
pairs in triton, V(r) is inter-nucleon potential, T is temperature.
For the data set at /syy = 3 GeV Au+Au collisions, which the production of light nuclei

is abundant, offers the possibility to explain the energy dependence of the low energy region
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Figure 4.6.3: Energy dependence of the coalescence parameters for By(d), Bs(t,> He) in central
collisions. The vertical lines indicate the statistical uncertainties. The boxes indicate sys-
tematic uncertainties. For comparison, the results from EOS [127], NA44 (0-10%) [49], AGS
(0-10%) [40, 44], PHENIX (0-20%) [55] and STAR BES-I (0-10%) [54, 62] are also shown.

and gives the opportunity to study the higher order yield ratios. Consider 3He and *He into

the calculation of the yield ratio, which can increase the powers of V/T,

N. x N —6V(r)/T
Nowe XNy g L€ ) (4.7.2)
Nagge X Ny (e73VIIT) (e=VInIT)

where 0.18 is corresponding statistical weight, factor 3 and 6 are the number of nucleon
pairs in *He and “He.

Figures 4.7.1 shows the rapidity dependence of the yield ratios for N, x N, /N, 3, Niye X
N,/ (Nsye X Ny), and Nag, x Ny X Ng/ (Nsye X N3) in 0-10%, 10-20%, 20-40% and 40-80%,
respectively. There is no obvious centrality dependence for each yield ratio. At mid-rapidity
(—0.5 < y < 0) range, there is no obvious rapidity dependence for each ratio, while at target
rapidity (—1.0 < y < —0.5) range, the ratio increases from y = —0.5 to y = —1.0.

Figure 4.7.2 shows the centrality dependence of N, x N;/Nj, Nugy, X N, /Nay, x N4, and
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Figure 4.7.1: Rapidity dependence of the yield ratio for N, x Ny /N7, Nag, X N,/ (Nagz, X Ng)
and Nig, X Ny X N2/ (Nsy, x N3) in different centrality bins in Au4-Au collisions at |/syy =
3 GeV. The bands represent the systematic uncertainties.

Nige X Ny/ (Nasg, X N,). In each panel, the black solid and open circles denote the results
from mid-rapidity (—0.5 < y < 0) and target rapidity (—1 < y < —0.5), respectively. The
experimental results presented in panels (a), (b), and (c) give almost flat centrality dependence.
Calculations from various models were applied to compare with the data. In panel (a), the
results from SMASH and UrQMD model [136] show monotonically increasing trends from
central to peripheral collisions. The result from the thermal model calculation, which include
the decay from the excited nuclei to light nuclei (red band), is consistent with the experimental
result in central collisions. In recent AMPT calculations [136], implementing a first-order phase
transition, which consider the equation of state with critical temperature of 7, = 154 GeV (blue
band), give a consistent description of the centrality dependence, and the values are consistent
with mid-rapidity within the uncertainty. Panel (b) depicts that the Niy, x N,/ (Nap, x N,)
shows no centrality dependence, and the AMPT model also reproduces this centrality behavior.
In the most central collisions, the results of the thermal model are lower than the experimental
data whether or not the contribution of excited state decays was considered. In addition, the
above two ratios are consistent with the calculations from PHQMD model within the larger
uncertainty. In contrast to panel (b), the Ny, X N,/ (Nsy, X N,) displayed in panel (c)
demonstrates that the value from the thermal model is lower than the experimental result in
central collisions, while the ratio calculated by the PHQMD model is as high as 1.87 4+0.24,
and that only the AMPT model can describe this centrality dependence.

The energy dependence of N, x N, /N2 in central heavy-ion collisions at mid-rapidity
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Figure 4.7.2: Centrality and rapidity dependence of the yield ratios N, x N,/N, 2, Nige X
N,/ (Nsge x Ng), and Nag, X Ny/ (Nag, X N;) in Aut-Au collisions at /syy = 3 GeV. Solid
and open markers indicate ratios from mid-rapidity (—0.5 < y < 0) and target rapidity (—1 <
y < —0.5), respectively. Statistical uncertainties are smaller than the size of the markers and
systematic uncertainties are shown by boxes. Results from hadronic transport models UrQMD,
SMASH, and AMPT EoS-I are shown by colored bands. For the top 0-10% central collision,
results from thermal and PHQMD models are also shown.

(—0.5 < y < 0) was presented in Fig. 4.7.3. The colored-bands and gray grid represent the
calculations obtained from the hadronic transport model AMPT [136] and the hybrid model
MUSIC+UrQMD [135], respectively. The black dashed line corresponds to the coalescence
baseline obtained by fitting the charged-particle multiplicity dependence of the yield ratio
from STAR BES-I data [62] with the coalescence-inspired function given by:

N
N. x N, 14 24
L =py x | 3 (4.7.3)
Nd 1+ﬁ

where r; = 1.96 and r, = 1.59 are the root-mean-square matter radius of deuteron and
triton [138], respectively. R = p; X (dN,,/ dn)l/ ? is the radius of Guassian spherical source
size.

As mentioned earlier, this yield ratio is proposed as a sensitive observable to probe the
nucleon density fluctuation near the QCD critical point and/or first order phase transition. The
STAR experiment observed enhancements of the yield ratio relative to the coalescence baseline
in 0-10% central Au+Au collisions at /sy = 19.6 and 27 GeV [62], with a significance of
2.30 and 3.40, respectively. At lower energies, the experimental results from the E864 [44],
STAR and FOPI [37] experiments align with the world trend of the energy dependence and

monotonically increase with decreasing energies. The thermal model, whether considering
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Figure 4.7.3: Energy dependence of the ratio N, x N,/N3? in most central 0-10% Au + Au
collisions. Vertical lines and boxes represent statistical and systematic uncertainties. The ex-
perimental results come from the STAR (0-10%), E864 (0-10%), and FOPI (impact parameter
by < 0.15). The red band at the right side of the plot indicates the common uncertainty
(~4.2%) in the BES-I result. Colored bands denote the ratios from MUSIC and AMPT (w/o
and w/ EOS-I) hybrid model calculations. The ratio from UrQMD model is shown by an open
square. Dashed black lines are the coalescence baselines obtained from the coalescence-inspired
fit [137]. Solid red and dotted blue lines represent thermal model results [131].
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contributions from excited nuclear state decays or not, shows a monotonically increasing trend
with increasing collision energies, eventually reaching a saturation at energies around a few
tens of GeV. It was observed that the yield ratio at /syy = 3 GeV can be well described by
the thermal model when incorporating the decays of excited nuclear states. Coalescence-based
calculations of central Au+Au collisions at /syy = 3 GeV from UrQMD and AMPT models
without considering the excited nuclear states decays show smaller values than the 3 GeV data.
Furthermore, this yield ratio can be also reproduced by the AMPT model when employing a
first-order phase transition. Those detailed comparisons between experimental data and various
models calculations demonstrate that the production of light nuclei at mid-rapidity in Au+Au
collisions at RHIC energies (,/syy = 7.7 - 200 GeV) can be effectively explained by nucleon
coalescence models. Additionally, it has been observed that the thermal model fails to describe
the overall trend of the energy dependence of the yield ratios and the yields of light nuclei

receive significant contributions from the decays of excited nuclear states at lower energies.
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Chapter 5

Blast-Wave Model Fits

5.1 Blast-Wave Model

The Blast-Wave Model is a theoretical framework used to describe the collective motion of
particles produced in high-energy heavy-ion collisions, especially in the context of relativistic
heavy-ion physics. The model assumes that in the early stages of the collision the system can
be described by hydrodynamics, in particular relativistic hydrodynamics. The blast wave is
then used to model the evolution of the system from the initial state to the final freeze-out
configuration, and thus to understand the properties of the hot and dense matter produced
in the collision. Analogous to the blast wave produced by an explosion, the blast-wave model
approximates the source of expanding particles as a fluid undergoing rapid explosive expansion.
During the freeze-out stage of the collision process, the particles produced in the system cease
to interact strongly and escape the system. The transverse momentum distributions of the
different particles reflect the bulk properties of the matter at kinetic freeze-out, after elastic
collisions have ceased [139]. and during the kinetic freeze-out stage, the particles enter an

elastic collision phase in which their momentum information is not changed.

Let us briefly introduce the calculation details of traditional blast-wave model. Based
on the principle of boost invariance, in order to achieve azimuthal symmetry, the transverse

velocity field is first defined as
w'”(t,r,z = 0) = (cosh p, & sinh p, 0) (5.1.1)

where using the boost angle (velocity profile) p(r) = tanh ' Br. And boosting it in longitudinal
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direction with boost angle 7 to obtain the entire velocity field [116, 140] expressed as
ut(p,n) = (cosh p coshn, €, sinh p, cosh p sinh n) (5.1.2)

where due to the Lorentz transformations in different directions is not commutative, u* is
asymmetric with respect to boost angles p and 7.
Based on the above definition, the invariant momentum spectrum can be given by

3
B = [ fapwiey = o [ niTpd, (5.1.3)
dp L7 (2m)3

)
where f(z,p) is a Lorentz invariant distribution function and we assume that it is the Boltz-

mann distribution. Thus the u”p, can be expressed by the momentum of the particle as
u”p,, = myp cosh(y — n) cosh p — ppsinh p cos(® — @) (5.1.4)

Considering the azimuthal symmetry, we can integrate over d¢ using the modified Bessel func-
tion I(z) = (2m)~1 jjﬂ

other modified Bessel function K is an integral over dy, denoted as K, (z) = fo

Finally, the transverse momentum spectrum is represented as illustrated in Eq. (4.1.1).

e*“5?d¢. And assuming longitudinal invariance (Bjorken Flow), an-

> cosh ye =oshydy,

The parameters of the blast-wave model include the temperature and velocity profiles of the
expanding system. It can be obtained by fitting the transverse momentum spectrum of the
particle. This model has been applied to data from experiments at various particle colliders,
such as the RHIC [128, 129] and the LHC [68, 141].

5.2 Kinetic Freeze-out Parameters

As we mentioned in Sec. 3.4.2, The kinetic freeze-out parameters such as kinetic freeze-
out temperature 7},,, and average radial flow velocity (f;), are obtained by fitting the spectra
with blast-wave model function. In the initial analysis, consistent with previous analyses, the
blast-wave model is assumed to be the underlying boost-invariant longitudinal dynamics.

Based on the measured particles at 3 GeV, we fit the p, spectra for the particles individ-
ually as shown in Fig. 5.2.1, there are spectra fit for 7+, K=, K?, p, d, ¢, He, and *He. Only
mid-rapidity (—0.1 < y < 0) and most central (0-10%) Au + Au collisions measured spectra
are included. Blue solid lines represent the fitting range for each particles. As shown by the
dotted line, the blast-wave model describes the spectra of all particles well.

The kinetic freeze-out temperature T},,, and velocity () obtained by those fits are shown
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Figure 5.2.1: Blast-wave model fits of pj spectra for 7+, K=, K¢, p, d, t, *He, and *He
individually at mid-rapidity (—0.1 < y < 0) in 0-10% central Au + Au collisions at /sy =
3 GeV, different particle spectra are scaled by different factors. Colored dotted lines are fitting
results by the blast-wave model. Blue solid lines represent the fitting range for each particle.
Uncertainties on experimental data represent statistical and systematic uncertainties added in
quadrature. The uncertainties are smaller than the symbol size.
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Figure 5.2.2: T, vs. () dependence of light hadrons (a) and light clusters (b) at mid-rapidity
in 0-10% Au+Au collisions at ,/syy = 3 GeV. (a) Parameters for 7+, K* and K, p, A, black
marker represent the simultaneously fit parameter. (b) Parameters for p, A, d, t, 3He, *He,
pink square represent the light nuclei (d, ¢, He, and *He) simultaneously fit result. Gray
contour plots represent 3o results. The vertical lines indicate 1o fit uncertainties.

in Fig. 5.2.2, figure (a) shows the parameters obtained by fitting the light hadrons, considering
the 30 uncertainty as black contour shown, the particles 7%, K=, K{, and p can be fitted
simultaneously, the black marker represents the simultaneous fit result. Figure (b) shows the
parameters obtained by fitting the light nuclei, observed that their contours are close to each
other. Based on the same consideration, a common set of parameters can be extracted by
fitting light nuclei simultaneously, which is shown as a pink square in figure (b).

Figure 5.2.3 shows the pp spectra of the above simultaneous blast-wave model fits, different
colored markers represent different particles, and the dotted line of the corresponding color is
fit for that particle. The T}, of light hadrons (83.00 £1.56) is lower than light clusters (94.65
+2.05), while the (Bp) of light hadrons (0.42 £0.01) is higher than light clusters (0.35 £0.01).
Here the uncertainties are only the 1o of fit uncertainty. For the final uncertainty, we also
consider the following source: The measured pions contain large contributions from resonance
decays, those are not included in the default blast-wave model, so the effect on the extracted
kinetic freeze-out parameters due to different p; ranges used for fitting is estimated. The
blast-wave parameters for different particle are different due to the mass difference, thus the
systematic uncertainties are also assessed by excluding the K* spectra or the p spectrum from

the blast-wave fit in left figure, excluding the *He spectrum, the 3He spectrum, the t, d, or p
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Figure 5.2.3: Blast-wave model fits of p, spectra for (left) 7%, K*, and p simultaneously, (right)
p, d, t, *He, and *He simultaneously at mid-rapidity (—0.1 < y < 0) in 0-10% central Au +
Au collisions at /syy = 3GeV. Uncertainties on experimental data represent statistical and
systematic uncertainties added in quadrature. The uncertainties are smaller than the symbol
size.

spectra from the blast-wave fit in right figure. The default fit for our simultaneously fit is done
with fixing the velocity profile exponent n to unity. Considered the different form of the profile,
the free n is used to estimite the parameter uncertainties. The final uncertainty presented in

the Fig. 5.2.4 is quadrature sum of the above mentioned uncertainty sources.

Figure 5.2.4 shows Ty, vs. {Br) dependence of protons and light nuclei. (a) plot shows the
energy dependence in mid-rapidity from central to peripheral Au+Au collisions, where we fit
the 7, K and p spectra simultaneously at 3 GeV (black open triangle marker) and compared to
the published results (gray markers) at 7.7, 19.6, and 200 GeV [128, 129], it is clearly observed
that the freeze-out parameters (T}, (87)) at 3 GeV show a different trend compared to that
of higher energy collisions, indicating a different equation of state (EoS). Even when we fit
proton and deuteron individually as the red and blue markers show, the freeze-out parameter
(Tyiy) of deuteron is systematically higher than that of the proton. From SMASH model (the
color contour plots show proton and deuteron results in 0-10%), the similar trend is observed.
Thus the hot and dense medium created in the 3 GeV collisions seems different from that of
high energy collisions. Focus on 3 GeV, as (b) and (c) plots shown, where we fit the light
nuclei (d, t, He, and *He) simultaneously to get a common T, and {87). (b) shows mid-
rapidity (—0.1 < y < 0) results in each centrality bins. The Ty, increases from central to

peripheral collisions suggest the lifetime of fireball becomes shorter from central to peripheral
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Figure 5.2.4: Ty, vs. (Bp) dependence of protons and light nuclei. (a) Energy dependence in
mid-rapidity in Au+Au collisions from central to peripheral collisions. Black and gray markers
are the result of fitting m, K, p spectra simultaneously. Red and blue markers represent indi-
vidual fitting results for proton and deuteron, respectively. Color contours represent SMASH
results at 3 GeV. (b) Centrality dependence in mid-rapidity (—0.1 <y < 0) at /sy = 3 GeV.
Square boxes indicate the results of fitting the light nuclei (d,t,> He, and *He) simultaneously,
gray contour plots represent 2o results. (c¢) Rapidity dependence at 0-10% centrality bin. The
vertical lines indicate 1o fit uncertainties.
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collision. The (f) decrease from central to peripheral collisions suggest more rapid expansion
in central collisions. (c) shows the rapidity dependence results at most central (0-10%) Au+Au
collisions. The parameters have no obvious rapidity dependence in mid-rapidity regions, but
the Ty, increases and the (f) decreases at target rapidity. The above differences tell us that

there are different physical properties that need to be discussed.

5.3 Non-Boost-Invariant Blast-Wave Model

The main underlying assumption of the traditional blast-wave model mentioned above is
the boost-invariant longitudinal dynamics, which assumes that the particles in the system pro-
duced by collisions are thermalize locally, and the system expands collectively with a common
radial velocity field, experiencing an instantaneous collective freeze-out. At RHIC and LHC
energies, stronger longitudinal flow may lead to a cylindrical geometry, hence this is a reason-
able assumption. However, at lower collision energies, given the anisotropy of the transverse
flow profile and the shape of the source in coordinate space, the longitudinal boost invari-
ance does not hold. It is necessary to relax the boost invariance assumption, as proposed in
Ref. [116, 142, 143], a non-boost-invariant extension of the blast-wave model that breaks the
cylindrical symmetry by modifying the system boundary.

Providing a realistic parametrization of the freeze-out surface of the expanding fireball
under experimental conditions, the model has been shown to provide accurate fits to the pp
and rapidity spectra of various hadrons produced in different collision scenarios. This includes
Au+Au collisions at E;,;, = 11.6 A GeV, as measured by E802, E877, and E891 Collabora-
tions [144-146], as well as 2 A - 8 A GeV measured by E895 collaboration [147, 148] at AGS.
The model also demonstrates a good fit for collisions at E;,; = 30.67 A and 69.56 A GeV
(y/snny = 7.7 and 11.5 GeV), as measured by the STAR collaboration [128] at RHIC, and for
Pb+Pb collisions at E;,; = 20 A - 158 A GeV, as measured by NA49 collaboration [149-151]
at SPS.

In this analysis, to account for the non-boost-invariance, the first modification is incorpo-
rate the rapidity distribution in longitudinal direction into the traditional blast-wave model.
Based on the discussion of the full-space rapidity distribution of particles in Sec. 4.3, we imple-
ment the Gaussian distribution and the generalized Gaussian distribution into the blast-wave

function, which is shown in the following

1 d’N Y = prsinh(p) —my cosh(y) cosh(p)
T T T
Sy dmrdy x /T G(y)dy x /0 rdrl, (T ) X exp( T )
(5.3.1)
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Figure 5.3.1: Transverse momentum spectra (pr) of protons at 0-10% and 40-80% collisions.
Colored dotted line shows the result of the modified blast-wave model. "BW” in the legend
represents tranditional blast-wave model. "BBW-+yG” represents Gaussian-blast-wave model,
and "BBW+yGG” represents generalized Gaussian-blast-wave model.

and

1 d’N Y R prsinh(p) —m.p cosh(y) cosh(p)
7 (Pr T
Sy dmrdy x /r GG(y)dy X/O rdrl, ( T ) X €xp ( T )
(5.3.2)

where G(y) and GG(y) (as expressed by Eq. (3.4.3)) denote the Gaussian and generalized

Gaussian distributions, respectively.

Figure 5.3.1 shows the traditional and modified blast-wave model results of the proton
spectra, the colored solid line respects the fitting result of the traditional boost-invariant blast-
wave model, the dotted line is fitted by the modified blast-wave model. Figure 5.3.2 shows the
parameters (7}, and (B;)) distribution, (5;) for each fit is slightly smaller than the default
results, and T}, is almost identical. The parameters of the two rapidity distributions are the

same.

To realize the non-boost-invariant blast-wave model, another consideration is: for an ex-

panding fireball in local thermal equilibrium, the single-particle spectrum, in terms of transverse
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Figure 5.3.2: T, vs. (fr) of protons at 0-10% and 40-80% collisions. The black open marker
and gray contour show the mean value and 20 contour of traditional boost-invariant blast-wave

model, the red solid marker and blue open marker show the results for the modified blast-wave
model.

mass mp (E \Vpa + m2) and rapidity v, is defined as

dN Mmax
m X Mo / dn COSh(y — 77)
=T “max
R ppsinh(p) —m cosh(y — n) cosh(p) (5:3.3)
X / rdrl, (T) X exp ( L )
b T T

where n = tanhfl(z/t) is the boost angle, denotes the space-time rapidity. Following the
approach analyzed above, we use the same setup in order to break the longitudinal boost-
invariance, and in the transverse direction boundary, considering the fireball with two choices,

the first one is an elliptic shape of R(n) given by

772
R(n) = Ry 1—772 : (5.3.4)

where R, is the transverse size of the fireball at n = 0. For a given R, = 10 and n,,,, = 1.5,

the shape is shown in Fig. 5.3.3 left panel. The second one is Gaussian shape given by

1 (n-m)?

R(n) = Ry——=—¢€ 22 (5.3.5)
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where p is the center value and o is the width of the Gaussian distribution. For a given R, =
10, 4 = 0, and o = 1.045, the shape is shown in Fig. 5.3.3 right panel.

pow(o]

A 'l" 4‘ .
///,M “““\ll‘lll- ‘

Figure 5.3.3: (left) Elliptic 2-dimensional distribution. (right) Gaussian 2-dimensional distri-
bution.

Figure 5.3.4 shows the blast-wave model fitting results of the proton spectra, the colored
solid line represents the fitting result of the boost-invariant blast-wave model, the dotted line
is fitted by the non-boost-invariant blast-wave model. Comparison of the ratios of the fit and
the data reveals that both models can better describe the p spectra.

The parameters (T},;,, and (8)) obtained from the non-boost-invariant blast-wave model
are shown in Fig 5.3.5. At 0-10% Au + Au collisions, when we consider the distribution
of fireballs, the average radial flow velocity (5;) will become larger, especially at the target
rapidity, but the temperature is essentially the same. At 40-80% collisions, we find that at
mid-rapidity, the () obtained for Gaussian boundary is larger than the usual results, while
the results for elliptic boundary are on the small side. In addition, there is a tendency for the
temperature T}, of the target rapidity to increase. But overall, the differences between the
different fitted functions are very small.

We used the equation with elliptic shape to fit the light hadron (7, K, and p) py spectra
simultaneously, and the results showed that the parameters (T};, and (8y)) are consistent
with traditional blast-wave model. 7,,,, increases slightly from central (n,,, = 1.32 + 0.17)
to peripheral collisions (7,,., = 1.8 + 0.25). The value of 7,,,, obtained from light nuclei is

consistent within the uncertainty with light hadron.
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Figure 5.3.4: Transverse momentum spectra (p;) of protons. Colored dotted line shows the
result of the non-boost-invariant blast-wave model.
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Figure 5.3.5: Ty, vs. (Bp) of protons. The black open marker and gray contour shows the
mean value and 20 contour of boost-invariant blast-wave model, the red solid marker and blue
open marker show the results for the fireball with elliptical and Gaussian shape, respectively.
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Chapter 6

Summary and Outlook

6.1 Summary

In summary, we report the comprehensive measurement of protons (p) and light nuclei
(d, t, 3He, and *He) production from middle to target rapidity in Au+Au collisions at VNN
= 3 GeV by the STAR experiment, the data were collected in the fixed-target mode in 2018.
The py spectra, dN /dy, (pr), particle yield ratios (d/p, t/p,>He/p, *He/p), and coalescence
parameters (B,, By) are presented as a function of rapidity and collision centrality. The 4w
yields are extracted based on the measured rapidity distributions of d N /dy. It is observed that
the mid-rapidity dN/dy of protons and light nuclei can be well described by the exponential
dependence of the particle mass via the Boltzmann factor e(™~~#5)/T [43]. The penalty factor
is about 6.1 £ 0.5 and 10.5 + 0.8 for the most central and peripheral Au+Au collisions at /syy
= 3 GeV, which are much lower than the results for high-energy collisions. The contributions
from spectator fragmentations become more pronounced in peripheral collisions, especially at
the target rapidity region.

The compound yield ratio N, x N, /N2 shows no centrality dependence for both mid-
rapidity and target rapidity. Calculations of N, x N,/N, 2 from coalescence-based UrQMD
and SMASH transport models show significant increasing trends from central to peripheral
collisions, which fail to describe the experimental data [135, 137]. At this energy stage, the
abundance of light nuclei production is also provided for the measurement of higher order
compound yield ratios containing *He and *He. Furthermore, the increasing trend of the yield
ratio N, x N,/ N2 at energies below 4 GeV, which cannot be explained by thermal model or
transport model calculations, suggests the presence of additional physics beyond the scope of

these models. A recent AMPT calculation [136] incorporating a first-order phase transition
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can reproduce this increasing trend at low energies. The systematic measurements of the
production of protons and light nuclei at 3 GeV provide valuable insights into the production
dynamics of light nuclei and our understanding of the QCD phase structure at high baryon
density.

An intriguing finding that we have observed based on the blast-wave model is that the
kinetic freeze-out parameters Ty, and (fr) from /sy = 3 GeV show a completely different
trend compared to those from high energies. The Ty,,, ((57)) of the d is systematically higher
(lower) than that of the p. A similar trend is seen in the SMASH model calculation. All of the
above implies that the hot and dense medium created in 3 GeV collisions may have a different

equation of state (EoS) than that at high-energy collisions.

6.2 Outlook

6.2.1 Upgrades on STAR Detertor

Full EPD has been installed

iTPC: ETOF: EPD:

»Improves dE/dx »Forward rapidity coverage »Improves trigger

»Extends 1 coverage from 1.0 to 1.5 »PIDatn=09to 1.5 »Better centrality & event plane
»Lowers py cut-in from 125 to 60 MeV/c »Borrowed from CBM-FAIR measurements

»Ready in 2019 »Ready in 2019 »Ready in 2018

Figure 6.2.1: The BES-II upgrades on the STAR sub-detectors of iTPC, ETOF and EPD.

Since 2018, STAR has upgraded its three sub-detectors (Fig. 6.2.1), including inner TPC
detector (iTPC), Endcap TOF detector (ETOF), and Event Plane Detector (EPD). The up-
grade of iTPC enhances the dF/dx resolution, increases the n coverage up to 1.5, and also
allows particle identification to reach a lower p; = 0.06 GeV/c. The upgrade of ETOF in-
creases the rapidity and n coverage, which will be described in more detail later. The upgrade
of EPD is ready in 2018, it improves the trigger, and gives the better centrality and event plane

measurements.
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6.2.2 Endcap Time Of Flight Detector

-
Yellow

East

space for
endcap TOF modules

Figure 6.2.2: (left) The Endcap Time of Flight detectors with STAR detectors. (right) The
modules structure of ETOF.

The BES-II of STAR covers the collision energy range from 3.0 to 19.6 GeV. Among them,
in the collider mode part of the energy scan of 7.7-19.6 GeV, the PID rapidity coverage range
is only 0.8. The fixed target procedure enables energy scan covering 3.0 to 7.7 GeV, however
this procedure loses particle information in the mid-rapidity region. The endcap time-of-
flight detector (ETOF) upgrade will provide particle identification (PID) to the main tracking
chamber [99] over the extended pseudo-rapidity range provided by the iTPC upgrade [152],
enabling precise studies of critical bulk property observables, which is essential for BES-II
research.

The endcap time-of-flight detector (ETOF) is positioned at the endcap of the TOF detector
as shown in Fig 6.2.2. It consists of 36 modules that use similar signal amplification techniques
as the BTOF, however, the end-cap modules employ a modern, improved readout design. The
ETOF upgrade will extend particle identification (PID) for pions, kaons, and protons to a
rapidity of 1.2 in the collider mode part, and provide essential mid-rapidity PID for the 4.5 to
7.7 GeV portion of the scan in fixed-target mode.

ETOF was installed in 2018 as part of the STAR forward upgrade, and has been operating
at BES-II since 2019. I test the acceptance of protons and light nuclei with the data of 9.2 GeV
Au + Au collisions in the collider mode. Figure 6.2.3 shows the atomic mass number normalized
transverse momentum p,/A versus center-of-mass rapidity distribution for each particle. For

protons, deuterons, tritons, and *He, the part of particle identification performed by ETOF is
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1 9.2GeV Au+Au Collisions

N
[TT T T [ TT T T TT T T [TTTT]T

p_/ A (GeV/c)
=)

Figure 6.2.3: Atomic mass number normalized transverse momentum (py/A) versus rapidity
distributions for identified protons, deuterons, tritons, *He, and *He. For each particle (except
“He), the portion superimposed on the left part is identified by ETOF.

superimposed on the distribution of the corresponding particles. The statistics of *He are very
small and cannot be detected by ETOF. This shows that in addition to the key observation
quantities such as pion and kaon, ETOF also provides the possibility for more accurate research

on light nuclei.

In data analysis, accurate calculation of efficiency cannot be ignored in order to obtain
reliable results. The installation position of ETOF means that it has a special distribution of
rapidity and pseudo-rapidity. Figure 6.2.4 shows the distribution of V, versus n of protons.
Scanning V,, and 7 respectively, we calculated the ETOF matching efficiency in different inter-
vals as shown in the Fig 6.2.5. The left figure shows the efficiency as a function of momentum
at —1.5 < n < —1.4. Compare the results for different V;, ranges, it can be found that at this
energy, the ETOF mattching efficiency reaches up to 60%. In addition, the efficiency of V,, < 0
is generally higher than that of V; > 0. The right figure shows the efficiency as a function of
momentum with 20 < V,; < 40 cm. In the range of —1.7 < nn < —1.3, the efficiency is relatively
stable. However, in the range of n < —1.7 and 1 > —1.3, the efficiency drops off a cliff, this
is due to the inconsistent acceptance of ETOF and TPC within these n ranges. Thus in the

future analyses, the calculation of ETOF matching efficiency requires careful estimation.
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Figure 6.2.5: (left) The ETOF matching efficiency of particles at —1.5 < n < —1.4 in Au+Au
collisions at /syny = 9.2 GeV. Different colored markers indicate the results of different Vz

cutoffs.

(right) The ETOF matching efficiency of particles at 20 < V, < 40 c¢cm in Au+Au

collisions at /syy = 9.2GeV. Different colored markers indicate the results of different 7

windows.
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Figure 6.2.6: The number of events for the STAR beam energy scan program. The BES-I data
sets are shown in gery bars. The BES-II data sets are shown in red bars. The FXT data sets
are shown in blue grid bars.

6.2.3 Beam Energy Scan Program

With the upgrade of the STAR detector, high statistics data of Au+Au collisions have been
collected from the BES-II and Fixed-Target programs, as shown in Fig. 6.2.6, those data have
at least twice the statistics of BES-I and with more collision energies, which will greatly reduce
the uncertainties in previous observations. It’s worth noting that the 3 GeV data involved
in this analysis, within the new dataset, see its statistics soar to 2 billion, which will greatly
improve the accuracy of each observed quantity. The FXT program has an energy coverage
of \/syy = 3.0 - 13.7GeV, which extends the baryon density potential up up to 750 MeV.
Therefore, with the upgrade of the STAR detector and the collection of these high-statistics
data, more precise measurements and extensive physical studies at lower energies will follow in

succession.
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A EERSOP RS

T 0F) )15 (QCD) ik 5 va flK 7~ [ s A BAE I R 3e, 1972 4Fd R - 367K
2 (Murray Gell-Mann) FIFGH/RfE - 35 45 (Harald Fritzsch) $2H. fEERE®S N, @A H
TERY B2 K AARAE (QCD #372), ML EEMATERZ TS 5e. T B B EERFAZ T rh ik i
K, TWHH S MK H B AR E T3 TR (QGP). FEAHNHE E B R s
TH AN [R] e S G SRR, RSO IR BN AR SRR AR T
QCD A B FsRAH BAE Y B Rt . QCD MHEIDAE T3 (up) MiEAAER, AT I2ES
BOREE (T) MYAEARZE, % TR RAI S5 SARAS i R o S5 — M A BRI B2 T A i
Ttz )12 (Lattice QCD) T, EAHE LREiRARE T3 EIX, MR- AR 214 v ie 155
BT (QGP) MM A RS i gk, MEME, WETHEX, WHEZEZ .
— WA A LS R, PR QCD s A A (CP). SH—BirkH s AURIm AL S 2w RE T B 1SL iy
—DFEEHM.

PSSR, FElRA S, REMRIKE (&) AT, BB RS i sl 808 &
2 PRI R BE R kT o PRI SIE B I 308 o 0 o Ay ) s 9 B AR o S R R IR BE R A TH
B AT ALY E D QCD A S HUEI & FEAIXE E B ilifE (RHIC) Rertidfiises—
Mg (BES-I), STAR SREE T UL AlfEAERMM 7.7 ] 200 GeV H%dE, FEIZRER BT RN,
HTT TR (B BUs14K0) B9 VU Bk v 7 s D RS A AR SR R i e RO & 5. 5y — 5T,
X —BEX AR ISR LI, BRI (N, x N,/N7) DR S5 RAE 20 GeV ]
WA BEN AR R R G Y. B (R0ES Db TR T) RIS
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iR, X5 QCD MHEIMAFRIRME TR BEEMEE, (B H R A R AR K iR
7&. RHIC-STAR % RSB BN R THIRG &, it PAEcmasr, WS im
RRPRHE T &AM 1Ak, STAR [E S0 REAE TRERE RIS 3.0 GeV I3 m s, Ak
Tl 3 BB 2 1 S IR MO0 2 B IR R = b XK QCD A S5 #4 1) AT 55
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H 2018 4%, STAR IEA UG RAER E MBI T 4% + &ML, Tl RiER
3.0 GeV (XA MZ T2y 3.85 GeV) By SEIR R Sehl T LI Edh i ZRE R E 1k
SFIRITEREY RN Z) 750 MeV, BT E e 200 GeV f9%dE, A1 PABFSE QCD FHE F,
HAE2EE 750 F] 25 MeV AR SETEE  X A5 — P A AS i RN SR A A E EEAE
Mo RBTCREEH 3.0 GeV A% + SRR ST b i1 AR g R g5 28, THEZRE
R A LRI SRR AR AL I A, R e R R R ) SRR A R T B, TR TE
X —HE X AH A B PR 5T

3R ILA S

51 BN SCITIR T R, WPREIAL, FERIRAH) S I A T T R R

WFET e, WFSEahbL: Tl KB E R N — iR B RS R kR, e IR E S
IR IR AL R, U A, K, TERERA BT B 9 . R B ER R
AN, EARRE CENIER, BRI i R R IR HGER . FERIRI =R
BEEEE, EAR RS REM A, R, TR PR . BEE T R AR K
AR TR EAE I ZEAE 5 . HRFE A EAE A AN A sRAHEAE . B EAE
M SHEAERAG O AHEAER . SRAHEAE A R AR R S ZAA AR R ), W R R sk
B BT 4

s ) E BRI R 1972 4, BREL - 35/K8 (Murray Gell-Mann) $2H & 73
J1% (QCD) SkffikstH EAEM . Bk w2 [t BAE A AR e s S8 ©fF
PR PR A ES PRI H . FEMRRE R, & AR T EAE AR, B9k 6
TP, i, — NSRS AN T, AT dlE T Wb RE - I
7% - 485 Hr (David Jonathan Gross). #2578 - %48 - 4887 (Frank Anthony Wilczek )
R - KB - FEAFIE (Hugh David Politzer) - 1973 4E &KW QCD My—NEZEMHT. 1%
M, A EAEH R B EAER , AR, amZ MM E/EH 2288, &6
MM A HE LS TIA S W T Z A EAE R EN S48, FEIREERERET, MaEHrER,
FECE A 2 A EAER s MAESRERNE T, MTWHEE i, BMawE/), £
AR LR B R —HEsh . A, EmRsSA T, mHEERY S kA
A2 (QCD AHAZ), BLHTEEPTERZ TS 5. BEFREMAZ T Hhali b ok, T 5 e flid 140
S e T B TR (QGP). QCD AHEE 2 el -1 b Sy — 40 Fim b, 7E5E
TS ), BRI &, 8 QCD Fll S RINE T2 REX, SR BAH 214 5 ik
THE TR (QGP) MHINFEA R IES N TR 20 . MEMR, SEFEEX, WHZ R
A, —Hr AR AL R, PR QCD s (CP). BRFRIETST QCD FASEH , 4R A &A1
b — B AH 2 AR A S A7 B2 AR B SR I_E—NE BRA A A e . AH X EE Al S
g, B CAMH O s s R T A s B G, S e e S e R T bR, A
FH = W RTIR B F RE R B T . BRI A0, TERXF SR A B AR, MRS
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FHICHE R ) T RARAH M, T T RS IRk . ~FiEE, angE1 (B) 40 Hm (Q)
AT (S) FSEZFA MR R, XK RS U, 234k QCD MHARIGA
S RO FEE, FEGF S MhE e BB Bk, AR, R, AR
SR . P, FZRE]—FhReas S 2% B2k I8 UL FE B o

BENyE: BAGET I TEUNT 20 MR, AT RS, BEEEE (H). &
(He). ¥ (Li). #¢ (Be). ] (B) SFcg RHANMREINE. —HiH, BELEDEH IR
TR R R AL, W ARG BRI R . SO, AR S A REEN, FOE BRI
FER KRR FIRBERGE Y e . i, R DIRRE ), RILEE G .
BRI L R A A N E SR T . —, HET R AL e R A A
PR AT RN EILE Y TR A S S A BSEEE, BRT2REE I
R M AEERT . PR R 2 32 3 2R 50 R EE 08 BRI TE TSSO R
Sy AR G A NG . OB BRG A A S, AR, B R G
PR BRI R . SEAURE RGAET S, R 17 B AR 4 T R A AL 2
Rk, HEISEm A O A SRR, i, &-3, &4 %, 8, WEESTEE%
THERZRE 20T AN =3 . BRI 5 2 SRS 0 0 SO 2 50 JRy el Bk v 15 8

55 2 TG STAR SEURREE, I rp ) 3 ) 32 BI85 DA S [ 7 S AlE AR =

MO B FRAHEL: (TS EHC B i B e i SO 5250 = T T i P B A ) B
SLEE . %S AR HE T B SN (RHIC) 2 55 ey B AT 1 S s i — . E S+
MELFHRE IR (EBIS) &4, M5, &5 Fardts|FEE s, ERReN&niEgm
B, BEUGHEERA R SRR EKT . AR E TR R R, If AT R
A RHIC [, 76 RHIC JI#EAP , S o2 i A e i . — Homske,
BT AEFR NI TR K] . RHIC 31T 1999 4E52 T, KN 2.4 PR, ZIMLIEp 4
FRMEE 432 BRAHMS, STAR, PHENIX fl PHOBOS. #EidZ:f) 14, RHIC i)
HoE IR AN R T + . R 8 T+ . &8+ &%, B
¥+ k. S+ . S+ S, 8+ 8h. X ESHINEIREUE RS, AR
AL . % SRR (A S AR 0

STAR £MIZs: STAR #2572 RHIC his¥F b H g ez — M EENHRN L, ER
AAEE KBS R, PO REAR SER i/ . STAR SLiniy £ 2 H M2 IR Rl
BRI SN, PR E T8 2% (QCD) FHE5H . %R v A = 2 )
FES (] HER A TR R RN Bl & A, I T DA S8 S AR F s 74 . B [RlE % (TPC)
FCATHRIFRIAS (TOF) & STAR %8 iy R B E . TPC 2—1PK 4.2k, HEN
4 KMBEREA, BOBCEAE— MEIAREE R 0.5 T B RARFRA AR, HNERE 71
SRZ)A 135 V /em 2R R . TPC @it IR 1§12 LR e, e X Y f
7 ZS[a bR, EERIGR . BN DUCSERL L, R, R A TPC
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A, Ry T STAR HRINEFWE 5 E . TOF it it sfbr 12 %5 5 1 B ]
g TPC MRS TR S AR K BRI B &, SRARR 710 ©AT R o fe, AR AIRL
TP,

STAR [l sl : STAR [ #Uke B 44 (JREEN 0.25 KM &) LR ESEE
W, T TPC UL a2y 200.7 K, AoZern) ™ 2 BOREALE . AT XS
AR R, [l PO o O o [ R, B RN R R, e E
TSGR, FE, BiEALET TPC W—im, FICRSK TR0 DA 35 R H
AR RE L

55 3 BmAAEIRIE, KT RIRCR B RS,

BeHa ey i B ol e S A pr b il e 8ok B STAR SEIRTE R R LA 3.85 GeV
W& + SZMHERNEEREF, MVARORBBEZAN 3 GeV., i HflEkLE ID 2 620052
Wi/ M ZE S0, Bdide)y5 (Run ID) 4 19151029 % 19155022, FEXF 4T & /i e )5
ZBRT 35 JRIT R ZEMEWE, BN T EdEA 260 JK. R E SR R A
TS PR R x, y SFHREER 2 BRI BRI (V2 + (V, +2)% < 2%), z J7li] 200+2
JECK DI, (198 <V, < 202). SEEGRE iy 0 B iy b 2 ROk e L, HorU2 R
W2 EEUN A AR, IR EE A 43 OR KA R R O B . FERER SEgR i
DAY S S A B AR SRR R . L, el 0-10% BYEE By Bk 2 50K
KK 10% Frsed I 1) X o

P50 s AT PORL 1 28 51) 2 B I B R R R A TR RIS 52 B . TS
FIRL T 225, ERGEP TPl s 25, ERshEs s EX, #d TPC 3K
) L B R R0 S A0 A ] AR AR IR AN PR e L B AR B RE IS Bichsel BIU45
(AR R AT~ REEL B R (R AT U, At 3.2.1, (B KL T IfES 2 (T no,, #&
% Z). no, Bl Z S EASFEEE N T, B s i M ah 55 ok 515
SRR 8 fEmsh RS R, MR RN REREIERE SR, okEd Biddr
ARG X AR5, Rk, H TOF josfik 1 CATHIE, ek air Kz
HER, WA 3. 23RN PR, MR X R i E BRI, AMAS2 o s 4l
FERIRL R I, KRBT 01 ol DA 222t AR IF g, RIAE = 8
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AL TR PR WSS R P i S5, DASCSEIRA RS RS , iy
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1E, TOF PUEUAFAEIE, RERHIRAEIE, WSS AT T RE R S5 D AR B o i A A B
ERF= AW S5 B I . TPC BREFRCFE A7 FE 20 IriE W i AR 2 1 . R 2
TELTERB NG, RAEH STAR S48 FIER M 25 ma B4R 1 GEANT BRI 5
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@I TOF _ERMELE S TPC (£J7) HUBHEICR. W TPC % 4B RN B
TOF MG |, MR A0 TOF WA EHE, S RN, TOF Hii %
I, AT R . PRI, TOF PCREACRSE TOF DERAGHLEES TPC 51k
LS A 2 RORL 2R A b 2 5 K R A LI, BTk T,
R T T AR ST I TE . AL S RO i R TR AT A 9 MC Bt 2 [ O
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B Signal Extraction for particles

Figure B.1 - Fig. B.4 show the distribution of no,, and m? for protons at different p bins,
rapidity windows, and collision centralities.

Figure B.5 - Fig. B.8 show the distribution of Z, and m? for deuterons at different pp.
bins, rapidity windows, and collision centralities.

Figure B.9 - Fig. B.12 show the distribution of Z, and m? for tritons at different p; bins,
rapidity windows, and collision centralities.

Figure B.13 - Fig. B.16 show the m? distribution for 3He, at different p; bins, rapidity
windows, and collision centralities.

Figure B.17 - Fig. B.20 show the m? distribution for “He, at different p; bins, rapidity

windows, and collision centralities.
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Figure B.1: no, and m? distributions of proton at —0.1 < y < 0 rapidity range in 0-10%
Au+Au collisions at \/syy = 3 GeV. The red lines indicate the signal fits. The blue lines
indicate the background fits. The green lines represent the result of the simultaneous fitting of
signal and background.
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Figure B.2: no, and m? distributions of proton at —0.4 < y < —0.3 rapidity range in 10-20%
Au+Au collisions at /syy = 3 GeV. The red lines indicate the signal fits. The blue lines
indicate the background fits. The green lines represent the result of the simultaneous fitting of
signal and background.
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Figure B.3: no, and m? distributions of proton at —0.7 < y < —0.6 rapidity range in 20-40%
Au+Au collisions at \/syy = 3 GeV. The red lines indicate the signal fits. The blue lines
indicate the background fits. The green lines represent the result of the simultaneous fitting of
signal and background.
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Figure B.4: no, and m? distributions of proton at —1.0 < y < —0.9 rapidity range in 40-80%
Au+Au collisions at /syy = 3 GeV. The red lines indicate the signal fits. The blue lines
indicate the background fits. The green lines represent the result of the simultaneous fitting of
signal and background.
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Figure B.5: Z, and m? distributions of deuteron at —0.1 < y < 0 rapidity range in 0-10%
Au+Au collisions at /syy = 3 GeV. The red lines indicate the signal fits. The blue lines
indicate the background fits. The green lines represent the result of the simultaneous fitting of
signal and background.
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Figure B.6: Z, and m? distributions of deuteron at —0.4 < y < —0.3 rapidity range in 10-20%
Au+Au collisions at /syy = 3 GeV. The red lines indicate the signal fits. The blue lines
indicate the background fits. The green lines represent the result of the simultaneous fitting of
signal and background.

113



RS TATS
DOCTORAL DISSERTATION

APPENDIX

TPC, 0 G<pT<0.8Ge\//C, 20-40%, -0.7<y_ <-0.6 TPC, 0_8<pr<1,0GeV/C, 20-40%, -0.7<y, <-0.6 TPC, 1.0<pT<1_2GeV/C, 20-40%, -0.7<y_ <-0.6
10 TR 28356704 01 TR 2780704 11 E TR 18360704751
E w0 w0 w0 3590405
E » oowsa7
F » 006317
10 3 8963405
E 4 0561734
E s 008t
B e Y R o4
100E% E % ofoass
E S 3
£ ' /
whb wk K
10 100
E Bt |
-05 04 05 -05 04 03 0405
Z(d Z(d
TPC, 1 2<pT<1.4Ge\//C, 20-40%, -0.7<y_ <-0.6 TPC, 1.4<pr<1v6GeV/C, 20-40%, -0.7<y_ <-0.6 TPC, 1.6<pT<1_SGeVIC, 20-40%, -0.7<y_ <-0.6
E TRl 11326704 61 XTna 665991 E XTnal 1789791
w0 2057405 0 1.06e+05 E p0 4850404
oL 0008073 Pl -00008316 F 00153
10° 52 00642 r 00645
s 2.693-05 S 04
PR P ]
s oofhos 1004 7 ooridh
o s 7 19590404
otk % ¢ os £ 0.41
5] foosar C 006226
10° wE
108 I T A S R |
-0 64 "os 5 -05 04 03 02 01 0 01 02 03 04 05
Z(d Z(d Z(d)
TPC, 1 8<pT<2.OGeV/C, 20-40%, -0.7<y_ <-0.6 TPC, 2.0<pr<2,2GeV/c, 20-40%, -0.7<y_ <-0.6 TPC, 2.2<pT<2_4GeVIc, 20-40%, -0.7<y_ <-0.6
[ XTnd 6066161 TR 275791 TR
PO 20050404 2 7634 P 2672
r e -0.01531 r 001123
s "\ 0.06485 107 06401
10 I \ e, 6541 E *4g66,
E 4 . -3155 C -0§159
E % L 0.0M03
F 1006644 211
[ 03 107 0.20%6
00633, E 006574
10 f#
i
; 11 ;
08 04 03 02 01 0 64 o5 05 -05 04 03 02 -0 03 04 o5
Z(d Z(d Z(d)
TPC, 2.4<p, <2.6GeVIc, 20-40%, -0.7<y_ <-0.6 TPC(with TOF), 2.6<p, <3.0GeV/c, 20-40%, -0.7<y,, <-0.6 TPC(with TOF), 3.0<p,<3.4GeV/c, 20-40%, -0.7<y, <-0.6
XeTndl 2767179 F XTndT 4066126 4SE X Ind 1011715
107 805 + PO 692.7 E po 8357
E 1 %, -0.01074 pl 9.794 a0 pL 337.8
E %, 007231 E P2 3414
F \, 5285 E=S p3 03306
r 0.182 E pi ozrre0s
098250 30F v5 7225000
%265 E
0.4704 255
oseizs E
[ t 20
b t E
E \ 155
F \ 10F-
E N
£ y o8
E T k Edmttoo ; NEE
-05 0304 05 S 25 3 35 0 a5
Z(d m? (GeVa/ch) m? (GeVic*)

Figure B.7: Z, and m? distributions of deuteron at —0.7 < y < —0.6 rapidity range in 20-40%
Au+Au collisions at /syy = 3 GeV. The red lines indicate the signal fits. The blue lines
indicate the background fits. The green lines represent the result of the simultaneous fitting of
signal and background.
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Figure B.8: Z, and m? distributions of deuteron at —1.0 < y < —0.9 rapidity range in 40-80%
Au+Au collisions at /sy = 3 GeV. The red lines indicate the signal fits. The blue lines
indicate the background fits. The green lines represent the result of the simultaneous fitting of

signal and background.

115



RS TATS
DOCTORAL DISSERTATION

APPENDIX

TPC(with TOF), 1.8<p, <2.1GeV/c, 0-10%, -0.1<y, <0 TPC(with TOF), 2.1<p, <2.4GeVic, 0-10%, -0.1<y, <0 TPC(with TOF), 2.4<p, <2.7GeV/c, 0-10%, -0.1<y, <O
x10° x10° x10°
b XeTndi 1033136 E XTndi 4187722 2F XTndi 5165122
E P 04 1.053+05 E PO 519¢+04
£ P 11.83 pL 113 20 pL 1096
ue P2 7.922 2 7.895 18 p2 7.678
£ p3 0.4395 5] 05148 E p3 061
12 P4 7.929 p4 8.248 16— pa 6.966
E ps 0.4178 05 -0.3408 E bs -0.2516
£ 7=N
10 E
E 12
= 10
=
=3
L=
E 2
& x 4 , s le o i e =8 ) :
6 10 i 10 1T g it
m? (GeV/c*) m? (GeV/c*) m? (GeV?/c’)
TPC(with TOF), 2.7<p,_<3.0GeV/c, 0-10%, -0.1<y_ <0 TPC(with TOF), 3.0<p,<3.6GeV/c, 0-10%, -0.1<y_ <0 TPC(with TOF), 3.6<p, <4.2GeVi/c, 0-10%, -0.1<y, <O
x0° i
o X T 6285/22 X Tndi 456122 E X Tndi 2464122
2.227e+04 047e+04 250 + P 9323
pL 9713 p1 9624 E % p1 3401
p2 7.89 3 8.002 400 , p2 8.417
3 07239 03 o877 E 'T+ Ak e 1
Pt 4547 P4 4458 350/ L S 3923
b5 -01 ps 01 E +t -0.001014
300 2
250F- A
200E-
150
100~ A +++
B !
S E . | | | L
I 1T 6 7 8 9 10 e G 7 i 9 0 ir
m? (GeVA/c*) m? (GeVA/c*) m? (GeV?/c*)

TPC(with TOF), 4,2<pT<4.BGeV/c, 0-10%, -0.1<y_ <0

E ¥ /ndf  2562/15
E 0 1025
s p1 100
E P2 8.893
E p3 1
50— | P4 223
E PS5 -666le-15
T WHE
30:— + 1 - ++
(s + ; , ++
E L L Il Il L 1
6 7 8 9

10 11
m? (GeVA/c*)

Figure B.9: Z, and m? distributions of triton at —0.1 < y < 0 rapidity range in 0-10% Au+Au
collisions at /syy = 3 GeV.
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Figure B.10: Z, and m? distributions of triton at —0.4 < y < —0.3 rapidity range in 10-20%
Au+Au collisions at /syny = 3 GeV.
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Figure B.11: Z, and m? distributions of triton at —0.7 < y < —0.6 rapidity range in 20-40%
Au+Au collisions at /syny = 3 GeV.
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Figure B.12: Z, and m? distributions of triton at —1.0 < y < —0.9 rapidity range in 40-80%
Au+Au collisions at /syny = 3 GeV.
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Figure B.13: m? distributions of *He at —0.1 < y < 0 rapidity range in 0-10% Au+Au collisions
at /syy = 3 GeV.
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